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Abstract 

In this work, two different microfluidic paper-based analytical devices (μPADs) were developed for the 

quantification of nitrite and nitrate in human saliva samples, in order to aid in the diagnosis of some dis-

eases and health conditions associated with these ions. The development of these nitrite and nitrate μPADs 

involved several studies to optimize their design and construction, including an interference assessment 

and stability studies. These μPADs allowed a nitrite determination in a range of 5 - 250 μM with limits of 

detection and quantification of 0.05 μM and 0.17 μM, respectively, and a nitrate determination in the 

range 0.2 – 1.2 mM with limits of detection and quantification of 0.08 mM and 0.27 mM, respectively. As 

for the stability, both of the μPADs were stable when stored in vacuum at 4oC (the nitrite μPAD for at least 

60 days and the nitrate μPAD for at least of 14 days) and, after the sample placement, the nitrite and ni-

trate μPADs could be scanned within the first 4 and 2 hours, respectively. The nitrite μPAD measurements 

were compared with the ones obtained from the standard colorimetric method and there were no statisti-

cally significant differences between these two methods. To evaluate the accuracy of nitrate μPAD meas-

urements, 4 certified water samples were used and recovery studies using saliva samples were performed. 
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2

1. Introduction 

According to the World Health Organization, “more people can access essential health services today 

than ever before, but at least half of the world’s population still go without” basic health care [1]. Even 

with the advances in technologies, there is still a lack of practical and affordable devices that can perform 

diagnosis and treatments on location, whether it might be in a medical institution, in the patients’ homes or 

in the most secluded areas [2,3]. That is why researchers have been working towards the development of 

new diagnostic and treatment devices and techniques that are “ASSURED”: Affordable, Sensitive, Specif-

ic, User-friendly, Rapid and robust, Equipment-free, and Deliverable to end-users [4,5]. 

In 2007, Martinez A. et al. introduced the concept of microfluidic paper-based analytical device, or 

μPAD, as a “platform for inexpensive, low-volume, portable bioassays” [6,7]. This type of devices is 

based on the presence of two different areas: a hydrophilic area provided by the paper where a reaction 

(usually colorimetric) occurs, and a hydrophobic area that delimits this reaction zone [4,8]. The most 

common design approach is wax printing, because it is a simple, and relatively fast method compatible 

with most μPAD applications [4,6]. Nevertheless, this type of printing method requires expensive wax and 

an extra step of heating in the process. The appeal of the use of paper as a reaction tool is justified not only 

by the paper’s low cost and high availability, but also by the fact that it is light weighted, available in sev-

eral thicknesses and porosities, easy to store and transport, and compatible with biological samples (be-

cause of its cellulose matrix) [9]. With colorimetric reactions, the most commonly used detection method, 

the results can be easily interpreted visually or captured with digital cameras, mobile phones or portable 

scanners [6,8]. Then the color intensities can be obtained from the digital images by using image pro-

cessing programs and converted to absorbance values [8,10]. A disadvantage of these detection methods is 

the high variability caused by a non-uniform distribution of the colored product in the paper, but this prob-

lem can be reduced by using more replicates and excluding outliers, if necessary [8]. 

The μPADs popularity is due to their various advantages. They are simple, portable, affordable, rapid, 

disposable, and, after being assemble, don’t require complex equipment or specialized personnel to do the 

measurement, which makes them and interesting tool to be used in on-site analysis in locations of difficult 

access or with very few resources [11]. However, very few of the developed μPADs reported so far, pre-

sented any on-field or stability studies [3,8]. 

Nitrite and nitrate are nitrous acid salts found in the human body due to either an endogenous produce in 

the body or ingestion through food and water [12,13]. For many years these ions have been associated 

with cancer, especially nitrite, either from direct ingestion, or the nitrate reduction by bacteria in human 

saliva. When nitrite reaches the acidic environment of the stomach, and combined with amine or amide, it 

forms nitrosamines and nitrosamides, which are toxic and carcinogenic, thus contributing mainly to the 
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development of gastric cancer [13–15]. When absorbed to the bloodstream, nitrite can react with the iron 

in hemoglobin, irreversibly converting it in methemoglobin and preventing it from carrying oxygen (me-

themoglobinemia) [13,16–18]. Even though NOx compounds have been associated with cancer and other 

diseases since 1970s, recently a few studies have been reporting newly found benefits of these ions. Sali-

vary nitrates and nitrites may not only be a defense response to oral infectious diseases like periodontal 

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

Several methods have been described for nitrite and nitrate determination, but these methods have some 

limitations like requiring high volume of reagents and sample, the time of analysis, the use of complex lab 

equipment, the need of constant power, specialized technicians, the production of toxic waste, among oth-

ers. These limitations can be emphasized when targeting biological fluids. The most common biological 

fluid used as samples is blood/serum. However, this type of sample demands an invasive collection proce-

dure with a considerable discomfort to the patient and requiring specialized personnel, very specific stor-

age conditions, together with a risk of contamination and of spreading diseases [21,22]. So, in the last few 

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

The collection of saliva is easier, safer and more economic when compared with blood collection [22–

24]. Additionally, it is a painless noninvasive procedure, with a lower risk of contamination or dispersion 

of contagious diseases [22,23], which does not require specialized medical personnel, and it can be done 

in secluded areas and more often than the blood collection [21–23]. As a sample, saliva has been known to 

contain several substances of interest for screening and diagnosis purposes and, although is preferable to 

be kept on ice, the samples are stable for 24 h at room temperature or for a week at 4ºC [11,21,22]. Be-

sides, for some groups of patients, like children, seniors or, for example, patients with blood clotting dis-

orders, it would be easier to collect saliva [22,24]. However, it also has some disadvantages. One of the 

big issues of using this fluid as a sample is the lack of specific information on biomarker concentrations in 

saliva, mainly because it is a very recent and new approach [21,23]. Another problem can be the variations 

in its composition that can occur according to some factors: age, gender, the time of the day of the sample 

collection and if it was or not stimulated [15,25]. The mean salivary nitrite and nitrate in humans, accord-

ing to recent studies, was found to be approximately between 1 - 10 mg/L and 10 - 80 mg/L, respectively 

[12,19,26]. 

The focus of this work was to develop two new microfluidic paper-based analytical devices (μPADs) for 

the quantification of nitrite and nitrate anions in human saliva samples, using a new construction approach 

that has not been reported yet, and based on the Griess reaction for spectrophotometric detection. The idea 

was for these μPADs to ultimately be capable of being used as a screening option not only in healthcare 

facilities, but also to aid in the diagnosis of some diseases and health conditions in remote locations. 



 

 

4

 

2. Materials and methods 

2.1. Reagents and solutions 

The solutions used in this work were prepared with analytical grade chemicals and Milli-Q water, (resis-

tivity > 18 MΩ/cm, Millipore, USA). 

The standard stock solution of 13 mM sodium nitrite (Merck) was monthly prepared by dissolving ap-

proximately 20 mg of the previously dried (overnight 100°C) solid in 25 mL of water. A fivefold dilution 

of sodium nitrite stock solution (2.5 mM) was weekly made in order to prepare, also weekly, the working 

standards of nitrite in the range of 5 - 250 μM. 

The standard stock solution of 12 mM sodium nitrate (Merck) was prepared monthly by dissolving ap-

proximately 50 mg of the previously dried (overnight 100°C) in 50 mL of water. The working nitrate 

standards were prepared daily from the standard stock solution in a range of 0.2 - 1.2 mM. 

