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Abstract

In this work, two different microfluidic paper-bakanalytical devicesuPADs) were developed for the
guantification of nitrite and nitrate in human salisamples, in order to aid in the diagnosis of esalis-
eases and health conditions associated with tbese The development of these nitrite and nitn&@&Ds
involved several studies to optimize their desigd aonstruction, including an interference assessme
and stability studies. Theg#’ADs allowed a nitrite determination in a rangeéof250uM with limits of
detection and quantification of 0.gBVl and 0.17uM, respectively, and a nitrate determination in the
range 0.2 — 1.2 mM with limits of detection and mification of 0.08 mM and 0.27 mM, respectivelys A
for the stability, both of thePADs were stable when stored in vacuum’at @he nitriteuPAD for at least
60 days and the nitraid?AD for at least of 14 days) and, after the samtdeement, the nitrite and ni-
trateWPADs could be scanned within the first 4 and 2 Bprespectively. The nitritegPAD measurements
were compared with the ones obtained from the atahdolorimetric method and there were no statisti-
cally significant differences between these twolmds. To evaluate the accuracy of nitn@®AD meas-
urements, 4 certified water samples were usedeswery studies using saliva samples were perfarmed

KEYWORDS: nitrite determination; nitrate reduction; saliva analysis, point-Of-care; disposable devices



1. Introduction

According to the World Health Organization, “moreople can access essential health services today
than ever before, but at least half of the worfapulation still go without” basic health care [Even
with the advances in technologies, there is siifick of practical and affordable devices that parform
diagnosis and treatments on location, whetherghiribe in a medical institution, in the patientshtes or
in the most secluded areas [2,3]. That is why mebeas have been working towards the development of
new diagnostic and treatment devices and technithpa¢gre “ASSURED”: Affordable, Sensitive, Specif-
ic, User-friendly, Rapid and robust, Equipment-fraed Deliverable to end-users [4,5].

In 2007, Martinez A. et al. introduced the concepimicrofluidic paper-based analytical device, or
uPAD, as a “platform for inexpensive, low-volume,riadle bioassays” [6,7]. This type of devices is
based on the presence of two different areas: eopldic area provided by the paper where a reactio
(usually colorimetric) occurs, and a hydrophobieaathat delimits this reaction zone [4,8]. The most
common design approach is wax printing, becausge at simple, and relatively fast method compatible
with mostuPAD applications [4,6]. Nevertheless, this typgofting method requires expensive wax and
an extra step of heating in the process. The amgfdhé use of paper as a reaction tool is justifiet only
by the paper’s low cost and high availability, bigo by the fact that it is light weighted, avaitam sev-
eral thicknesses and porosities, easy to storerandport, and compatible with biological samples- (
cause of its cellulose matrix) [9]. With colorimietreactions, the most commonly used detection atkth
the results can be easily interpreted visuallyaptared with digital cameras, mobile phones orginet
scanners [6,8]. Then the color intensities can lained from the digital images by using image pro-
cessing programs and converted to absorbance 8lU€§. A disadvantage of these detection metlieds
the high variability caused by a non-uniform disttion of the colored product in the paper, bus thtiob-
lem can be reduced by using more replicates arlddirg outliers, if necessary [8].

The uPADs popularity is due to their various advantaddésey are simple, portable, affordable, rapid,
disposable, and, after being assemble, don't regqu@mplex equipment or specialized personnel ttheo
measurement, which makes them and interestingadm used in on-site analysis in locations oficlift
access or with very few resources [11]. Howevery Yew of the developedPADs reported so far, pre-
sented any on-field or stability studies [3,8].

Nitrite and nitrate are nitrous acid salts foundhie human body due to either an endogenous praduce
the body or ingestion through food and water [1R,E8r many years these ions have been associated
with cancer, especially nitrite, either from dir@afjestion, or the nitrate reduction by bacteridinman
saliva. When nitrite reaches the acidic environneérithe stomach, and combined with amine or arnitde,
forms nitrosamines and nitrosamides, which arectaxid carcinogenic, thus contributing mainly to the



development of gastric cancer [13—-15]. When abgbtbdhe bloodstream, nitrite can react with ttoair

in hemoglobin, irreversibly converting it in metheghobin and preventing it from carrying oxygen (me-
themoglobinemia) [13,16-18]. Even though NOx commputsuhave been associated with cancer and other
diseases since 1970s, recently a few studies reae feporting newly found benefits of these ioradi- S
vary nitrates and nitrites may not only be a defemsponse to oral infectious diseases like peni@dio

disease [19], but also present a protective effgatnst dental caries [20].

Several methods have been described for nitritenétrate determination, but these methods have some
limitations like requiring high volume of reagerisd sample, the time of analysis, the use of caxriple
equipment, the need of constant power, speciateethicians, the production of toxic waste, amottg o
ers. These limitations can be emphasized whentiaggbiological fluids. The most common biological
fluid used as samples is blood/serum. However,typis of sample demands an invasive collectiongroc
dure with a considerable discomfort to the patéerd requiring specialized personnel, very spesifie-
age conditions, together with a risk of contamiratand of spreading diseases [21,22]. So, in stefdav

years there has been an increase in targeting loithlegical fluids, such as urine and saliva.

The collection of saliva is easier, safer and nemenomic when compared with blood collection [22—
24]. Additionally, it is a painless noninvasive pedure, with a lower risk of contamination or disien
of contagious diseases [22,23], which does notireapecialized medical personnel, and it can bedo
in secluded areas and more often than the blodelction [21-23]. As a sample, saliva has been kntmwn
contain several substances of interest for scrgeminl diagnosis purposes and, although is pretetabl
be kept on ice, the samples are stable for 24rhoah temperature or for a week at 4°C [11,21,22}. B
sides, for some groups of patients, like childssmiors or, for example, patients with blood ciajtiis-
orders, it would be easier to collect saliva [22,2bwever, it also has some disadvantages. Orikeof
big issues of using this fluid as a sample is #uok bbf specific information on biomarker conceritias in
saliva, mainly because it is a very recent and aggroach [21,23]. Another problem can be the viariat
in its composition that can occur according to séactors: age, gender, the time of the day of #rapde
collection and if it was or not stimulated [15,2%he mean salivary nitrite and nitrate in humaesoed-
ing to recent studies, was found to be approximdietween 1 - 10 mg/L and 10 - 80 mg/L, respedfivel
[12,19,26].

The focus of this work was to develop two new miiciidic paper-based analytical devicedADs) for
the quantification of nitrite and nitrate anionshimman saliva samples, using a hew constructioroapp
that has not been reported yet, and based on thesGeaction for spectrophotometric detection. itla
was for thes@PADs to ultimately be capable of being used asr@esing option not only in healthcare

facilities, but also to aid in the diagnosis of sodiseases and health conditions in remote lotion



2. Materials and methods
2.1.Reagents and solutions

The solutions used in this work were prepared waithlytical grade chemicals and Milli-Q water, (sesi
tivity > 18 MQ/cm, Millipore, USA).

The standard stock solution of 13 mM sodium nitfigerck) was monthly prepared by dissolving ap-
proximately 20 mg of the previously dried (overriid®0°C) solid in 25 mL of water. A fivefold dilwatn
of sodium nitrite stock solution (2.5 mM) was weekitade in order to prepare, also weekly, the waykin

standards of nitrite in the range of 5 - 280.

The standard stock solution of 12 mM sodium nit{dMerck) was prepared monthly by dissolving ap-
proximately 50 mg of the previously dried (overrtid®0°C) in 50 mL of water. The working nitrate
standards were prepared daily from the standawgi stwlution in a range of 0.2 - 1.2 mM.

The Griess reagent was monthly prepared accordingesquita R. et al. [27] by dissolving approxi-
mately 0.4 g of sulfanilamide (Sigma-Aldrich) inn®. of 5 M orthophosphoric acid and 0.04 g of N-(1-
naphthyl)-ethylenediamine dihydrichloride (NLNEDJdrck) in water. These two homogenized solutions
were mixed together, and the volume was complate2DtmL. This solution was stored in a dark bottle

and shielded from the light.

A zinc suspension was prepared for evepyPADs (maximum), by mixing 1 g of zinc powder (<)

(Sigma-Aldrich) in 20 mL of water.

2.2 Design of the developedPADs

The assembly of bothPADs consisted in aligning twenty-four sets ofefilpaper discs units, as hydro-
philic area, in a 4 columns and 6 rows distributionder previously perforated 4 mm holes (for thes
ple insertion) (L1) made in a 75x110 mm plasticitzating pouch (Q-Connect), as hydrophobic area. (Fig
1).

The nitrite determinatiopPAD consisted of two layers unit: top layer E1,emmpty paper disc (What-
man Grade 1 filter paper 9.5 mm diameter) and bl réagent paper disc (Whatman Grade 50 filtermpape
9.5 mm diameter) as shown in Fig. 1A. The reagapep discs were prepared by addinglL50f the

Griess reagent to the discs and then left to dtiiénoven forl0 minutes at 50°C.
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Fig. 1. Schematic assembly of tAD for the nitrite (A) and nitrate (b) determiratiand the schematic repre-
sentation of the device after sample placement; I(C) top layer of the laminating pouch; L2, bottdayer of the
laminating pouch; E1, empty layer; G1, Griess readayer (5uL per disc); Z, zinc embedded layer; E2, empty
layer; G2, Griess reagent layer (IO per disc).