The Griess reagent was monthly prepared according to Mesquita R. et al. [27] by dissolving approxi-

mately 0.4 g of sulfanilamide (Sigma-Aldrich) in 2 mL of 5 M orthophosphoric acid and 0.04 g of N-(1-

naphthyl)-ethylenediamine dihydrichloride (N1NED) (Merck) in water. These two homogenized solutions 

were mixed together, and the volume was completed to 20 mL. This solution was stored in a dark bottle 

and shielded from the light. 

A zinc suspension was prepared for every 4 μPADs (maximum), by mixing 1 g of zinc powder (<10 μm) 

(Sigma-Aldrich) in 20 mL of water. 

 

2.2 Design of the developed μPADs 

The assembly of both μPADs consisted in aligning twenty-four sets of filter paper discs units, as hydro-

philic area, in a 4 columns and 6 rows distribution, under previously perforated 4 mm holes (for the sam-

ple insertion) (L1) made in a 75x110 mm plastic laminating pouch (Q-Connect), as hydrophobic area (Fig. 

1). 

The nitrite determination μPAD consisted of two layers unit: top layer E1, an empty paper disc (What-

man Grade 1 filter paper 9.5 mm diameter) and G1, the reagent paper disc (Whatman Grade 50 filter paper 

9.5 mm diameter) as shown in Fig. 1A. The reagent paper discs were prepared by adding 5 μL of the 

Griess reagent to the discs and then left to dry in the oven for10 minutes at 50ºC. 
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Fig. 1. Schematic assembly of the μPAD for the nitrite (A) and nitrate (b) determination and the schematic repre-

sentation 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 μL per disc); Z, zinc embedded layer; E2, empty 

layer; G2, Griess reagent layer (10 μL per disc). 

 

The μPAD 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 50ºC. 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 μL of the Griess reagent to 

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

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 μPADs 

were ready to be use. 
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The lamination is the most delicate, laborious and susceptible to irreproducibility part of the assembly 

process, and avoiding the movement of the discs and units is critical. However, that can still happen and, 

for that reason, it was established to have 6 units for one standard/sample to account for possible outliers 

due to potential assembly error (and collect the data of 3/4 replicates). 

 

2.3. Determination procedure for NOx determination 

After the μPADs assembly, to perform the measurements, 15 μL and 25 μL of sample/standard were in-

jected in each sample insertion hole of the μPADs 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 nitrate in the sample (Fig. 1C). 

In order to measure the intensity of the color, the bottom layer of the μPADs 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 was considered the period of time between the sam-

ple/standard introduction and the scanning of the μPAD. 

In the ImageJ, the images were converted into RGB plots. Since the expected colored product of the 

Griess reaction is pink and the complementary color in which this product absorbs is the green one, the 

green filter of the RGB plots was used to measure the intensity of pink in the images. For each color disc, 

an option was made to do the measurements with the circular selection tool with 200x200 pixels, because 

it allowed better adjustment to the reagent disc area (9.5 mm diameter).  

As Birch and Stickle described [10], measured intensities of pink were converted into absorbance values 

using the formula: A=log10(IB/IS), where A is the absorbance value, IS is the average measured intensity (of 

the pixels) of the standard or sample, and IB is the average measured intensity (of the pixels) of the blank. 

In order to remove outliers, 4 out of the 6 intensity measurements obtained were used in the average calcu-

lations.  

Regarding the determination of nitrate, the value obtained would correspond in fact to the sum of the 

content of nitrate plus nitrite (NOX), if the reduction process were highly efficient. However, as the nitrite 

values in saliva are much lower than those of nitrate, no subtraction was needed: Therefore, the sample 

signal obtained in the μPAD for nitrate determination was directly interpolated in the nitrate calibration 

curve. 
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2.4. Reference procedures - accuracy assessments 

In order to assess the accuracy of μPAD measurements and to validate the developed μPAD for the ni-

trite determination, a comparison was made between the μPAD measurements and the results obtained by 

the reference procedure for water analysis [28] since there are no reference methods for saliva analysis. 

All the solutions were also prepared accordingly. 

As no certified saliva samples are available, a certified water sample was used, QC RW1 (VKI reference 

materials, DANAK) to assess the accuracy of the nitrate μPAD measurements. This certified material con-

sisted of one ampoule with a concentrate for preparation of reference sample by dilution with water. 

Therefore, 4 rigorous dilutions were prepared, and the final NO3
- concentrations were 0.707 mM 

(CWS_1), 0.530 mM (CWS_2), 0.471 mM (CWS_3) and 0.354 mM (CWS_4). Recovery percentages 

were also calculated for human saliva samples, to which a known concentration of nitrate was added. 

 

2.5. Saliva samples collection 

The saliva samples used in this work were all collected from healthy volunteers in a range of 20 to 40 

years, with their informed consent, by placing a 5x5 cm sterile gauze (Wells) in the mouth for approxi-

mately two minutes. The gauze was then placed in a 5 mL sterile syringe and squeezed in order to remove 

the saliva from the gauze to a 5 mL plastic tube. These samples were diluted to half and were either used 

immediately (as fresh samples) or stored at -20oC for later use (frozen samples). 

 
 
3. Results and discussions 

3.1. Preliminary studies 

As already mentioned, the Griess reaction is perhaps the most commonly known and used reaction for 

the determination of nitrite. However, there are several ways to prepare the Griess reagent. So, in order to 

obtain the best sensitivity possible, two compositions of the reagent were tested, both in a batchwise pro-

cedure and in filter paper: one reported by Mesquita et al. [27], reagent A (116 mM of sulfanilamide; 500 

mM of ortho-phosphoric acid; 8 mM of N1NED), and the other by Jayawardane et al. [29], reagent B (50 

mM of sulfanilamide; 330 mM of citric acid; 10 mM of N1NED). The chosen reagent was the reagent A, 

since it presented a higher sensitivity, not only in the batchwise procedure but also on paper (ESM Fig. 1). 

As for the nitrate determination, in order to use the same reaction, it was necessary to reduce nitrate to 

nitrite. Three known reducing agents, namely hydroxylamine, ascorbic acid and tin chloride, were tested 

alongside with the Griess reagent in a batchwise procedure. 
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However, there was no formation of the expected pink color, 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) [29] to be a powerful reducing agent capable of this con-

version. So, a batchwise procedure with the Griess reagent and a Zn powder (<10 μm; Sigma-Aldrich) 

was prepared and the results confirmed that zinc was an effective reducing agent for nitrate.  

 

3.2. Nitrite determination 

After testing the reaction in a batchwise procedure and in paper, the next step was to design the μPAD 

for nitrite determination. Having set the physical structure of the μPAD to use a plastic laminating pouch 

as the hydrophobic area, and filter paper discs for the hydrophilic areas, (24 filter paper discs were used to 

attain 24 units of detection per μPAD) the filter paper layers were studied. 

Since there is only one reagent for the nitrite determination, a μPAD with only one layer of filter paper 

discs containing the Griess reagent was prepared, corresponding to the G1 in Fig. 1A. However, because 

the reagent was in direct contact with the air through the sample insertion hole, it oxidized very easily. 

Moreover, one layer allowed a very limited volume of sample (10 μL maximum) and it took a long time to 

absorb that same volume (30 minutes minimum for 10 μL). So, an empty layer (with no reagent) was add-

ed on top of the reagent layer (E1 in Fig. 1A) in order to try to protect it from oxidation and also to allow 

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

same 10 μL 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 (G1 in Fig. 1A), the absorbance value obtained for a 

nitrite standard of 30 μM was compared for different filter papers (Whatman Grade 1, 42, 50 and 541) 

using 10 μL 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 μPAD scanning in least amount of time of all the papers studied 

(scanning in 20 minutes). 

  



 

 

9

 

Fig. 2. Study of the influence in the calibration curve parameters, slope (grey bars) and intercept (diamonds) of 

different types of filter paper in the first layer on the nitrite determination μPAD; 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 μPAD 

was studied. In a preliminary test of the volume capacity of these paper discs, the reagent volumes studied 

were 5 and 10 μL, 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 μL of Griess reagent per pa-

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

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

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

 

 

Fig. 3. Study of the influence of the reagent volume in in the μPADs calibration curve slope (○) and intercept (△) 

for: A, the nitrite determination and B, the nitrate determination; the points in black represent the chosen values. 
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When using either 10 or 15 μL, the sample was completely absorbed in approximately 15 minutes. 

When applying 20 μL of sample, it took about 35 minutes for the μPAD to completely absorb that sam-

ple/standards. Although the highest sensitivity was achieved using the 20 μL of sample, the chosen sample 

volume was the 15 μL, 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 discs in a zinc suspension (1 g of zinc 

powder in 20 mL of water), stir the suspension manually and then set the discs to dry (oven at 50ºC for 30 

minutes). Therefore, for the nitrate μPAD, a two-layer assembly was tested, similar to the nitrite μPAD, 

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 disc with a bigger di-

ameter (1.27 cm) than the other layers (0.95 cm). This approach effectively prevented the reagent degrada-

tion and defined the design of the nitrate μPAD with 3 layers (Fig. 1B). 

The assembly of the nitrate μPAD consisted of detection sets with 3 layers of filter paper: W1, zinc sus-

pension layer (Z in Fig. 1B); W1, empty bigger disc layer (E2 in Fig. 1B); W50, Griess reagent layer (G2 

in Fig. 1B). As the targeted concentration range of nitrate was higher than the nitrite concentration range, 

the influence of the reagent volume was studied again. Calibration curves were set and the same volumes 

of 5 and 10 μL were tested; 10 μL of Griess reagent produced a 10% increase of the sensitivity, when 

compared with the 5 μL. Therefore, the chosen volume to be used on the nitrate μPAD was 10 μL of the 

Griess reagent. 

Because a third layer of paper was introduced in the μPAD, the μPAD absorption capability increased 

significantly. Therefore, it was important to study the influence of the sample volume, and choose the 

volume that allows a higher sensitivity. So, calibration curves were made, and the sample volumes tested 

were 15, 20, 25 and 30 μL. With the first three volumes, the sample was completely absorbed into the 

μPAD almost immediately, but when 30 μL of sample was used, it took about 35 minutes to observe the 

sample absorption. Since 35 minutes was considered too much time, the option of 30 μL of sample was 
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excluded from the study. For the remaining volumes, even though it was possible to scan the μPAD 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 μL of sample, therefore it 

was the chosen volume. 

In fact, the μPAD 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 μPAD 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 mixed μPAD for determination of both nitrite and nitrate ions; A, alignment; B, 

finished device. 

 

This mixed design allows the simultaneous determination of nitrite and nitrate ions using one μPAD 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 μPADs 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 the concentrations reported by Batista et al. [30]: [KCl] = 

2237 mg/L; [KH2PO4] = 544.3 mg/L; [HEPES] = 4766 mg/L; [CaCl2
.2H2O] = 77.69 mg/L; [MgCl] = 

19.04 mg/L; [Bovine Serum Albumin] = 2700 mg/L). 

For both nitrite and nitrate determination, the use of standards in a synthetic saliva matrix revealed no 

significant difference on the sensitivity of the calibration curves (< 10%). Therefore, to simplify the pro-

cess and to reduce the reagents consumption, it was chosen to maintain the use of standards prepared in 

water, for both the nitrite and nitrate determinations. 

 

3.5. Stability Studies 

In order to evaluate the robustness of the developed μPADs, stability studies were designed and per-

formed to test the stability of these microfluidic devices not only when stored, before the standard inser-

tion, but also to evaluate the stability of the colored product formed after the standard insertion. 

To evaluate the stability of colored product in both of the developed μPADs, a calibration curve for each 

determination, nitrite and nitrate, was prepared. The μPADs were scanned several times after the standards 

insertion, up to 4 hours (ESM Fig. 2). The results for the nitrite determination showed there is no signifi-

cant difference (<10%) between the sensitivity obtained when scanning the μPAD at 20 minutes or 4 hours 

after the standard insertion. As for the μPAD for nitrate determination initially there was an increase in the 

sensitivity, up until 1 hour. 

This can be explained not only by the existence of an extra layer, but also the existence of a reduction 

reaction before the color reaction, both of which slow down the formation of the colored product. After 

reaching a maximum slope (after 1 hour), the sensitivity begins to decrease up to the tested 4 hours. How-

ever, the initial increase of sensitivity was not statistically significant when considering a ±10% range. 

Whereas, if the μPAD is scanned 3 hours or more after the standard/sample placement, the sensitivity ob-

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

To test the stability of the μPADs before the standard insertion, these devices were prepared and stored, 

always protected from light, under three different atmospheric conditions (air, nitrogen, and vacuum), both 

at room temperature (approximately 21oC) and refrigerated (approximately 4oC). The μPADs 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 with nitrogen gas for approximately 1-2 minutes. The μPADs 

tested in a vacuum were also stored in a closed clear zip lock bag, in which the air was removed using a 

vacuum pump. All μPADs were shielded from the light when stored by covering in tin foil. Different peri-

ods of time were tested for each of the atmospheric condition. 
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Every time the μPADs were removed from storage, a calibration curve was set. On the same day, anoth-

er calibration curve was prepared using the same set of standards, on freshly assembled μPADs. The aver-

age sensitivity of these calibration curves was then compared with the sensitivities of the μPADs under the 

different conditions and a variation under 10% of the average calibration curves was considered non-

significant (ESM Fig. 3). 

The μPAD for nitrite determination was stable for 3 days for all three storage conditions at room tem-

perature but only when kept in vacuum it was stable for 7 days. When stored in vacuum and refrigerated it 

was stable for at least 60 days. As for the μPAD for nitrate determination, it was possible to conclude that 

at the room temperature it was only stable with the storage in vacuum and only for 3 days. Neither the air 

atmosphere, nor the nitrogen atmosphere were able to appropriately preserve the μPAD for none of the 

periods of time tested, which is justified by the decrease of the calibration curves sensitivities below the 

acceptable ±10% range. When stored in vacuum at fridge temperature, the μPADs for nitrate determina-

tion were stable for a at least 14 days. 

 

3.6. Analytical features of the μPAD for NOx determination 

The main characteristics of the developed μPAD such as dynamic range, average calibration curve, limit 

of detection (LOD) and quantification (LOQ), relative standard deviation (RSD) and the μPADs optimal 

scanning time range, are summarized in Table 1. 

 

Table 1. Features of the developed µPADs for the determination of nitrite and nitrate; Limit of Detection (LOD); 

Limit of Quantification (LOQ); Relative Standard Deviation (RSD). 

Analyte 
Dynamic 

range 

Calibration Curve a 

A = S × [NOX] + b 

LODa 

(µM) 
LOQ a 
(µM) 

Repeatability, 
RSDb 

Scanning 
Time 

Intraday Interday 

Nitrite 

5 – 45 µM 
y = 1.78×10-3(±5.60×10-5) × [NO2

-] + 1.12×10-3(±3.08×10-5) 

R2 = 0.997 
0.05 0.17  

5% 2% 

20 min – 4 h 

45 – 250 µM 
y = 1.12×10-3(±3.05×10-5) × [NO2

-] + 3.21×10-2(±2.57×10-3) 

R2 = 0.996 
2% 3% 

Nitrate 0.27 – 1.2 mM 
y = 7.27×10-2(±8.35×10-3) × [NO3

-] – 2.63×10-3(±1.93×10-3) 

R2 = 0.988 
80 270 6% 5% 20 min – 2 h 

a n=6 
b n=4 

 

Within the nitrite working concentration range 5 – 250 µM, different sensitivities were observed, so this 

concentration range was divided in two, the range of 5 to 45 µM and the range of 45 to 250 µM. 
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The limit of detection (LOD) and the limit of quantification (LOQ) were calculated as concentration 

corresponding to three and ten-times the standard deviation of the intercept (n = 6), respectively, according 

to IUPAC recommendations [31]. 