The pPAD for nitrate determination consisted of units of three layers assembled with different sizes and
types of paper aligned over each other (Fig. 1B): the top layer Z, zinc suspension paper disc (Whatman
Grade 1 filter paper, 9.5 mm diameter); E2, an empty paper disc (Whatman Grade 1 filter paper, 1.27 cm);
and G2, the reagent paper disc (Whatman Grade 50 filter paper, 9.5 mm diameter). To prepare the Z layer,
the paper discs were embedded in the zinc suspension solution for 30 seconds with manual agitation and
then placed in the oven to dry for 30 min at 50°C. Aiming to ensure reproducibility of this procedure, the
discs were weighted before and after loading with zinc, in order to maintain an average amount of 2 mg of
zinc powder in each disc. The reagent paper discs were prepared by adding 10 puL of the Griess reagent to

the discs and then placing them in the oven to dry, for 10 minutes at 50°C.

After the alignment of the individual units, the laminating pouches were passed through the laminator
(Fellowes L125 - A4), which forces the plastic pouch to melt and seal around the paper filter discs, thus
creating a strong physical barrier between the units of detection (Fig. 1C). After the lamination, the pPADs

were ready to be use.



The lamination is the most delicate, laborious ansceptible to irreproducibility part of the assgmb
process, and avoiding the movement of the discsuaitd is critical. However, that can still happsmd,
for that reason, it was established to have 6 doitene standard/sample to account for possibiieos

due to potential assembly error (and collect thta d&3/4 replicates).

2.3.Determination procedure for NOx determination

After thePADs assembly, to perform the measurementgL1&nd 25uL of sample/standard were in-
jected in each sample insertion hole of iiRADs for nitrite and nitrate determination, respedy. When
the sample was completely absorbed, the holes eemered with adhesive tape in order to prevent @vap
ration of the sample and possible contaminatiohs. Sample/standard flows through the layers L1/E1/G
and L1/Z/E2 (nitrite and nitrate, respectively)ilittreacts with the Griess reagent (layer G1/G&8)m-
ing a pink color product in which the intensitytbe shade of pink is directly proportional to tlemcen-

tration of nitrite or nitrate in the sample (FigC)1

In order to measure the intensity of the color, le¢tom layer of thetPADs were scanned using a
standard scanner (Canon LiDE 120) and the images precessed using ImageJ (National Institutes of
Health, USA). In this work, the scanning time wamsidered the period of time between the sam-
ple/standard introduction and the scanning ofidP&D.

In the ImageJ, the images were converted into R®B .pSince the expected colored product of the
Griess reaction is pink and the complementary cilorhich this product absorbs is the green one, th
green filter of the RGB plots was used to meashesdritensity of pink in the images. For each cdisc,
an option was made to do the measurements witbirttiglar selection tool with 200x200 pixels, beaaus

it allowed better adjustment to the reagent disa 9.5 mm diameter).

As Birch and Stickle described [10], measured isitéas of pink were converted into absorbance &alue
using the formula: A=log(lg/ls), where A is the absorbance valugisithe average measured intensity (of
the pixels) of the standard or sample, anis the average measured intensity (of the pixaishe blank.

In order to remove outliers, 4 out of the 6 intgnsieasurements obtained were used in the avesge c

lations.

Regarding the determination of nitrate, the valb&imed would correspond in fact to the sum of the
content of nitrate plus nitrite (N, if the reduction process were highly efficiedbwever, as the nitrite
values in saliva are much lower than those of t@trao subtraction was needed: Therefore, the sampl
signal obtained in th@PAD for nitrate determination was directly interggd in the nitrate calibration

curve.



2.4 Reference procedures - accuracy assessments

In order to assess the accuracyuBAD measurements and to validate the develepD for the ni-
trite determination, a comparison was made betwleepPAD measurements and the results obtained by
the reference procedure for water analysis [28}esithere are no reference methods for saliva aealys
All the solutions were also prepared accordingly.

As no certified saliva samples are available, &fmat water sample was used, QC RW1 (VKI reference
materials, DANAK) to assess the accuracy of thext@jtPAD measurements. This certified material con-
sisted of one ampoule with a concentrate for pagfmar of reference sample by dilution with water.
Therefore, 4 rigorous dilutions were prepared, &nel final NQ concentrations were 0.707 mM
(CWsS_1), 0.530 mM (CWS_2), 0.471 mM (CWS_3) ands8.3nM (CWS_4). Recovery percentages
were also calculated for human saliva sampleshiolwa known concentration of nitrate was added.

2.5.Saliva samples collection

The saliva samples used in this work were all ctdlé from healthy volunteers in a range of 20 to 40
years, with their informed consent, by placing & $m sterile gauze (Wells) in the mouth for approxi
mately two minutes. The gauze was then placedsimé. sterile syringe and squeezed in order to reamov
the saliva from the gauze to a 5 mL plastic tubieese samples were diluted to half and were eitbed u
immediately (as fresh samples) or stored atGZor later use (frozen samples).

3. Results and discussions
3.1. Preliminary studies

As already mentioned, the Griess reaction is pevliag most commonly known and used reaction for
the determination of nitrite. However, there areesel ways to prepare the Griess reagent. So,derdo
obtain the best sensitivity possible, two composgiof the reagent were tested, both in a batchpvize
cedure and in filter paper: one reported by Mesgeital. [27], reagent A (116 mM of sulfamilide; 500
mM of ortho-phosphoric acid; 8 mM of NINED), and the other by Jayawardane et al. [29], rea8dB0
mM of sulfanilamide; 330 mM of citric acid; 10 mM of NINED). The chosen reagent was the reagent A,
since it presented a higher sensitivity, not onlthie batchwise procedure but also on paper (E$Mi

As for the nitrate determination, in order to use same reaction, it was necessary to reduceenitrat
nitrite. Three known reducing agents, namely hygiaxine, ascorbic acid and tin chloride, were wkste
alongside with the Griess reagent in a batchwisequiure.



However, there was no formation of the expectedt pimlor, which indicated that neither of the tested
reagents were able to extensively reduce nitrate to nitrite. So, it was necessary to consider an alternative;
zinc was reported by Jayawardane et al. (2014)t[2®k a powerful reducing agent capable of this co
version. So, a batchwise procedure with the Gnieagent and a Zn powder (<lh; Sigma-Aldrich)

was prepared and the results confirmed that zirscameeffective reducing agent for nitrate.

3.2. Nitrite determination

After testing the reaction in a batchwise procedané in paper, the next step was to designiD
for nitrite determination. Having set the physistilicture of th@uPAD to use a plastic laminating pouch
as the hydrophobic area, and filter paper discgh@hydrophilic areas, (24 filter paper discs wased to
attain 24 units of detection pgPAD) the filter paper layers were studied.

Since there is only one reagent for the nitriteedretnation, auPAD with only one layer of filter paper
discs containing the Griess reagent was prepacetesponding to the G1 in Fig. 1A. However, because
the reagent was in direct contact with the air ulgtothe sample insertion hole, it oxidized veryilgas
Moreover, one layer allowed a very limited voluniesample (1QuL maximum) and it took a long time to
absorb that same volume (30 minutes minimum foulD)0 So, an empty layer (with no reagent) was add-
ed on top of the reagent layer (E1 in Fig. 1A) idew to try to protect it from oxidation and alsoailow
the placement of a higher volume of sample withmalker absorption time. In this 2-layex®AD, the
same 1QuL of sample was completely absorbed in less thaninbites.

Several types of filter paper with different treatms and pore diameters available were tested from
Whatman® (ESM Table 1). For the reagent layer (G&Fig. 1A), the absorbance value obtained for a
nitrite standard of 3@M was compared for different filter papers (Whatn@rade 1, 42, 50 and 541)
using 10uL of reagent. The Whatman 50 (W50) paper was theahrosen, as it presented a higher ab-

sorbance value.

Then the filter paper of the empty layer (E1 in.Figd) was studied by establishing calibration csrve
with different filter papers, namely Whatman Grddes, 42 and 50 together with the W50 paper in the
reagent layer (G1 in Fig. 1A). The highest senisjticalibration curve slope, was obtained with \ivhan
Grade 1 (W1) in the empty layer (Fig. 2), togetivgh one of the lowest intercepts (indicating aguial-
ly lower detection limit) so that was the chosétefipaper. This combination of W1 for empty laged
W50 for reagent layer also enabled tHAD scanning in least amount of time of all the grapstudied

(scanning in 20 minutes).



Slope (L/umol) Intercept

1.20E-03 0.015
0.013
1.00E-03 0011
8.00E-04 [ J [ 0.009
0.007
6.00E-04 0.005
0.003
4.00E-04 0.001
2.00E-04 -0.001
-0.003
0.00E+00 _— . .0.005

W1/W50 W5/W50  W50/W50  W42/W50

Fig. 2. Study of the influence in the calibration curvegmaeters, slope (grey bars) and intercept (diamoofls
different types of filter paper in the first layen the nitrite determinatiopnPAD; the chosen combination is repre-

sented by the dark grey and black diamond.