The repeatability of the developed µPADs was evaluated calculating the relative standard deviation 

(RSD) obtained dividing the standard deviation of the calibration slope by the average of that slope. The 

intraday and interday repeatability were assessed performing 4 calibration curves in the same day and in 

consecutive days, respectively. 

 

3.7. Application of the developed μPADs - Accuracy assessment 

To assess the accuracy of the developed μPAD for nitrite determination, saliva samples were analyzed 

using the μPAD ([NO2
-]μPAD) and the reference method ([NO2

-]Ref.Met.) [28]. A linear relationship between 

the two set of results was established (ESM Fig. 4A): [NO2
-]μPAD = 1.00 (± 0.11) × [NO2

-]Ref.Method – 2.74 (± 

6.82). There was no statistical difference between the two methods, as the slope the intercept were not 

statistically different from 1 and 0, respectively. The collected samples (#16) were all within the expected 

range of concentrations (5 – 250 μM) dues indicating that there would be no cross interference in the ni-

trate μPAD with dynamic application rate from 0.27 to 1.2 mM. 

To evaluate the accuracy of the developed μPAD for nitrate measurements, four dilutions of a certified 

water sample were used as the certified values were for NO3
-, the same as the μPAD for nitrate determina-

tion (Table 2). 

 

Table 2. Analysis of certified water samples performed with the nitrate determination μPAD; Standard deviation 
(SD); Relative deviation (RD) 

 

 

 

 

 

A linear relationship between the two set of results was established (ESM Fig. 4B): [NO3
-]μPAD = 1.04 

(±0.41) × [NO3
-]Certified Value  – 0.05 (±0.22). Again, there was no statistical difference between the certified 

value and the μPAD measurement, as the slope and the intercept did not statistically differ from 1 was not 

and 0, respectively. 

Sample ID 
[NO3

-] Found ± SD 

(mM) 

[NO3
-]Expected 

(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 
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To further assess the accuracy of the nitrate measurements, recovery studies were performed by spiking 

the samples with 4 μL and 8 μL of the nitrate standard stock solution to 1 mL of the saliva sample. The 

calculation of the recovery percentage was made according to IUPAC [32], amount found minus the initial 

amount over the amount added (Table 3). 

 

Table 3. Recovery studies performed with spiked human saliva samples assessed with the developed μPAD for ni-
trate determination; Standard deviation (SD); Relative standard deviation (RSD). 

Sample ID 

Initial 
[NO3

-] Added 

(mM) 

Found 
Recovery 

(%) [NO3
-]Initial  

(mM) 
SD 

RSD 
(%) 

[NO3
-]Found 

(mM) 
SD 

RSD 
(%) 

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% with a standard deviation of 5%. A statistical test (t-

test) was used to evaluate if the mean recovery value did significantly differ from 100%. For a 95% signif-

icance level the calculated t-value was 1.32 with a correspondent critical value of 2.51. The statistical 

results indicate the absence of multiplicative matrix interferences proving that the developed μPAD was 

applicable to saliva samples. 

 

4. Conclusions 

In this work, two new microfluidic paper-based analytical devices (μPADs) for the nitrite and nitrate 

quantification in human saliva samples were devised. Additionally, considering their versatile architecture, 

both determinations can be combined in a single bi-parametric device. 



 

 

16

The developed μPADs have shown to be sensitive, portable devices that provide rapid on-hand meas-

urements and were efficient for determinations in human saliva samples, without requiring pre-treatments. 

The main application envisioned for these devices was to facilitate health diagnosis, not only in 

healthcare facilities, but also in remote areas. They are affordable, having a cost (in terms of consumables) 

of 0.15€ and 0.20€ per nitrite and nitrate μPAD, respectively, and also disposable by incineration, which 

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

Furthermore, unlike recently reported devices (Table 4) such as Chiang C. et al. (2019), Vidal E. et al. 

(2018) and Liu Y. et al. (2018) [33–35], this novel construction and assembly technique is very simple and 

user-friendly, since it doesn’t require specialized technicians or complex equipment, like wax printers. 

This type of printers, commonly used in μPADs preparation, is associated to a substantial investment, 

costly consumables and not environmental friendly. 

 

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

Analyte 
Concentration 

range 
(µM)  

LOD  
(µM)  

LOQ  
(µM)  

Sample 
matrix  

Observations Reference 

NO
2

-
 5 – 250 0.05 0.17 

Saliva 
Both determinations can be combined in a single 

device with a biparametric determination 
This work 

NO
3

-
 200 - 1200 80 270 

NO
2

-
 3.9 – 1000 14.8 NR Water Wax printed µPAD Chiang [33] 

NO
2

-
 0.88 – 11.8 0.86 NR Saliva 

Sample Pretreated; 
Electrokinetic stacking combined with colori-

metric reaction 
Zhang [36] 

NO
2

-
 20 – 160  7.8 NR Saliva µPAD fabrication by corona generator Jiang [37] 

NO
2

-
 0.01 – 5.0 6.2 x 10

-5
 NR Water Wax printed µPAD;Eletcrochemical detection Liu [35] 

NO
2

-
 1 – 215 0.6 2.8 Water Wax printed µPAD Vidal [34] 

NO
2

-
 5 – 500 1.3 2.2 Water µPAD fabrication by a craft-cutting technique Ortiz-Gomez [38] 

NO
2

-
 156 – 1250 NR NR Water 

µPAD fabrication by patterning of filter paper 
using a permanent marker pen. 

Wang [39] 

NO
2

-
 0 – 100 5.6 NR Saliva With sample preconcentration Cardoso [40] 

NO
2

-
 10 – 150 1 7.8 

Water 
Inkjet printed µPAD; Independent devices for 

each analyte determination 
Jayawardane [29] 

NO
3

-
 50 – 1000 19 48 

NR, Not Reported. 

 

The improvement in the detection limit can be explained by the µPAD architecture. Most of previously 

reported µPADs are based either on a one-layer construction, or on folding the paper to create multiple 

layers. In the first option, the sensitivity can be impaired by the colour dispersion associated with the hori-
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zontal flow. In the second option, the 3D µPADs assembled by folding, although it benefits from the verti-

cal flow, the folding of the paper can create air pockets between the layers which compromise the efficien-

cy of the vertical flow between the layers. The novel architecture of developed µPAD uses the advantages 

of the vertical flow and provides a very low probability of the formation of air pockets that could impair 

the flow through the layers. 

As future work, it would be interesting to perform field studies to further access the impact of conditions 

different from the ones that exist in the laboratory. Ultimately, the μPADs should be used for analysis in 

saliva samples of patients with NOX-related diseases. 
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Research highlights 

• Design of the first µPAD for nitrite and nitrate determination in human saliva 

• Nitrate reduction carried out within the novel device 

• Direct saliva introduction, no sample pretreatment required 

• Successfully applied to saliva samples collected from healthy volunteers 
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Abstract 

In this work, two different microfluidic paper-based analytical devices (μPADs) were developed for the 

quantification of nitrite and nitrate in human saliva samples, in order to aid in the diagnosis of some dis-

eases and health conditions associated with these ions. The development of these nitrite and nitrate μPADs 

involved several studies to optimize their design and construction, including an interference assessment 

and stability studies. These μPADs allowed a nitrite determination in a range of 5 - 250 μM with limits of 

detection and quantification of 0.05 μM and 0.17 μM, respectively, and a nitrate determination in the 

range 0.2 – 1.2 mM with limits of detection and quantification of 0.08 mM and 0.27 mM, respectively. As 

for the stability, both of the μPADs were stable when stored in vacuum at 4oC (the nitrite μPAD for at least 

60 days and the nitrate μPAD for at least of 14 days) and, after the sample placement, the nitrite and ni-

trate μPADs could be scanned within the first 4 and 2 hours, respectively. The nitrite μPAD measurements 

were compared with the ones obtained from the standard colorimetric method and there were no statisti-

cally significant differences between these two methods. To evaluate the accuracy of nitrate μPAD meas-

urements, 4 certified water samples were used and recovery studies using saliva samples were performed. 

 

KEYWORDS: nitrite determination; nitrate reduction; saliva analysis; point-of-care; disposable devices 
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1. Introduction 

According to the World Health Organization, “more people can access essential health services today 

than ever before, but at least half of the world’s population still go without” the basic health care [1]. Even 

with the advances in technologies, there is still a lack of practical and affordable devices that can perform 

diagnosis and treatments on location, whether it might be in a medical institution, in the patients’ homes or 

in the most secluded areas [2,3]. That is why researchers have been working towards the development of 

new diagnostic and treatment devices and techniques that are “ASSURED”: Affordable, Sensitive, Specif-

ic, User-friendly, Rapid and robust, Equipment-free, and Deliverable to end-users [4,5]. 

In 2007, Martinez A. et al. introduced the concept of microfluidic paper-based analytical device, or 

μPAD, as a “platform for inexpensive, low-volume, portable bioassays” [6,7]. This type of devices is 

based on the presence of two different areas: a hydrophilic area provided by the paper where a reaction 

(usually colorimetric) occurs, and a hydrophobic area that delimits this reaction zone [4,8]. The most 

common design approach is wax printing, because it is a simple, and relatively fast method compatible 

with most μPAD applications [4,6]. Nevertheless, this type of printing method requires expensive wax and 

an extra step of heating in the process. The appeal of the use of paper as a reaction tool is justified not only 

by the paper’s low cost and high availability, but also by the fact that it is light weighted, available in sev-

eral thicknesses and porosities, easy to store and transport, and compatible with biological samples (be-

cause of its cellulose matrix) [9]. With colorimetric reactions, the most commonly used detection method, 

the results can be easily interpreted visually or captured with digital cameras, mobile phones or portable 

scanners [6,8]. Then the color intensities can be obtained from the digital images by using image pro-

cessing programs and converted in absorbance values [8,10]. A disadvantage of these detection methods is 

the high variability caused by a non-uniform distribution of the colored product in the paper, but this prob-

lem can be reduced by using more replicas and excluding outliers, if necessary [8]. 

The μPADs popularity is due to their various advantages. They are simple, portable, affordable, rapid, 

disposable, and, after being assemble, don’t require complex equipment or specialized personal to do the 

measurement, which makes them and interesting tool to be used in on-site analysis in locations of difficult 

access or with very few resources [11]. However, very few of the developed μPADs reported so far, pre-

sented any on-field or stability studies [3,8]. 

Nitrite and nitrate are nitrous acid salts found in the human body due to either an endogenous produce in 

the body or ingestion through food and water [12,13]. For many years these ions have been associated 

with cancer, especially nitrite, either from direct ingestion, or the nitrate reduction by bacteria in human 

saliva. When nitrite reaches the acidic environment of the stomach, and combined with amine or amide, it 

forms nitrosamines and nitrosamides, which are toxic and carcinogenic, thus contributing mainly to the 
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development of gastric cancer [13–15]. When absorbed to the bloodstream, nitrite can react with the iron 

in hemoglobin, irreversibly converting it in methemoglobin and preventing it from carrying oxygen (me-

themoglobinemia) [13,16–18]. Even though NOx compounds have been associated with cancer and other 

diseases since 1970s, recently a few studies have been reporting newly found benefits of these ions. Sali-

vary nitrates and nitrites may not only be a defense response to oral infectious diseases like periodontal 

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

Several methods have been described for nitrite and nitrate determination, but these methods have some 

limitations like requiring high volume of reagents and sample, the time of analysis, the use of complex lab 

equipment, the need of constant power, specialized technicians, the production of toxic waste, among oth-

ers. These limitations can be emphasized when targeting biological fluids. The most common biological 

fluid used as samples is blood/serum. However, this type of sample demands an invasive collection proce-

dure with a considerable discomfort to the patient and requiring specialized personnel, very specific stor-

age conditions, together with a risk of contamination and of spreading diseases [21,22]. So, in the last few 

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

The collection of saliva is easier, safer and more economic when compared with blood collection [22–

24]. Additionally, it is a painless noninvasive procedure, with a lower risk of contamination or dispersion 

of contagious diseases [22,23], which does not require specialized medical personnel, and it can be done 

in secluded areas and more often than the blood collection [21–23]. As a sample, saliva has been known to 

contain several substances of interest for screening and diagnosis purposes and, although is preferable to 

be kept on ice, the samples are stable for 24 h at room temperature or for a week at 4ºC [11,21,22]. Be-

sides, for some groups of patients, like children, seniors or, for example, patients with blood clotting dis-

orders, it would be easier to collect saliva [22,24]. However, it also has some disadvantages. One of the 

big issues of using this fluid as a sample is the lack of specific information on biomarkers concentrations 

in saliva, mainly because it is a very recent and new approach [21,23]. Another problem can be the varia-

tions in its composition that can occur according to some factors: age, gender, the time of the day of the 

sample collection and if it was or not stimulated [15,25]. The mean salivary nitrite and nitrate in humans, 

according to recent studies, was found to be approximately between 1 - 10 mg/L and 10 - 80 mg/L, respec-

tively [12,19,26]. 

The focus of this work was to develop two new microfluidic paper-based analytical devices (μPADs) for 

the quantification of nitrite and nitrate anions in human saliva samples, using a new construction approach 

that has not been reported yet, and based on the Griess reaction for spectrophotometric detection. The idea 

was for these μPADs to ultimately be capable of being used as a screening option not only in healthcare 

facilities, but also to aid in the diagnosis of some diseases and health conditions in remote locations. 
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2. Materials and methods 

2.1. Reagents and solutions 

The solutions used in this work were prepared with analytical grade chemicals and Milli-Q water, (resis-

tivity > 18 MΩ/cm, Millipore, USA). 

The standard stock solution of 13 mM sodium nitrite (Merck) was monthly prepared by dissolving ap-

proximately 20 mg of the previously dried (overnight 100°C) solid in 25 mL of water. A fivefold dilution 

of sodium nitrite stock solution (2.5 mM) was weekly made in order to prepare, also weekly, the working 

standards of nitrite in the range of 5 - 250 μM. 

The standard stock solution of 12 mM sodium nitrate (Merck) was prepared monthly by dissolving ap-

proximately 50 mg of the previously dried (overnight 100°C) in 50 mL of water. The working nitrate 

standards were prepared daily from the standard stock solution in a range of 0.2 - 1.2 mM. 