After setting the physical parameters, the volume of Griess reagent to place on the reagent layer pPAD
was studied. In a preliminary test of the volume capacity of these paper discs, the reagent volumes studied
were 5 and 10 pL, since lower volumes would not distribute through the entire disc and higher volumes
resulted in soaking the disc. Calibration curves were established for both of these volumes and it was pos-
sible to observe that there was no significant difference (<10%) between the sensitivities (nor the inter-
cepts). So, to avoid the unnecessary consumption of reagents, a volume of 5 uL of Griess reagent per pa-

per disc was chosen for the G1 layer of the nitrite uPAD.

The last parameter tested was the sample volume, and calibration curves were prepared with the stand-

ard volumes of 10, 15 and 20 pL (Fig. 3A).

A B
Slope Slope |
(L/umol) Intercept (L/mmol) ntercept
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Fig. 3. Study of the influence of the reagent volume itheuPADs calibration curve slope) and intercept4)

for: A, the nitrite determination and B, the nitratetermination; the points in black represencti@sen values.



When using either 10 or 1L, the sample was completely absorbed in approxiyat5 minutes.
When applying 2Q.L of sample, it took about 35 minutes for tlleéAD to completely absorb that sam-
ple/standards. Although the highest sensitivity aelsieved using the 30 of sample, the chosen sample

volume was the 1pL, as a compromise solution between sensitivity sgahning time.

3.3.Nitrate Determination

After testing different reducing agents in a batifewprocedure and choosing zinc powder as the freduc

ing agent (preliminary tests), the challenge becplaeing/immobilizing that powder in the filter pap

The main concern was the paper low retention cgpaoid the uneven distribution of the zinc powder.
Several procedures were tested, including passinigasuspension through the filter paper with a sy
ringe, but the most efficient one consisted in ipig¢he filter paper discs in a zinc suspensiog ¢f zinc
powder in 20 mL of water), stir the suspension nadlgiand then set the discs to dry (oven at 509G
minutes). Therefore, for the nitrapd?’AD, a two-layer assembly was tested, similar @ riftrite uPAD,
but instead of the empty layer (E1 in Fig. 1A) thesas the zinc suspension layer (Z layer in Fig. 1B

However, the direct contact of the Z layer with Ggess reagent layer (G2 layer) caused a visibte d
radation of the reagent, even before the samptelatd insertion. So, in order to prevent the Griess
gent degradation, an empty layer of filter papes weded between the Z and G2 layers. To ensure that
there was no contact, this extra layer (E2 in EB) consisted in a W1 filter paper disc with a ldggli-
ameter (1.27 cm) than the other layers (0.95 cim}s @pproach effectively prevented the reagentatkgr
tion and defined the design of the nitraRBAD with 3 layers (Fig. 1B).

The assembly of the nitrafg?’AD consisted of detection sets with 3 layers ltdrfipaper: W1, zinc sus-
pension layer (Z in FiglB); W1, empty bigger disc layer (E2 in FiglB); W50, Griess reagent layer (G2
in Fig. 1B). As the targeted concentration rangeithte was higher than the nitrite concentratamge,
the influence of the reagent volume was studiedha@zalibration curves were set and the same vadume
of 5 and 10uL were tested; 10 uL of Griess reagent produced a 10% increase obémsitivity, when
compared with the §L. Therefore, the chosen volume to be used on ithetePAD was 10uL of the

Griess reagent.

Because a third layer of paper was introduced énufPAD, theuPAD absorption capability increased
significantly. Therefore, it was important to stuthe influence of the sample volume, and choose the
volume that allows a higher sensitivity. So, caliion curves were made, and the sample volumesdtest
were 15, 20, 25 and 3@.. With the first three volumes, the sample was plately absorbed into the
uPAD almost immediately, but when 3@ of sample was used, it took about 35 minuteshiseove the

sample absorption. Since 35 minutes was consideeduch time, the option of 3@ of sample was

10



excluded from the study. For the remaining volumes, even though it was possible to scan the pPAD almost
immediately after sample introduction, the sensitivity increased for the first 20 minutes. So, to compare
the effect of the sample volume, a scanning time of 20 minutes was used (Fig. 3B). Out of the volumes
tested, the calibration curve with the highest sensitivity was obtained with 25 pL of sample, therefore it

was the chosen volume.

In fact, the uPAD for nitrate determination attains the determination of both nitrate and nitrite quantifi-
cation. This can be explained as any nitrite present goes through the zinc layer (Z in Fig. 1B) to the detec-
tion layer (G2 in Fig. 1B) producing the color product. Considering the difference in the expected concen-

tration ranges for nitrite and nitrate, it is not expected to be a significant effect.

However, due to the versatility of these devices, a pPAD for both determinations can be produced (Fig.
4) by assembling two of the four columns identically to the nitrite determination design (one for the intro-
duction of the blank and one for the sample) and the other two columns identically to the nitrate (also one

for the introduction of the blank and one for the sample).

Fig. 4. Schematic assembly of the mixgBAD for determination of both nitrite and nitratms; A, alignment; B,

finished device.

This mixed design allows the simultaneous determination of nitrite and nitrate ions using one uPAD per

sample without compromising the number of replicates (6 detection units per column).

3.4 .Interferences assessment

To study the interference of the saliva matrix, a set of the developed WPADs were prepared to perform
two calibration curves for each determination, nitrite and nitrate using standards in water, and in synthetic

saliva.
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The synthetic saliva prepared was based on thesotmations reported by Batista et al. [30]: [KCI] =
2237 mg/L; [KH,POy] = 544.3 mg/L; [HEPES] = 4766 mg/L; [CaCl,2H,0] = 77.69 mg/L; [MgCl] =
19.04 mg/L; [Bovine Serum Albumin] = 2700 mg/L).

For both nitrite and nitrate determination, the aéstandards in a synthetic saliva matrix revealed
significant difference on the sensitivity of thdilbeation curves (< 10%). Therefore, to simplifyetpro-
cess and to reduce the reagents consumption, itha@sen to maintain the use of standards prepared i

water, for both the nitrite and nitrate determioas.

3.5.Stability Studies

In order to evaluate the robustness of the devdlppADs, stability studies were designed and per-
formed to test the stability of these microfluidievices not only when stored, before the standeseri
tion, but also to evaluate the stability of theoret product formed after the standard insertion.

To evaluate the stability of colored product intbof the developedPADs, a calibration curve for each
determination, nitrite and nitrate, was preparédtk {PADs were scanned several times after the standards
insertion, up to 4 hours (ESM Fig. 2). The restdtsthe nitrite determination showed there is rgn#i-
cant difference (<10%) between the sensitivity imlgtd when scanning thé?AD at 20 minutes or 4 hours
after the standard insertion. As for fiileAD for nitrate determination initially there was imcrease in the

sensitivity, up until 1 hour.

This can be explained not only by the existencaroéxtra layer, but also the existence of a reducti
reaction before the color reaction, both of whitdwsdown the formation of the colored product. Afte
reaching a maximum slope (after 1 hour), the seitgibegins to decrease up to the tested 4 hotws-
ever, the initial increase of sensitivity was ntatistically significant when considering a +10%nga.
Whereas, if thetPAD is scanned 3 hours or more after the standargpke placement, the sensitivity ob-

tained is significantly lower (>18%) than the ormained up until the 2 hours.

To test the stability of thePADs before the standard insertion, these devieges wrepared and stored,
always protected from light, under three differatmhospheric conditions (air, nitrogen, and vacuurojh
at room temperature (approximately’@)1 and refrigerated (approximatel§CG). TheuPADs tested in air
atmosphere were stored in a closed clear zip lock bag; the ones in nitrogen atmosphere were stored in a
closed clear zip lock bag previously field withrogen gas for approximately 1-2 minutes. THADs
tested in a vacuum were also stored in a closett zip lock bag, in which the air was removed using
vacuum pump. AlLPADs were shielded from the light when stored byecimg in tin foil. Different peri-

ods of time were tested for each of the atmosploeridition.
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Every time thauPADs were removed from storage, a calibration cwas set. On the same day, anoth-
er calibration curve was prepared using the samefstandards, on freshly assemblé®ADs. The aver-
age sensitivity of these calibration curves was tt@mpared with the sensitivities of theADs under the
different conditions and a variation under 10% lod faverage calibration curves was considered non-
significant (ESM Fig. 3).

The pPAD for nitrite determination was stable for 3 ddgs all three storage conditions at room tem-
perature but only when kept in vacuum it was stédnl& days. When stored in vacuum and refrigeréted
was stable for at least 60 days. As for iRAD for nitrate determination, it was possible tmclude that
at the room temperature it was only stable withstoeage in vacuum and only for 3 days. Neitheratine
atmosphere, nor the nitrogen atmosphere were akdg@propriately preserve thé’AD for none of the
periods of time tested, which is justified by thecbase of the calibration curves sensitivitieawehe
acceptable £10% range. When stored in vacuum a@gdrtemperature, theéPADs for nitrate determina-

tion were stable for a at least 14 days.