The Griess reagent was monthly prepared according to Mesquita R. et al. [27] by dissolving approxi-

mately 0.4 g of sulfanilamide (Sigma-Aldrich) in 2 mL of 5 M orthophosphoric acid and 0.04 g of N-(1-

naphthyl)-ethylenediamine dihydrichloride (N1NED) (Merck) in water. These two homogenized solutions 

were mixed together, and the volume was completed to 20 mL. This solution was stored in a dark bottle 

and shielded from the light. 

A zinc suspension was prepared for every 4 μPADs (maximum), by mixing 1 g of zinc powder (<10 μm) 

(Sigma-Aldrich) in 20 mL of water. 

 

2.2 Design of the developed μPADs 

The assembly of both μPADs consisted in aligning twenty-four sets of filter paper disks (hydrophilic ar-

ea) in a 4 columns and 6 rows’ distribution, under previously perforated 4 mm holes (for the sample inser-

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

The nitrite determination μPAD consisted of two layers: E1 (Whatman Grade 1 filter paper 9.5 mm di-

ameter empty disk) and G1 (Whatman Grade 50 filter paper 9.5 mm diameter disk with 5 μL of the Griess 

reagent added and left to dry in a 50ºC oven for 10 minutes), as shown in Fig. 1A. 

The μPAD for nitrate determination consisted of three different sizes and types of paper aligned over 

each other (Fig. 1B): the top layer Z (Whatman Grade 1 filter paper, 9.5 mm diameter disk embedded in a 

zinc suspension with a 30 seconds manual agitation and left to dry in a 50ºC oven for approximately 30 

minutes), the layer E2 (Whatman Grade 1 filter paper, 1.27 cm diameter empty disk), and the bottom layer 

G2 (Whatman Grade 50 filter paper, 9.5 mm diameter disk with 10 μL of the Griess reagent added and left 
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to dry in a 50ºC 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 μPADs were ready to be used. 

 

 

Fig. 1. Schematic assembly of the μPAD 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 μL per disk); Z, zinc 

embedded layer; E2, empty layer; G2,  Griess reagent layer (10 μL per disk). 

 

2.3. Determination procedure for NOx determination 

After the μPADs assembly, to perform the measurements, 15 μL and 25 μL of sample/standard were in-

jected in each sample insertion hole of the μPADs 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 μPAD) in the sample (Fig. 1C). 

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

standard scanner (Canon LiDE 120) and the images were processed using ImageJ (National Institutes of 
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Health, USA). In this work, the scanning time was considered the period of time between the sam-

ple/standard introduction and the scanning of the μPAD. 

In the ImageJ, the images were converted into RGB plots. Since the expected colored product of the 

Griess reaction is pink and the complementary color in which this product absorbs is the green one, the 

green filter of the RGB plots was used to measure the intensity of pink in the images. For each color disk, 

an option was made to do the measurements with the circular selection tool with 200x200 pixels, because 

it allowed better adjustment to the reagent disk area (9.5 mm diameter).  

As Birch and Stickle described [10], measured intensities of pink were converted in absorbance values 

using the formula: A=log10(IB/IS), where A is the absorbance value, IS is the average measured intensity (of 

the pixels) of the standard or sample, and IB is the average measured intensity (of the pixels) of the blank. 

In order to remove outliers, 4 out of the 6 intensity measurements obtained were used in the average calcu-

lations.  

Regarding the determination of nitrate, the value obtained corresponds in fact to the sum of the content 

of nitrate plus nitrite (NOX). However, as the nitrite values in saliva are much lower than those of nitrite, 

no need for subtraction is needed. 

 

2.4. Reference procedures - accuracy assessments 

In order to assess the accuracy of μPAD measurements and to validate the developed μPAD for the ni-

trite determination, a comparison was made between the μPAD measurements and the results obtained by 

the reference procedure for water analysis [28] since there are no reference methods for saliva analysis. 

All the solutions used were also prepared accordingly.  

As no certified saliva samples are available, a certified water sample was used, QC RW1 (VKI reference 

materials, DANAK) to assess the accuracy of the nitrate μPAD measurements. This water sample consist-

ed of one ampoule with a concentrate for preparation of reference sample by dilution with water. There-

fore, 4 rigorous dilutions were prepared, and the final NOX concentrations were 0.707 mM (CWS_1), 

0.530 mM (CWS_2), 0.471 mM (CWS_3) and 0.354 mM (CWS_4). Recovery percentages were also cal-

culated for human saliva samples, to which a known concentration of nitrate was added. 

 

2.5. Saliva samples collection 

The saliva samples used in this work were all collected from healthy volunteers in a range of 20 to 40 

years, with their informed consent, by placing a 5x5 cm sterile gauze (Wells) in the mouth for approxi-

mately two minutes. The gauze was then placed in a 5 mL sterile syringe and squeezed in order to remove 
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the saliva from the gauze to a 5 mL plastic tube. These samples were diluted to half and were either used 

immediately (as fresh samples) or stored at -20oC for later use (frozen samples). 

 
 
3. Results and discussions 

3.1. Preliminary studies 

As already mentioned, the Griess reaction is perhaps the most commonly known and used reaction for 

the determination of nitrite. However, there are several ways to prepare the Griess reagent. So, in order to 

obtain the best sensitivity possible, two compositions of the reagent were tested, both in a batchwise pro-

cedure and in filter paper: one reported by Mesquita et al. [27], reagent A (116 mM of sulfanilamide; 500 

mM of ortho-phosphoric acid; 8 mM of N1NED), and the other by Jayawardane et al. [29], reagent B (50 

mM of sulfanilamide; 330 mM of citric acid; 10 mM of N1NED). The chosen reagent was the reagent A, 

since it presented a higher sensitivity, not only in the batchwise procedure but also on paper (ESM Fig. 1). 

As for the nitrate determination, in order to use the same reaction, it was necessary to reduce nitrate to 

nitrite.  Three known reducing agents, namely hydroxylamine, ascorbic acid and tin chloride, were tested 

alongside with the Griess reagent in a batchwise procedure. However, there was no formation of the ex-

pected pink color, which indicated that neither of the tested reagents were able to extensively reduce ni-

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 capable of this conversion. So, a batchwise procedure with the 

Griess reagent and a Zn powder (<10 μm; Sigma-Aldrich) was prepared and the results confirmed that 

zinc was an effective reducing agent for nitrate.  

 

3.2. Nitrite determination 

After testing the reaction in a batchwise procedure and in paper, the next step was to design the μPAD 

for nitrite determination. Having set the physical structure of the μPAD to use a plastic laminating pouch 

as the hydrophobic area, and filter paper discs for the hydrophilic areas, (24 filter paper disks were used to 

attain 24 units of detection per μPAD) the filter paper layers were studied. 

Since there is only one reagent for the nitrite determination, a μPAD with only one layer of filter paper 

disks containing the Griess reagent was prepared, corresponding to the G1 in Fig. 1A. However, because 

the reagent was in direct contact with the air through the sample insertion hole, it oxidized very easily. 

Moreover, one layer allowed a very limited volume of sample (10 μL maximum) and it took a long time to 

absorb that same volume (30 minutes minimum for 10 μL). So, an empty layer (with no reagent) was add-

ed on top of the reagent layer (E1 in Fig. 1A) in order to try to protect it from oxidation and also to allow 
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the placement of a higher volume of sample with a smaller absorption time. In this 2-layers μPAD, the 

same 10 μL 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 (G1 in Fig. 1A), the absorbance value obtained for a 

nitrite standard of 30 μM was compared for different filter papers (Whatman Grade 1, 42, 50 and 541) 

using 10 μL 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 μPAD scanning in least amount of time of all the papers studied 

(scanning in 20 minutes). 