3.6.Analytical features of thepPAD for NOx determination

The main characteristics of the develop&AD such as dynamic range, average calibrationeguimit
of detection (LOD) and quantification (LOQ), relatistandard deviation (RSD) and tiltADs optimal

scanning time range, are summarized in Table 1.

Table 1. Features of the developed uPADs for the deternuinati nitrite and nitrate; Limit of Detection (LOD)
Limit of Quantification (LOQ); Relative Standard dation (RSD)

. . Repeatability,
Dynamic Calibration Curve® LOD* LOQ*® P v Scanning
Analyte RSD? ,
range A=Sx[NOJ+b M)  (UM) Time
Intraday Interday
y = 1.78x10%(+5.60x10°) x [NO, ] + 1.12x10%(+3.08x10°)
5—45uM ) 5% 2%
o R?=0.997 _
Nitrite . 0.05 0.17 20min—-4h
y = 1.12x10%(+3.05x10°) x [NO, ] + 3.21x10%(+2.57x10°)
45 — 250 uM ) 2% 3%
R?=0.996
) y = 7.27x10(+8.35x10°) x [NO;] — 2.63x10%(+1.93x10°) _
Nitrate  0.27 - 1.2 mM R2 = 0.988 80 270 6% 5% 20min—-2h

an=6
b n=4

Within the nitrite working concentration range 250 uM, different sensitivities were observed, e t
concentration range was divided in two, the rarfgeto 45 uM and the range of 45 to 250 uM.
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The limit of detection (LOD) and the limit of qu#fication (LOQ) were calculated as concentration
corresponding to three and ten-times the standaridtion of the intercept (n = 6), respectivelyc@aing
to IUPAC recommendations [31].

The repeatability of the developed pPADs was evatu@alculating the relative standard deviation
(RSD) obtained dividing the standard deviationtwf talibration slope by the average of that sldpe.
intraday and interday repeatability were assessefbnming 4 calibration curves in the same day iand

consecutive days, respectively.

3.7.Application of the developeduPADs - Accuracy assessment

To assess the accuracy of the develode@D for nitrite determination, saliva samples waralyzed
using thepPAD ([NO,],pap) and the reference method ([MRerver) [28]. A linear relationship between
the two set of results was established (ESM Fig: 0] ,pap = 1.00 (+ 0.11) X [NQ]gref method— 2.74 (£
6.82). There was no statistical difference betwdentwo methods, as the slope the intercept were no
statistically different from 1 and 0, respectivelie collected samples (#16) were all within thpested
range of concentrations (5 — 2hM) dues indicating that there would be no croserfetence in the ni-
trateuPAD with dynamic application rate from 0.27 to i®A.

To evaluate the accuracy of the developBAD for nitrate measurements, four dilutions ofeatiied
water sample were used as the certified values feefdOs, the same as thd?AD for nitrate determina-
tion (Table 2).

Table 2. Analysis of certified water samples performed wtitle nitrate determinatiopnPAD; Standard deviation
(SD); Relative deviation (RD)

[NOS—] Found SD [NOS-]Expected

Sample ID (mM) (mM) RD%
CWS_1 0.681 + 0.096 0.707 £0.014 -3.6
CWS_2 0.526 £0.134 0.530 +£0.011 -0.7
CWS_3 0.393 £0.120 0.471+0.010 -16.7
CWS_4 0.328 £ 0.107 0.354 £ 0.007 -7.2

A linear relationship between the two set of resulas established (ESM Fig. 4B): [B[a0 = 1.04
(£0.41) x [NQ]certified vae — 0.05 (£0.22). Again, there was no statisticfedence between the certified
value and th@PAD measurement, as the slope and the interceptddidtatistically differ from 1 was not

and 0, respectively.
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To further assess the accuracy of the nitrate measnts, recovery studies were performed by spiking
the samples with 4L and 8uL of the nitrate standard stock solution to 1 mltleé saliva sample. The
calculation of the recovery percentage was maderdity to IUPAC [32], amount found minus the irlitia

amount over the amount added (Table 3).

Table 3. Recovery studies performed with spiked human saamples assessed with the develogedD for ni-
trate determination; Standard deviation (SD); Redastandard deviation (RSD).

Initial NO4] Found R
g 3] Added . ecovery
Sample 1D [NO3 ] a RSD (mM) [NOsTroung RSD %)
SD SD 0
(mM) (%) (mM) (%)
SS_1 0.434 0.053 12% 0.216 0.627 0.052 8% 90
SS_ 2 0.434 0.053 12% 0.431 0.844 0.206 24% 95
SS_3 0.487 0.019 4% 0.216 0.699 0.221 32% 98
SS_4 0.487 0.019 4% 0.431 0.895 0.243 27% 95
SS 5 0.372 0.044 12% 0.216 0.593 0.095 16% 103
SS_6 0.372 0.044 12% 0.431 0.822 0.102 12% 104
SS_7 0.509 0.059 12% 0.216 0.713 0.108 15% 95
SS_8 0.609 0.081 13% 0.431 1.068 0.166 16% 106
SS_9 0.384 0.101 26% 0.216 0.612 0.082 13% 106
SS_10 0.384 0.101 26% 0.431 0.791 0.081 10% 94
SS_11 0.491 0.086 18% 0.216 0.701 0.205 29% 97
SS_12 0.491 0.086 18% 0.431 0.932 0.094 10% 102
SS_13 0.621 0.054 9% 0.216 0.825 0.157 19% 94
SS_14 0.275 0.053 19% 0.216 0.486 0.106 22% 98
SS_15 0.275 0.053 19% 0.431 0.694 0.080 12% 97

The average of the calculated recoveries was 98% avstandard deviation of 5%. A statistical tést (
test) was used to evaluate if the mean recovenewdid significantly differ from 100%. For a 95%ysif-
icance level the calculated t-value was 1.32 wittoerespondent critical value of 2.51. The statidti
results indicate the absence of multiplicative matiterferences proving that the developd®AD was

applicable to saliva samples.

4. Conclusions

In this work, two new microfluidic paper-based atighl devices (PADs) for the nitrite and nitrate
guantification in human saliva samples were deviééditionally, considering their versatile arcluitere,

both determinations can be combined in a singleab&metric device.
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The developediPADs have shown to be sensitive, portable devikcatgrovide rapid on-hand meas-
urements and were efficient for determinationsuimbn saliva samples, without requiring pre-treatsien

The main application envisioned for these devices wo facilitate health diagnosis, not only in
healthcare facilities, but also in remote areagyTdre affordable, having a cost (in terms of coretles)
of 0.15€ and 0.20€ per nitrite and nitraf@AD, respectively, and also disposable by incinenatwhich

besides being environmental-friendly, is also avaathge when handling biological samples.

Furthermore, unlike recently reported devices (@abl such as Chiang C. et al. (2019), Vidal E.let a
(2018) and Liu Y. et al. (2018) [33-35], this nogehstruction and assembly technique is very sirapte
user-friendly, since it doesn't require specializedhnicians or complex equipment, like wax prigter
This type of printers, commonly used PADs preparation, is associated to a substanti@siment,

costly consumables and not environmental friendly.

Table 4. Comparison of some features of this work with jyes ones

Concentration
Analyte range LOD LOQ Sample Observations Reference
(uM) (UM)  matrix
(HM)

N02 5-250 0.05 0.17 Saliva Both determinations can be combined in a SingLFhis work
Nos- 200 - 1200 30 270 device with a biparametric determination
NOZ_ 3.9 -1000 14.8 NR Water Wax printed uPAD Chiarg] [3

) Sample Pretreated;
NO2 0.88-11.8 0.86 NR Saliva  Electrokinetic stacking combined with colori- Zhang [36]

metric reaction

NOZ_ 20-160 7.8 NR Saliva UPAD fabrication by corgeaerator Jiang [37]
NOZ_ 0.01-5.0 6.2 X 1()5 NR Water Wax printed pPAD;Eletcrochemical detectionLiu [35]
Noz' 1-215 0.6 28  Water Wax printed pPAD Vidal [34]
NOZ_ 5-500 13 2.2 Water UPAD fabrication by a crafting technique Ortiz-Gomez [38]
NO 156 — 1250 NR NR Water uPAD faprlcatlon by patterning of filter paper Wang [39]

2 using a permanent marker pen.
NOZ_ 0-100 5.6 NR Saliva With sample preconcentration Cardoso [40]
NO_ 10 - 150 1 7.8 — . -

2 Water Inkjet printed uPAD; Indepen.den.t devices for Jayawardane [29]
NO 50 — 1000 19 48 each analyte determination

3

NR, Not Reported

The improvement in the detection limit can be exyd by the pPAD architecture. Most of previously
reported LPADs are based either on a one-layeitrogtisn, or on folding the paper to create mudipl

layers. In the first option, the sensitivity canibaired by the colour dispersion associated wighhori-
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zontal flow. In the second option, the 3D uPADsadsed by folding, although it benefits from thetire
cal flow, the folding of the paper can create aickets between the layers which compromise theieffi
cy of the vertical flow between the layers. The elarchitecture of developed pPAD uses the advastag
of the vertical flow and provides a very low probidy of the formation of air pockets that could far

the flow through the layers.

As future work, it would be interesting to perfofield studies to further access the impact of coowis
different from the ones that exist in the laborat®Htimately, theuPADs should be used for analysis in
saliva samples of patients with N®@elated diseases.
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Resear ch highlights

» Design of the first uPAD for nitrite and nitratetelenination in human saliva
» Nitrate reduction carried out within the novel devi
e Direct saliva introduction, no sample pretreatnrequired

« Successfully applied to saliva samples collectethfhealthy volunteers
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Abstract

In this work, two different microfluidic paper-bakanalytical devicesuPADs) were developed for the
guantification of nitrite and nitrate in human salisamples, in order to aid in the diagnosis of esalis-
eases and health conditions associated with tbese The development of these nitrite and nitn&@&Ds
involved several studies to optimize their desigd aonstruction, including an interference assessme
and stability studies. Theg#’ADs allowed a nitrite determination in a rangeéof250uM with limits of
detection and quantification of 0.gBVl and 0.17uM, respectively, and a nitrate determination in the
range 0.2 — 1.2 mM with limits of detection and mification of 0.08 mM and 0.27 mM, respectivelys A
for the stability, both of thePADs were stable when stored in vacuum’at @he nitriteuPAD for at least
60 days and the nitraid?AD for at least of 14 days) and, after the samtdeement, the nitrite and ni-
trateWPADs could be scanned within the first 4 and 2 Bprespectively. The nitritegPAD measurements
were compared with the ones obtained from the atahdolorimetric method and there were no statisti-
cally significant differences between these twolmds. To evaluate the accuracy of nitn@®AD meas-
urements, 4 certified water samples were usedeswery studies using saliva samples were perfarmed

KEYWORDS: nitrite determination; nitrate reduction; saliva analysis, point-Of-care; disposable devices



1. Introduction

According to the World Health Organization, “moreople can access essential health services today
than ever before, but at least half of the wonmipulation still go without” the basic health ctg Even
with the advances in technologies, there is siifick of practical and affordable devices that parform
diagnosis and treatments on location, whetherghirtbe in a medical institution, in the patientshtes or
in the most secluded areas [2,3]. That is why mebeas have been working towards the development of
new diagnostic and treatment devices and technithpa¢gre “ASSURED”: Affordable, Sensitive, Specif-
ic, User-friendly, Rapid and robust, Equipment-fraed Deliverable to end-users [4,5].

In 2007, Martinez A. et al. introduced the conceptmicrofluidic paper-based analytical device, or
uPAD, as a “platform for inexpensive, low-volume,riadle bioassays” [6,7]. This type of devices is
based on the presence of two different areas: eopldic area provided by the paper where a reactio
(usually colorimetric) occurs, and a hydrophobieaathat delimits this reaction zone [4,8]. The most
common design approach is wax printing, becausge at simple, and relatively fast method compatible
with mostuPAD applications [4,6]. Nevertheless, this typgofting method requires expensive wax and
an extra step of heating in the process. The amgfdhé use of paper as a reaction tool is justifiet only
by the paper’s low cost and high availability, bigo by the fact that it is light weighted, avaitam sev-
eral thicknesses and porosities, easy to storerandport, and compatible with biological samples- (
cause of its cellulose matrix) [9]. With colorimietreactions, the most commonly used detection atkth
the results can be easily interpreted visuallyaptared with digital cameras, mobile phones orginet
scanners [6,8]. Then the color intensities can lained from the digital images by using image pro-
cessing programs and converted in absorbance Vf@i€3. A disadvantage of these detection metlieds
the high variability caused by a non-uniform disttion of the colored product in the paper, bus thtiob-
lem can be reduced by using more replicas and @xgjwoutliers, if necessary [8].

The uPADs popularity is due to their various advantaddésey are simple, portable, affordable, rapid,
disposable, and, after being assemble, don't requ@mplex equipment or specialized personal tchdo t
measurement, which makes them and interestingadmt used in on-site analysis in locations oficlift
access or with very few resources [11]. Howevery Yew of the developedPADs reported so far, pre-
sented any on-field or stability studies [3,8].

Nitrite and nitrate are nitrous acid salts foundhie human body due to either an endogenous praduce
the body or ingestion through food and water [1R,E8r many years these ions have been associated
with cancer, especially nitrite, either from dir@afjestion, or the nitrate reduction by bacteridinman
saliva. When nitrite reaches the acidic environneérithe stomach, and combined with amine or arnitde,

forms nitrosamines and nitrosamides, which arectaxid carcinogenic, thus contributing mainly to the



development of gastric cancer [13—15]. When absbtbdhe bloodstream, nitrite can react with ttoair

in hemoglobin, irreversibly converting it in metheghobin and preventing it from carrying oxygen (me-
themoglobinemia) [13,16-18]. Even though NOx commputsuhave been associated with cancer and other
diseases since 1970s, recently a few studies eae feporting newly found benefits of these ioradi- S
vary nitrates and nitrites may not only be a defemsponse to oral infectious diseases like peni@tio

disease [19], but also present a protective effgatnst dental caries [20].

Several methods have been described for nitritenétrate determination, but these methods have some
limitations like requiring high volume of reagerisd sample, the time of analysis, the use of caxriple
equipment, the need of constant power, speciategthicians, the production of toxic waste, amottg o
ers. These limitations can be emphasized whentiaggbiological fluids. The most common biological
fluid used as samples is blood/serum. However,typis of sample demands an invasive collectiongroc
dure with a considerable discomfort to the patéerd requiring specialized personnel, very spesifie-
age conditions, together with a risk of contamiratand of spreading diseases [21,22]. So, in stefdav

years there has been an increase in targeting loithlegical fluids, such as urine and saliva.

The collection of saliva is easier, safer and nemenomic when compared with blood collection [22—
24]. Additionally, it is a painless noninvasive pedure, with a lower risk of contamination or disien
of contagious diseases [22,23], which does notireapecialized medical personnel, and it can bedo
in secluded areas and more often than the blodelction [21-23]. As a sample, saliva has been kntmwn
contain several substances of interest for scrgeminl diagnosis purposes and, although is pretetabl
be kept on ice, the samples are stable for 24rhoah temperature or for a week at 4°C [11,21,22}. B
sides, for some groups of patients, like childssmiors or, for example, patients with blood ciajtiis-
orders, it would be easier to collect saliva [22,2bwever, it also has some disadvantages. Orikeof
big issues of using this fluid as a sample is #uk lof specific information on biomarkers concetitres
in saliva, mainly because it is a very recent aga approach [21,23]. Another problem can be theavar
tions in its composition that can occur accordingome factors: age, gender, the time of the ddkieof
sample collection and if it was or not stimulaté8,p5]. The mean salivary nitrite and nitrate immiams,
according to recent studies, was found to be ajmately between 1 - 10 mg/L and 10 - 80 mg/L, respe
tively [12,19,26].

The focus of this work was to develop two new miiciidic paper-based analytical devicesADs) for
the quantification of nitrite and nitrate anionshimman saliva samples, using a hew constructioroapp
that has not been reported yet, and based on thesGeaction for spectrophotometric detection. itla
was for thes@PADs to ultimately be capable of being used asr@esing option not only in healthcare

facilities, but also to aid in the diagnosis of sodiseases and health conditions in remote lotion



2. Materials and methods
2.1.Reagents and solutions

The solutions used in this work were prepared waithlytical grade chemicals and Milli-Q water, (sesi
tivity > 18 MQ/cm, Millipore, USA).

The standard stock solution of 13 mM sodium nitfigerck) was monthly prepared by dissolving ap-
proximately 20 mg of the previously dried (overriid®0°C) solid in 25 mL of water. A fivefold dilwatn
of sodium nitrite stock solution (2.5 mM) was weekitade in order to prepare, also weekly, the waykin

standards of nitrite in the range of 5 - 280.

The standard stock solution of 12 mM sodium nit{dMerck) was prepared monthly by dissolving ap-
proximately 50 mg of the previously dried (overrtid®0°C) in 50 mL of water. The working nitrate
standards were prepared daily from the standawgi stwlution in a range of 0.2 - 1.2 mM.

The Griess reagent was monthly prepared accordingesquita R. et al. [27] by dissolving approxi-
mately 0.4 g of sulfanilamide (Sigma-Aldrich) inn®. of 5 M orthophosphoric acid and 0.04 g of N-(1-
naphthyl)-ethylenediamine dihydrichloride (NLNEDJdrck) in water. These two homogenized solutions
were mixed together, and the volume was complate2DtmL. This solution was stored in a dark bottle

and shielded from the light.

A zinc suspension was prepared for evepyPADs (maximum), by mixing 1 g of zinc powder (<)

(Sigma-Aldrich) in 20 mL of water.