 

 

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 μPAD; 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 μPAD 

was studied. In a preliminary test of the volume capacity of these paper disks, the reagent volumes studied 

were 5 and 10 μL, 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 μL of Griess reagent per 

paper disk was chosen for the G1 layer of the nitrite μPAD. 
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The last parameter tested was the sample volume, and calibration curves were prepared with the stand-

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

 

 

Fig. 3. Study of the influence of the reagent volume in in the μPADs calibration curve slope (○) and in-

tercept (�) for: A, the nitrite determination and B, the nitrate determination; the points in black represent 

the chosen values. 

 

When using either 10 or 15 μL, the sample was completely absorbed in approximately 15 minutes. 

When applying 20 μL of sample, it took about 35 minutes for the μPAD to completely absorb that sam-

ple/standards. Although the highest sensitivity was achieved using the 20 μL of sample, the chosen sample 

volume was the 15 μL, 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 (50ºC oven for 30 

minutes). Therefore, for the nitrate μPAD, a two-layer assembly was tested, similar to the nitrite μPAD, 

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-
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ameter (1.27 cm) than the other layers (0.95 cm). This approach effectively prevented the reagent degrada-

tion and defined the design of the nitrate μPAD with 3 layers (Fig. 1B). 

The assembly of the nitrate μPAD consisted of detection sets with 3 layers of filter paper: W1, zinc sus-

pension layer (Z in Fig. 1B); W1, empty bigger disk layer (E2 in Fig. 1B); W50, Griess reagent layer (G2 

in Fig. 1B). As the targeted concentration range of nitrate was higher than the nitrite concentration range, 

the influence of the reagent volume was studied again. Calibration curves were set and the same volumes 

of 5 and 10 μL were tested; 10 μL of Griess reagent produced a 10% increase of the sensitivity, when 

compared with the 5 μL. Therefore, the chosen volume to be used on the nitrate μPAD was 10 μL of the 

Griess reagent. 

Because a third layer of paper was introduced in the μPAD, the μPAD absorption capability increased 

significantly. Therefore, it was important to study the sample volume, and choose the volume that allows a 

higher sensitivity. So, calibration curves were made, and the sample volumes tested were 15, 20, 25 and 

30 μL. With the first three volumes, the sample was completely absorbed into the μPAD almost immedi-

ately, but when 30 μL of sample was used, it took about 35 minutes to observe the sample absorption. 

Since, 35 minutes was considered too much time, the option of 30 μL of sample was excluded from the 

study. For the remaining volumes, even though it was possible to scan the μPAD almost immediately after 

sample introduction, the sensitivities increased exponentially for the first 20 minutes. This can be due to 

the fact that the conversion of nitrate to nitrite slows down the color reaction. 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 cali-

bration curve with the highest sensitivity was obtained with 25 μL of sample, therefore it was the chosen 

volume. 

In fact, the μPAD for nitrate determination attains the determination of both nitrate and nitrite in a NOx 

quantification. This can be explained as any nitrite present goes through the zinc layer (Z in Fig. 1B) to the 

detection layer (G2 in Fig. 1B) producing the color product. Considering the difference in the expected 

concentration ranges for nitrite and nitrate, it is not expected to be a significant effect. However, due to the 

versatility of these devices, a μPAD for both determinations can be produced (Fig. 4) by assembling two 

of the four columns identically to the nitrite determination design (one for the introduction 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). This mixed design allows the simultaneous determination of nitrite 

and nitrate ions using one μPAD per sample without compromising the number of replicas (6 detection 

units per column). 
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3.4. Interferences assessment 

To study the interference of the saliva matrix, a set of the developed μPADs were prepared to perform 

two calibration curves for each determination, nitrite and nitrate using standards in water, and in synthetic 

saliva. The synthetic saliva prepared was based on the concentrations reported by Batista G. et al. [30] : 

[KCl] = 2237 mg/L; [KH2PO4] = 544.3 mg/L; [HEPES] = 4766 mg/L; [CaCl2
.2H2O] = 77.69 mg/L; 

[MgCl] = 19.04 mg/L; [Bovine Serum Albumin] = 2700 mg/L). 

For both nitrite and nitrate determination, the use of standards in a synthetic saliva matrix revealed no 

significant difference on the sensitivity of the calibration curves (< 10%). Therefore, to simplify the pro-

cess and to reduce the reagents consumption, it was chosen to maintain the use of standards prepared in 

water, for both the nitrite and nitrate determinations. 

 

2.3. Stability Studies 

In order to evaluate the robustness of the developed μPADs, stability studies were designed and per-

formed to test the stability of these microfluidic devices not only when stored, before the standard inser-

tion, but also to evaluate the stability of the colored product formed after the standard insertion. 

To evaluate the stability of colored product in both of the developed μPADs, a calibration curve for each 

determination, nitrite and nitrate, was prepared. The μPADs were scanned several times after the standards 

insertion, up to 4 hours (ESM Fig. 2). The results for the nitrite determination showed there is no signifi-

cant difference (<10%) between the sensitivity obtained when scanning the μPAD at 20 minutes or 4 hours 

after the standard insertion. As for the μPAD for nitrate determination initially there was an increase in the 

sensitivity, up until 1 hour. This can be explained not only by the existence of an extra layer, but also the 

existence of a reduction reaction before the color reaction, both of which slow down the formation of the 

colored product. After reaching a maximum slope (after 1 hour), the sensitivity begins to decrease up to 

the tested 4 hours. However, the initial increase of sensitivity was not statistically significant when con-

sidering a ±10% range. Whereas, if the μPAD is scanned 3 hours or more after the standard/sample place-

ment, the sensitivity obtained is significantly lower (>18%) than the one obtained up until the 2 hours. 
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Fig. 4. Schematic assembly of the mixed μPAD for determination of both nitrite and nitrate ions; A, 

alignment; B, finished device. 
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To test the stability of the μPADs before the standard insertion, these devices were prepared and stored, 

always protected from light, under three different atmospheric conditions (air, nitrogen, and vacuum), both 

at room temperature (approximately 21oC) and refrigerated (approximately 4oC). The μPADs 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 with nitrogen gas for approximately 1-2 minutes. The μPADs 

tested in a vacuum were also stored in a closed clear zip lock bag, in which the air was removed using a 

vacuum pump. All μPADs were shielded from the light when stored by covering in tin foil. Different peri-

ods of time were tested for each of the atmospheric condition. Every time the μPADs were removed from 

storage, a calibration curve was set. On the same day, another calibration curve was prepared using the 

same set of standards, on freshly assembled μPADs. The average sensitivity of these calibration curves 

was then compared with the sensitivities of the μPADs under the different conditions and a variation under 

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

The μPAD for nitrite determination was stable for 3 days for all three storage conditions at room tem-

perature but only when kept in vacuum it was stable for 7 days. When stored in vacuum and refrigerated it 

was stable for at least 60 days. As for the μPAD for nitrate determination, it was possible to conclude that 

at the room temperature it was only stable with the storage in vacuum and only for 3 days. Neither the air 

atmosphere, nor the nitrogen atmosphere were able to appropriately preserve the μPAD for none of the 

periods of time tested, which is justified by the decrease of the calibration curves sensitivities below the 

acceptable ±10% range. When stored in vacuum at fridge temperature, the μPADs for nitrate determina-

tion were stable for a at least 14 days. 

 

2.4. Analytical features of the μPAD for NOx determination 

The main characteristics of the developed μPAD such as dynamic range, average calibration curve, limit 

of detection (LOD) and quantification (LOQ), relative standard deviation (RSD) and the μPADs optimal 

scanning time range, are summarized in Table 1.  