2.2 Design of the developgdPADs

The assembly of bothPADs consisted in aligning twenty-four sets ofefilpaper disks (hydrophilic ar-
ea) in a 4 columns and 6 rows’ distribution, ungi&viously perforated 4 mm holes (for the sampbein

tion) (L1) made in a 75x110 mm plastic laminatimyph (Q-Connect) (hydrophobic area) (Fig. 1).

The nitrite determinatiopnPAD consisted of two layers: E1 (Whatman Graddtérfpaper 9.5 mm di-
ameter empty disk) and G1 (Whatman Grade 50 fitgrer 9.5 mm diameter disk withub of the Griess

reagent added and left to dry in a 50°C oven famitfutes), as shown in Fig. 1A.

The pPAD for nitrate determination consisted of threffedeént sizes and types of paper aligned over
each other (Fig. 1B): the top layer Z (Whatman @radilter paper, 9.5 mm diameter disk embeddedl in
zinc suspension with a 30 seconds manual agitatiohleft to dry in a 50°C oven for approximately 30
minutes), the layer E2 (Whatman Grade 1 filter pap27 cm diameter empty disk), and the bottoreday
G2 (Whatman Grade 50 filter paper, 9.5 mm diamditde with 10uL of the Griess reagent added and left



to dry in a 50°C oven for 10 minutes). After the alignment, the laminating pouches passed through the
pouch laminator (Fellowes L125 - A4), which allow the plastic pouch to melt and seal around the paper
filter disks, thus creating a strong physical barrier between the units of detection (Fig. 1C). After the lami-
nation, the pPADs were ready to be used.

o Sample B /7, —
/‘“”"“.,”__"'.;'Klnsertion L1 = el =T
L1 == == -T_%t 7 Area -

- ——
Gl < .5 > S o
/' —— G2 =
2 e )
Nitrite Nitrate
Determination Determination
WPAD WPAD

Units of
Detection

Top View Bottom View

Fig. 1. Schematic assembly of the uPAD for the nitrite (A) and nitrate (b) determination and the sche-
matic representation of the device after sample placement; (C); L1, top layer of the laminating pouch; L2,
bottom layer of the laminating pouch; E1, empty layer; G1, Griess reagent layer (5 pL per disk); Z, zinc
embedded layer; E2, empty layer; G2, Griess reagent layer (10 uL per disk).

2.3.Determination procedure for NOx determination

After the pPADs assembly, to perform the measurements, 15 pL and 25 pL of sample/standard were in-
jected in each sample insertion hole of the pPADs for nitrite and nitrate determination, respectively. When
the sample was completely absorbed, the holes were covered with adhesive tape in order to prevent evapo-
ration of the sample and possible contaminations. The sample/standard flows through the layers L1/E1/G1
and L1/Z/E2 (nitrite and nitrate, respectively) until it reacts with the Griess reagent (layer G1/G2), form-
ing a pink color product in which the intensity of the shade of pink is directly proportional to the concen-

tration of nitrite or NOx (in the case of the nitrate uPAD) in the sample (Fig. 1C).

In order to measure the intensity of the color, the bottom layer of the uPADs were scanned using a

standard scanner (Canon LiDE 120) and the images were processed using ImageJ (National Institutes of



Health, USA). In this work, the scanning time wamsidered the period of time between the sam-

ple/standard introduction and the scanning ofidP&D.

In the ImageJ, the images were converted into R®B pSince the expected colored product of the
Griess reaction is pink and the complementary cimlorhich this product absorbs is the green one, th
green filter of the RGB plots was used to measuedritensity of pink in the images. For each cdisk,
an option was made to do the measurements witbirttidlar selection tool with 200x200 pixels, beaaus

it allowed better adjustment to the reagent diglad®.5 mm diameter).

As Birch and Stickle described [10], measured isitegs of pink were converted in absorbance values
using the formula: A=log(lg/ls), where A is the absorbance valugisithe average measured intensity (of
the pixels) of the standard or sample, anis the average measured intensity (of the pixaishe blank.

In order to remove outliers, 4 out of the 6 intgnsieasurements obtained were used in the avesge c

lations.

Regarding the determination of nitrate, the valb&imed corresponds in fact to the sum of the etinte
of nitrate plus nitrite (NQ). However, as the nitrite values in saliva are imlosver than those of nitrite,

no need for subtraction is needed.

2.4.Reference procedures - accuracy assessments

In order to assess the accuracyuBAD measurements and to validate the developD for the ni-
trite determination, a comparison was made betwleepPAD measurements and the results obtained by
the reference procedure for water analysis [28}esithere are no reference methods for saliva dealys

All the solutions used were also prepared accohging

As no certified saliva samples are available, &fmat water sample was used, QC RW1 (VKI reference
materials, DANAK) to assess the accuracy of thest@utPAD measurements. This water sample consist-
ed of one ampoule with a concentrate for preparatioreference sample by dilution with water. There
fore, 4 rigorous dilutions were prepared, and thalfNOy concentrations were 0.707 mM (CWS_1),
0.530 mM (CWS_2), 0.471 mM (CWS_3) and 0.354 mM &W). Recovery percentages were also cal-
culated for human saliva samples, to which a knoancentration of nitrate was added.

2.5.Saliva samples collection

The saliva samples used in this work were all ctdlé from healthy volunteers in a range of 20 to 40
years, with their informed consent, by placing & S sterile gauze (Wells) in the mouth for approxi
mately two minutes. The gauze was then placedsimé. sterile syringe and squeezed in order to reamov



the saliva from the gauze to a 5 mL plastic tubleese samples were diluted to half and were eitbed u
immediately (as fresh samples) or stored atGZor later use (frozen samples).

3. Results and discussions
3.1. Preliminary studies

As already mentioned, the Griess reaction is pevliag most commonly known and used reaction for
the determination of nitrite. However, there areesel ways to prepare the Griess reagent. So,derdo
obtain the best sensitivity possible, two composiiof the reagent were tested, both in a batchpvise
cedure and in filter paper: one reported by Mesgeital. [27], reagent A (116 mM of sulfamilide; 500
mM of ortho-phosphoric acid; 8 mM of NINED), and the other by Jayawardane et al. [29], rea8dB0
mM of sulfanilamide; 330 mM of citric acid; 10 mM of NINED). The chosen reagent was the reagent A,

since it presented a higher sensitivity, not onlyhie batchwise procedure but also on paper (ESM1i

As for the nitrate determination, in order to use same reaction, it was necessary to reduceenitrat
nitrite. Three known reducing agents, namely hydieimine, ascorbic acid and tin chloride, wereddst
alongside with the Griess reagent in a batchwisequiure. However, there was no formation of the ex-
pected pink color, which indicated that neithettwd tested reagents were able to extensively rediuce
trate to nitrite. So, it was necessary to consider an alternative; zinc has been reported by Jayawardane et al.
(2014) [29] to be a powerful reducing agent capablinis conversion. So, a batchwise procedure thich
Griess reagent and a Zn powder (4if); Sigma-Aldrich) was prepared and the results confirmeat th

zinc was an effective reducing agent for nitrate.

3.2. Nitrite determination

After testing the reaction in a batchwise procedurd in paper, the next step was to desigrnuiD
for nitrite determination. Having set the physistilicture of th@uPAD to use a plastic laminating pouch
as the hydrophobic area, and filter paper discgi®hydrophilic areas, (24 filter paper disks wased to
attain 24 units of detection pgPAD) the filter paper layers were studied.

Since there is only one reagent for the nitriteedretnation, auPAD with only one layer of filter paper
disks containing the Griess reagent was prepamgdzsponding to the G1 in Fig. 1A. However, because
the reagent was in direct contact with the air ulgtothe sample insertion hole, it oxidized veryilgas
Moreover, one layer allowed a very limited voluniesample (1QuL maximum) and it took a long time to
absorb that same volume (30 minutes minimum foul)0 So, an empty layer (with no reagent) was add-
ed on top of the reagent layer (E1 in Fig. 1A) idew to try to protect it from oxidation and alsoatilow



the placement of a higher volume of sample with a smaller absorption time. In this 2-layers pPAD, the

same 10 pL of sample was completely absorbed in less than 5 minutes.

Several types of filter paper with different treatments and pore diameters available were tested from
Whatman® (ESM Table 1). For the reagent layer (Gl in Fig. 1A), the absorbance value obtained for a
nitrite standard of 30 uM was compared for different filter papers (Whatman Grade 1, 42, 50 and 541)
using 10 pL of reagent. The Whatman 50 (W50) paper was the one chosen, as it presented a higher ab-

sorbance value.

Then the filter paper of the empty layer (E1 in Fig. 1A) was studied by establishing calibration curves
with different filter papers, namely Whatman Grade 1, 5, 42 and 50 together with the W50 paper in the
reagent layer (G1 in Fig. 1A). The highest sensitivity, calibration curve slope, was obtained with Whatman
Grade 1 (W1) in the empty layer (Fig. 2), together with one of the lowest intercepts (indicating a potential-
ly lower detection limit) so that was the chosen filter paper. This combination of W1 for empty layer and
W50 for reagent layer also enabled the uPAD scanning in least amount of time of all the papers studied

(scanning in 20 minutes).
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Fig. 2. Study of the influence in the calibration curve parameters, slope (grey bars) and intercept (dia-
monds) of different types of filter paper in the first layer on the nitrite determination pPAD; the chosen

combination is represented by the dark grey and black diamond.

After setting the physical parameters, the volume of Griess reagent to place on the reagent layer pPAD
was studied. In a preliminary test of the volume capacity of these paper disks, the reagent volumes studied
were 5 and 10 pL, since lower volumes would not distribute through the entire disk and higher volumes
resulted in soaking the disk. Calibration curves were established for both of these volumes and it was pos-
sible to observe that there was no significant difference (<10%) between the sensitivities (nor the inter-
cepts). So, to avoid the unnecessary consumptions of reagents, a volume of 5 pL of Griess reagent per

paper disk was chosen for the G1 layer of the nitrite uPAD.



The last parameter tested was the sample volume, and calibration curves were prepared with the stand-

ard volumes of 10, 15 and 20 pL (Fig. 3A).
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Fig. 3. Study of the influence of the reagent volume in in the uPADs calibration curve slope (©) and in-
tercept (A) for: A, the nitrite determination and B, the nitrate determination; the points in black represent

the chosen values.

When using either 10 or 15 pL, the sample was completely absorbed in approximately 15 minutes.
When applying 20 pL of sample, it took about 35 minutes for the uPAD to completely absorb that sam-
ple/standards. Although the highest sensitivity was achieved using the 20 uL of sample, the chosen sample

volume was the 15 pL, as a compromise solution between sensitivity and scanning time.

3.3.Nitrate Determination.

After testing different reducing agents in a batchwise procedure and choosing zinc powder as the reduc-

ing agent (preliminary tests), the challenge became placing/immobilizing that powder in the filter paper.

The main concern was the paper low retention capacity and the uneven distribution of the zinc powder.
Several procedures were tested, including passing a zinc suspension through the filter paper with a sy-
ringe, but the most efficient one consisted in placing the filter paper disks in a zinc suspension (1 g of zinc
powder in 20 mL of water), stir the suspension manually and then set the disks to dry (50°C oven for 30
minutes). Therefore, for the nitrate uUPAD, a two-layer assembly was tested, similar to the nitrite uPAD,

but instead of the empty layer (E1 in Fig. 1A) there was the zinc suspension layer (Z layer in Fig. 1B).

However, the direct contact of the Z layer with the Griess reagent layer (G2 layer) caused a visible deg-
radation of the reagent, even before the sample/standard insertion. So, in order to prevent the Griess rea-
gent degradation, an empty layer of filter paper was added between the Z and G2 layers. To ensure that
there was no contact, this extra layer (E2 in Fig. 1B) consisted in a W1 filter paper disk with a bigger di-



ameter (1.27 cm) than the other layers (0.95 cim}s @pproach effectively prevented the reagentatkgr
tion and defined the design of the nitraRBAD with 3 layers (Fig. 1B).

The assembly of the nitrafd?’AD consisted of detection sets with 3 layers ltdrfipaper: W1, zinc sus-
pension layer (Z in FiglB); W1, empty bigger disk layer (E2 in FigB); W50, Griess reagent layer (G2
in Fig. 1B). As the targeted concentration rangeithte was higher than the nitrite concentratamge,
the influence of the reagent volume was studiedha@zalibration curves were set and the same vadume
of 5 and 10uL were tested; 10 uL of Griess reagent produced a 10% increase obémsitivity, when
compared with the §L. Therefore, the chosen volume to be used on ithetePAD was 10uL of the
Griess reagent.

Because a third layer of paper was introduced énufPAD, theuPAD absorption capability increased
significantly. Therefore, it was important to stuthg sample volume, and choose the volume thawsléo
higher sensitivity. So, calibration curves were maahd the sample volumes tested were 15, 20, @5 an
30 uL. With the first three volumes, the sample was plately absorbed into théPAD almost immedi-
ately, but when 3QL of sample was used, it took about 35 minuteskiseove the sample absorption.
Since, 35 minutes was considered too much timepphien of 30uL of sample was excluded from the
study. For the remaining volumes, even though & p@ssible to scan thé’AD almost immediately after
sample introduction, the sensitivities increasepoaentially for the first 20 minutes. This can hedo
the fact that the conversion of nitrate to nitdtews down the color reaction. So, to compare ffexteof
the sample volume, a scanning time of 20 minuteswsad (Fig. 3B). Out of the volumes tested, tlie ca
bration curve with the highest sensitivity was atd with 25ul of sample, therefore it was the chosen

volume.

In fact, theuPAD for nitrate determination attains the deterrtioraof both nitrate and nitrite in a NO
guantification. This can be explained as any rifitesent goes through the zinc layer (Z in Fig.tbBhe
detection layer (G2 in Fig. 1B) producing the cgtwoduct. Considering the difference in the expecte
concentration ranges for nitrite and nitrate, ind@s expected to be a significant effect. Howedeg to the
versatility of these devices, #°PAD for both determinations can be produced (Figoytassembling two
of the four columns identically to the nitrite deténation design (one for the introduction of tHartk
and one for the sample) and the other two columestically to the nitrate (also one for the introtion
of the blank and one for the sample). This mixesigteallows the simultaneous determination of taitri
and nitrate ions using ond”AD per sample without compromising the numberegflicas (6 detection

units per column).
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3.4.Interferences assessment

To study the interference of the saliva matrixeaaf the developedPADs were prepared to perform
two calibration curves for each determination,itgitand nitrate using standards in water, and imbstic
saliva. The synthetic saliva prepared was basetth@mconcentrations reported by Batista G. et &] [3
[KCI] = 2237 mg/L; [KH,PO,] = 544.3 mg/L; [HEPES] = 4766 mg/L; [CaCl,;2H,0] = 77.69 mg/L;
[MgCl] = 19.04 mg/L; [Bovine Serum Albumin] = 2700 mg/L).

For both nitrite and nitrate determination, the aéstandards in a synthetic saliva matrix revealed
significant difference on the sensitivity of thdilbeation curves (< 10%). Therefore, to simplifyetpro-
cess and to reduce the reagents consumption, ithv@sen to maintain the use of standards prepared i
water, for both the nitrite and nitrate determioas.

2.3.Stability Studies

In order to evaluate the robustness of the devdlppADs, stability studies were designed and per-
formed to test the stability of these microfluidievices not only when stored, before the standeseri
tion, but also to evaluate the stability of theoret product formed after the standard insertion.

To evaluate the stability of colored product intbof the developedPADs, a calibration curve for each
determination, nitrite and nitrate, was preparde (IPADs were scanned several times after the standards
insertion, up to 4 hours (ESM Fig. 2). The restdtsthe nitrite determination showed there is rgn8i-
cant difference (<10%) between the sensitivity gt when scanning thé?AD at 20 minutes or 4 hours
after the standard insertion. As for fiileAD for nitrate determination initially there was imcrease in the
sensitivity, up until 1 hour. This can be explaimext only by the existence of an extra layer, bsib ghe
existence of a reduction reaction before the ca@action, both of which slow down the formationtioé
colored product. After reaching a maximum slopeefat hour), the sensitivity begins to decreaseoup
the tested 4 hours. However, the initial increassensitivity was not statistically significant wheon-
sidering a £10% range. Whereas, if {H##AD is scanned 3 hours or more after the standargpke place-
ment, the sensitivity obtained is significantly kw(>18%) than the one obtained up until the 2 fiour
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Fig. 4. Schematic assembly of the mixed pPAD for determination of both nitrite and nitrate ions; A,

alignment; B, finished device.
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To test the stability of thePADs before the standard insertion, these devieges wrepared and stored,
always protected from light, under three differatmhospheric conditions (air, nitrogen, and vacuurojh
at room temperature (approximately’@)1 and refrigerated (approximatel§C). TheuPADs tested in air
atmosphere were stored in a closed clear zip lock bag; the ones in nitrogen atmosphere were stored in a
closed clear zip lock bag previously field withrogen gas for approximately 1-2 minutes. THADs
tested in a vacuum were also stored in a closett zip lock bag, in which the air was removed using
vacuum pump. AlLPADs were shielded from the light when stored byecimg in tin foil. Different peri-
ods of time were tested for each of the atmospleenciition. Every time thePADs were removed from
storage, a calibration curve was set. On the saaggeathother calibration curve was prepared usieg th
same set of standards, on freshly assempiR&Ds. The average sensitivity of these calibratanves
was then compared with the sensitivities of i(RADs under the different conditions and a variatioder

10% of the average calibration curves was consideo®-significant (ESM Fig. 3).

The pPAD for nitrite determination was stable for 3 ddgs all three storage conditions at room tem-
perature but only when kept in vacuum it was stédnle days. When stored in vacuum and refrigeréted
was stable for at least 60 days. As for iRAD for nitrate determination, it was possible tmclude that
at the room temperature it was only stable withstaeage in vacuum and only for 3 days. Neitheratine
atmosphere, nor the nitrogen atmosphere were akd@propriately preserve thé?’AD for none of the
periods of time tested, which is justified by thecibase of the calibration curves sensitivitieawehe
acceptable £10% range. When stored in vacuum a@gdrtemperature, theéPADs for nitrate determina-

tion were stable for a at least 14 days.