Within the nitrite working concentration range 5 – 250 µM, different sensitivities were observed, so this 

concentration range was divided in two, the range of 5 to 45 µM and the range of 45 to 250 µM. The limit 

of detection (LOD) and limit of quantification (LOQ) were calculated as concentration corresponding to 

three or ten-times, respectively, the standard deviation of the intercept, according to IUPAC recommenda-

tions [31]. 

The repeatability of the developed µPADs was evaluated calculating the relative standard deviation 

(RSD) obtained dividing the standard deviation of the calibration slope by the average of that slope.  
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Table 1. Features of the developed µPADs for the determination of nitrite and nitrate; Limit of Detection 

(LOD); Limit of Quantification (LOQ); Relative Standard Deviation (RSD). 

Analyte Dynamic 
range 

Calibration Curve a 
A = S × [NOX] + b 

LOD a 

(µM) 
LOQ a 
(µM) 

Repeatability, 
RSDb Scanning 

Time 
Intraday  Interday 

Nitrite 

5 – 45 
µM 

y = 1.78×10-3(±5.60×10-5) × 
[NO2

-] + 1.12×10-
3(±3.08×10-5) 

R2 = 0.997 
0.05  0.17  

5% 2% 

20 min – 
4 h 

45 – 250 
µM 

y = 1.12×10-3(±3.05×10-5) × 
[NO2

-] + 3.21×10-
2(±2.57×10-3) 

R2 = 0.996 

2% 3% 

Nitrate 
0.2 – 1.2 

mM 

y = 7.27×10-2(±8.35×10-3) × 
[NO3

-] – 2.63×10-3(±1.93×10-
3) 

R2 = 0.988 

80 270 6% 5% 
20 min – 

2 h 

a n=6; b n=4. 

 

The intraday and interday repeatability were assessed performing 5 calibration curves in the same day 

and in consecutive days, respectively. 

 

2.3. Application of the developed μPADs - Accuracy Assessments 

To assess the accuracy of the developed μPAD for nitrite determination, saliva samples were analyzed 

using the μPAD ([NO2
-]μPAD) and with the reference method ([NO2

-]Ref.Met.) [28] and the results compared 

(ESM Fig. 4A). The collected samples (#16) were all within the expected range of concentrations.  

A linear relationship between the two set of results was established: [NO2
-]μPAD = 1.00(±0.11) ×               

[NO2
-]Ref.Method – 2.74(±6.82). There was no statistical difference between the two methods, as the slope 

was not statistical different from 1 and the intercept was not statistically different from 0. To evaluate the 

accuracy of the developed μPAD for nitrate measurements, four dilutions of a certified water sample were 

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

 

Table 2. Analysis of certified water samples performed with the nitrate determination μPAD; Standard 

deviation (SD); Relative deviation (RD) 

Sample ID [NOx] Found ± [NOx]Expecte RD
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A linear relationship between the two set of results was established (ESM Fig. 4B): [NO2
-]μPAD = 

1.04(±0.41) × [NO3
-]Certified Value  – 0.05(±0.22). There was no statistical difference between the certified 

value and the μPAD measurement, as the slope was not statistical different from 1 and the intercept was 

not statistically different from 0.  

To further assess the accuracy of the nitrate measurements recovery studies were performed by spiking 

the samples with 4 μL and 8 μL of the nitrate standard stock solution to 1 mL of the saliva sample, and the 

calculation of the recovery percentage was made according to IUPAC [32], amount found minus the initial 

amount over the amount added (Table 3). 

 

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

Sample 
ID 

Initial 
[NO3

-]Added 

(mM) 

Found 
Recovery 

(%) [NOx]Initial  
(mM) 

SD 
RSD 
(%) 

[NOx]Found 
(mM) 

SD 
RSD 
(%) 

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 

SD 
(mM) 

d 
(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 -7.2 
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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% with a standard deviation of 5%. A statistical test (t-

test) was used to evaluate if the mean recovery value did significantly differ from 100%. For a 95% signif-

icance level the calculated t-value was 1.32 with a correspondent critical value of 2.51. The statistical 

results indicate the absence of multiplicative matrix interferences proving that the developed μPAD was 

applicable to saliva samples. 
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3. Conclusions 

In this work, two new microfluidic paper-based analytical devices (μPADs) for the nitrite and nitrate 

quantification in human saliva samples, were devised. The main application envisioned for these devices 

was for them to facilitate the diagnosis of some diseases and health conditions, not only in healthcare fa-

cilities, but also in remote areas.  

In conclusion, the developed μPADs for nitrite and nitrate determination have shown to be sensitive, 

portable devices that provide rapid measurements on-hand. Furthermore, unlike recently reported devices 

(Table 4) such as Chiang C. et al. (2019), Vidal E. et al. (2018) and Liu Y. et al. (2018) [33–35], this novel 

construction and assembly technique is very simple and user-friendly, since it doesn’t require specialized 

technicians or complex equipment, like wax printers. 

 

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

Analyte 
Concentration 

Range 
(µM)  

LOD  
(µM) 

LOQ  
(µM) 

Sample 
Matrix  

Observations Reference 

NO
2

-
 5 – 250 0.05 0.17 

Saliva 
Both determinations can be com-

bined in a single device with a 
biparametric determination 

This 
Work NO

3

-
 200 - 1200 80 270 

NO
2

-
 3.9 – 1000 14.8 NR Water Wax printed µPAD Chiang [33] 

NO
2

-
 0.88 – 11.8 0.86 NR Saliva 

Sample Pretreated; 
Electrokinetic stacking combined 

with colorimetric reaction 
Zhang [36] 

NO
2

-
 20 – 160  7.8 NR Saliva 

µPAD fabrication by corona gen-
erator 

Jiang [37] 

NO
2

-
 0.01 – 5.0 

6.2 x 

10
-5
 

NR Water 
Wax printed µPAD; 

Eletcrochemical detection 
Liu [35] 

NO
2

-
 1 – 215 0.6 2.8 Water Wax printed µPAD Vidal [34] 

NO
2

-
 5 – 500 1.3 2.2 Water 

 µPAD fabrication by a craft- 
cutting technique 

Ortiz-Gomez 
[38] 

NO
2

-
 156 – 1250 NR NR Water 

 µPAD fabrication by patterning of 
filter paper using a permanent 

marker pen. 
Wang [39] 

NO
2

-
 0 – 100 5.6 NR Saliva With sample preconcentration Cardoso [40] 

NO
2

-
 10 – 150 1 7.8 

Water 
Inkjet printed µPAD 

Independent devices for each ana-
lyte determination 

Jayawardane 
[29] NO

3

-
 50 – 1000 19 48 

NR, Not Reported. 
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This type of printers is commonly used in μPADs but associated to a substantial investment, a costly up-

keep and have been known not to be environmental-friendly. Most wax printers also need specialized pro-

grams to design the wax patterns.  

The devices developed in this work are affordable, having a cost of 0.15€ and 0.20€ per nitrite and ni-

trate μPAD, respectively, and disposable by incineration, which besides being environmental-friendly, is 

also an advantage when handling biological samples. 

These μPADs were optimized for determinations in human saliva samples without requiring complex 

pre-treatments and its stability studied under different conditions and periods of time. As future work, it 

would be interesting to perform field studies to further access the impact of conditions different from the 

ones that exist in the laboratory. Ultimately, the μPADs should be used for analysis in saliva samples of 

patients with NOX-related diseases. 

 

Acknowledgment  

This work was supported by National Funds from FCT - Fundação para a Ciência e a Tecnologia through 

project UID/Multi/50016/2019. 

 

Appendix A – Supplementary Material 

Additional supporting information was provided with graphic representation of preliminary studies, stabil-

ity testing and accuracy assessment (Pearson plotting of the comparison with reference procedure). 
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