2.4 Analytical features of thgPAD for NOx determination

The main characteristics of the develop&AD such as dynamic range, average calibrationeguimit
of detection (LOD) and quantification (LOQ), relatistandard deviation (RSD) and tiltADs optimal

scanning time range, are summarized in Table 1.

Within the nitrite working concentration range 250 pM, different sensitivities were observed,tse t
concentration range was divided in two, the rarfgeto 45 uM and the range of 45 to 250 pM. Thatlim
of detection (LOD) and limit of quantification (LOQvere calculated as concentration corresponding to
three or ten-times, respectively, the standardadiewi of the intercept, according to IUPAC recomudgen
tions [31].

The repeatability of the developed pPADs was evatu@alculating the relative standard deviation
(RSD) obtained dividing the standard deviationhef talibration slope by the average of that slope.
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Table 1.Features of the developed pPADs for the determination of nitrite and nitrate; Limit of Detection
(LOD); Limit of Quantification (LOQ); Relative Standard Deviation (RSD).

. . Repeatability,
Analyte | Dynamic Calibration Curve® LOD* | LOQ® pRSDb ¥ | scanning
range = M M Time
J A=SxINOJ +b (M) | (M) Intraday | Interday
y = 1.78x10°(+5.60x10°) x
5_ 45 [NO,] + 1.12x10
UM 3(+3.08x10°) 5% 2%
R?=0.997 in_
Nitrite 0.05 | 0.17 20 min
y = 1.12x10(+3.05x10°) x 4h
45 — 250 [NO,] + 3.21x10
UM 2(£2.57%x10°) 2% 3%
R?=0.996
y = 7.27x10/(+8.35%10°) x
- NO;3] - 2.63x10%(+1.93x10 in—
Nitrate | 0-2~ 12| INOs] 10¢ 80 | 270 | 6% 506 | 20 min
mM ) 2h
R?=0.988
an=6;" n=4.

The intraday and interday repeatability were asskperforming 5 calibration curves in the same day
and in consecutive days, respectively.

2.3.Application of the developegPADs - Accuracy Assessments

To assess the accuracy of the develggedD for nitrite determination, saliva samples waralyzed
using thepPAD ([NO.],rap) and with the reference method ([MNRerme:) [28] and the results compared
(ESM Fig. 4A). The collected samples (#16) werandthin the expected range of concentrations.

A linear relationship between the two set of resultas established: [NQpap = 1.00(x0.11) x
[NO5 JRef.method — 2.74(£6.82). There was no statistical differebeéween the two methods, as the slope
was not statistical different from 1 and the ingg@icwas not statistically different from 0. To awate the
accuracy of the developgdPAD for nitrate measurements, four dilutions ofeatified water sample were

used as the certified values were for NOx, the sasrtbeuPAD for nitrate determination (Table 2).

Table 2. Analysis of certified water samples performed vtttle nitrate determinatiopnPAD; Standard
deviaton (SD); Relative deviation (RD)

| Sample ID | [Nox] Found ‘ [Nox]Expecte RD ‘
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SD q %
(mM) (mM)
Cws_ 1 0.681 + 0.096 0.707 -3.6
CWS 2 0.526 +0.134 0.530 -0.7
CWS_3 0.393 +0.120 0.471 -16.[7
CWS 4 0.328 +0.107 0.354 -7.7

A linear relationship between the two set of reswitas established (ESM Fig. 4B): [M[bao =
1.04(20.41) x [NQ]ceniied vave — 0.05(x0.22). There was no statistical differebeéween the certified
value and thetPAD measurement, as the slope was not statistiffateht from 1 and the intercept was

not statistically different from 0.

To further assess the accuracy of the nitrate nmeamnts recovery studies were performed by spiking
the samples with 4L and 8uL of the nitrate standard stock solution to 1 mithef saliva sample, and the
calculation of the recovery percentage was maderdity to IUPAC [32], amount found minus the iritia

amount over the amount added (Table 3).

Table 3. Recovery studies performed with spiked human sadimmples assessed with the developed
PPAD for nitrate determination; Standard deviation (SD); Relative standard deviation (RSD).

Initial Found
Sample [NO3] added Recovery
D [NO ] nitia sD RSD (mM) [NOyJFound sD RSD (%)
(mM) (%) (mM) (%)
SS 1 0.434 0.053 12% 0.216 0.627 0.052 8% 90
SS 2 0.434 0.053 12% 0.431 0.844 0.206 24% 95
SS 3 0.487 0.019 4% 0.216 0.699 0.221 32% 98
SS 4 0.487 0.019 4% 0.431 0.895 0.243 27% 95
SS 5 0.372 0.044 12% 0.216 0.593 0.095 16% 103
SS 6 0.372 0.044 12% 0.431 0.822 0.102 12% 104
SS 7 0.509 0.059 12% 0.216 0.713 0.108 15% 95
SS 8 0.609 0.081 13% 0.431 1.068 0.166 16% 106
SS 9 0.384 0.101 26% 0.216 0.612 0.082 13% 106
SS 10 0.384 0.101 26% 0.431 0.791 0.081 10% 94
SS 11 0.491 0.086 18% 0.216 0.701 0.205 29% 97
SS 12 0.491 0.086 18% 0.431 0.932 0.094 10% 102
SS 13 0.621 0.054 9% 0.216 0.825 0.157 19% 94
SS 14 0.275 0.053 19% 0.216 0.486 0.106 22% 98
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SS_15 0.275 0.053 19% 0.431 0.694 0.080 12% 97

The average of the calculated recoveries was 98% avstandard deviation of 5%. A statistical test (
test) was used to evaluate if the mean recovenewdid significantly differ from 100%. For a 95%ysif-
icance level the calculated t-value was 1.32 wittoerespondent critical value of 2.51. The stat#dti

results indicate the absence of multiplicative iatrterferences proving that the developdeAD was
applicable to saliva samples.
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3. Conclusions

In this work, two new microfluidic paper-based atighl devices (PADs) for the nitrite and nitrate
quantification in human saliva samples, were devi3die main application envisioned for these device
was for them to facilitate the diagnosis of sonmsedses and health conditions, not only in heakhfzar
cilities, but also in remote areas.

In conclusion, the developadPADs for nitrite and nitrate determination havewhao be sensitive,
portable devices that provide rapid measurementsaod. Furthermore, unlike recently reported device
(Table 4) such as Chiang C. et al. (2019), Vidadtel. (2018) and Liu Y. et al. (2018) [33—35]sthovel
construction and assembly technique is very sirapl user-friendly, since it doesn'’t require speénial

technicians or complex equipment, like wax printers

Table 4. Comparison of some features of this work with fyes ones.

Concentration
Analyte Range LOD | LOQ Sam!ole Observations Reference
(UM) | (UM) | Matrix
(CLD)

NO_ 5— 250 0.05| 0.17 Both determinations can bem- .

2 ' : . . . . . i This

- Saliva bined in a single device with a Work
NO, 200 - 1200 80 270 biparametric determination
NO, 3.9-1000 | 14.8 NR| Watef Wax printed pPAD Chiarg] [3

2

) Sample Pretreate
NO, 0.88-11.8 0.8 NR| Saliva Electrokinetic stacking combined Zhang [36]
with colorimetric reaction

uPAD fabrication by corona n-

NO, 20 - 160 7.8 NR| Salivg Jiang [37]
2 erator
) 6.2 x i :
NO 0.01-5.0 s | NR | Water Wax printed LPAD; Liu [35]
2 10 Eletcrochemical detection
NOZ_ 1-215 0.6 2.8 Water Wax printed pPAD Vidal [34]
NO. 5 _ 500 13 59 Watel uPAD faprlcat|0| b.y a craf- Ortiz-Gomez
2 cutting technique [38]
) UPAD fabrication byatterning o
NO, 156 — 1250 NR NR| Water filter paper using a permanent| Wang [39]
marker pen.
NOZ' 0-100 5.6 NR| Saliva With sample preconcentration Cardoso [40]
NO, 10 — 150 1 78 Inkjet prlntgdu PAC Jayawardane
- Water | Independent devices for each ana- [29]
NO, 50 -1000 19 48 lyte determination

NR, Not Reported.
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This type of printers is commonly useduBADs but associated to a substantial investmeststly up-
keep and have been known not to be environmenéalely. Most wax printers also need specialized pro

grams to design the wax patterns.

The devices developed in this work are affordabésjng a cost of 0.15€ and 0.20€ per nitrite and ni
trate uPAD, respectively, and disposable by incineratiwhich besides being environmental-friendly, is

also an advantage when handling biological samples.

TheseuPADs were optimized for determinations in humarivaasamples without requiring complex
pre-treatments and its stability studied undered#fit conditions and periods of time. As future kyat
would be interesting to perform field studies tatier access the impact of conditions differentrfrime
ones that exist in the laboratory. Ultimately, tiRRADs should be used for analysis in saliva samples
patients with NQ-related diseases.
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