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ABSTRACT
High concentration of nitrate ion in water bodies are considered as public health concern globally,
which may cause blue baby syndromes, diabetes, stomach cancer because it produces N-nitroso
compounds which are potent carcinogens. Most of the detection techniques are expensive, require
trained person and large sample volume. The aim of this study was to develop microfluidic paperbased analytical devices (µPADs) using wax screen-printing technique for the determination of
nitrite and nitrate ion in water samples, which is low cost, simple and fast. Nitrite is determined
directly by the Griess reaction while nitrate is ﬁrst reduced to nitrite by zinc powder. µPADs
parameters such as sample volume, Griess reagent volume, color development time and Zinc
powder loading were optimized and optimal values were found to be 5 µL, 1 µL, 10 minutes and
25 mg, respectively. Under optimal condition, the limits of detection for nitrite and nitrate ion
were found to be 0.16 and 0.87 ppm, respectively. This level of sensitivity observed in µPAD is
adequate to determine the threshold concentration of nitrite (1 ppm) and nitrate (50 ppm) in
drinking water set by WHO. Recovery test using the fabricated µPAD on spiked tap water revealed
more than 95% recovery for both target analytes. It was comparable with the recovery obtained
by using the standard method UV-vis (> 96%) which indicates the validity of the developed
method. Furthermore, the application of µPADs for the analysis of nitrite and nitrate in Dire Dawa
ground water samples showed below detection limit and 70.5 ppm, respectively. The concentration
measured using µPADs were in an excellent agreement with the values obtained from UV-Visible
spectrophotometry. This implies potential use the µPADs for environmental monitoring of nitrate
and nitrite in resources limited areas without need for expensive benchtop analytical devices.

Keywords: µPADs, nitrate, nitrite, Griess reagent, wax screen-printing, colorimetric detection
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CHAPTER ONE
1. INTRODCTION
1.1 Background of the study
The increasing demand for water and food supplies is placing increasing stress on ground and
surface water quality and quantity. One environmental problem that has become an increasingly
important issue in both developed and developing countries is nitrate and nitrite contamination
of surface and ground water. Groundwater is the source of drinking water for many people around
the world, especially in rural areas. It can become contaminated naturally or anthropogenically.
Residential, municipal, commercial, industrial, and agricultural activities can all affect
groundwater quality. Contamination of groundwater can result in poor drinking water quality,
loss of water supply, high clean-up cost, high costs for alternative water supplies, and potential
health problems (Mikuška, 2003; Rezaee et al., 2008).
Nitrate is considered relatively nontoxic to the human body, but its toxicity is due to its reduction
to nitrite by denitrifying bacteria in the upper gastrointestinal tract, which may cause many
diseases, such as blue baby syndrome and cancer (Mikuška, 2003). These nitrites transform
hemoglobin to methemoglobin by oxidation of ferrous iron (Fe2+) in hemoglobin to ferric form
(Fe3+), preventing or reducing the ability of blood to transport oxygen, which causes cyanosis
and anoxemia (Bruning-fann and Kaneene, 1993). Taylor et al (2007) have reported that excess
NO2- in drinking water may also be responsible for significant effect by diverse kinds of cancer
causing nitrosamine and N-nitroso compounds make carcinogenic for human beings (Taylor et
al., 2007). Moreover, Ward et al (2005) reviewed the epidemiologic evidence for the linkage
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between drinking water NO3- and the risk of cancers, adverse reproductive outcomes, and other
health outcomes in the context of the current regulatory limit for nitrate in drinking water (Ward
et al., 2005). Nitrate contaminated water supplies have also been linked to outbreaks of infectious
diseases in humans (Lin and Wu, 1996). Some studies (Bahadoran et al., 2016) revealed that
NO3- ion also causes diabetes and is a precursor of carcinogen.
Due to these potential hazardous effect, most international organization have set legal limits for
nitrite and nitrate concentration in drinking water. The maximum accepted concentration (MAC)
level for nitrite and nitrate in drinking water, specified by the U.S. Environmental Protection
Agency, are 1.0 mg/l and 10.0 mg/l, respectively (USEPA, 2009). According to British Columbia
MAC for nitrate ion for ground water is 45 mg/l (Nordin et al., 2009). The WHO sets drinkingwater quality limit for nitrate to be 50 mg/l (WHO, 2011). The maximum permissible level of
Nitrite (as NO2-) and Nitrate (as NO3-) in Ethiopia are 3 and 50 mg/l, respectively (ESA, 2013).
There are different analytical methods used to measure nitrate and nitrite such as, ion
chromatography (Taylor et al., 2007), sequential injection analysis (Mollo and Pist, 2011),
capillary electrophoresis (Kostraba et al., 1992) and electrochemical techniques (Bhatnagar and
Sillanpää, 2009) and UV-Visible spectrophotometry (Narayana and Sunil, 2009). Most of these
analytical methods depend on expensive equipment and requires a high level of training to
operate reliably. Therefore, it is indispensable to explore simple, portable and cost-effective
analytical devices to conducting regular monitoring of the environmental concentration of these
analytes particularly in resource limited set-up.
An emerging technology that may address this demand is microfluidic paper-based analytical
devices (μPADs), a new technology platform for extremely low-cost sensing applications. The
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fundamental principle in the fabrication of μPADs is to pattern a sheet of paper into hydrophilic
channels bounded by hydrophobic barriers in order to create micro-scale capillary channels on
the paper. The pattern is generated by depositing a hydrophobic material, such as polymer or
wax, on the paper serving as a barrier to guide the liquid wicking through microchannels within
the base material to perform the analysis. Fabrication techniques such as wax printing, screenprinting, photolithography, chemical vapor-phase deposition, pattern cutting, plasma treatment,
Flexographic printing, stamping, Inkjet printing etc. have been reported in the literature (Cate et
al., 2015). The µPADs device fabricated by wax printing method for the determination of nitrite
in saliva (Bhakta et al., 2014), stamping method for the determination of nitrite in clinical, food
and water samples (Cardoso et al., 2015) has been reported. Recently, µPADs fabricated based
on wax printing has been reported for the determination of nitrite in meat samples (Trofimchuk
et al., 2020). In the present work a simple home-made screen-printing method has been used for
the fabrication of µPADs in our laboratory. In addition, various parameters were optimized for
the colorimetric determination of nitrates and nitrite in real and synthetic water samples.
Furthermore, the method was validated using UV-Visible spectrophotometry.
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1.2 Statement of the problem
In recent decades, contamination of water resources by nitrate has become main public health
concern. This is because nitrate can undergo endogenous reduction to nitrite and nitrosation of
nitrites can form N-nitroso compounds which are potent carcinogens (Taylor et al., 2007). Study
by Mekonnen et al (2014) revealed that nitrate concentration in wells waters analyzed from
different region of Ethiopia. They reported that nitrate concentration in the water samples were
wide-ranging from 0.00 to 1,295.00 ppm all over the country. More than 15% of the wells water
in the country exceeds the WHO and Ethiopian drinking water guideline standard (Mekonnen et
al., 2015).
Irrespective of such high incidence and prevalence of nitrate pollution in Ethiopia, widespread
environmental monitoring activities are impeded by technical limitation and cost-prohibitive
analytical instruments. To bridge this gap exploring on miniaturized, simple, cheap and portable
devices is mandatory and timely issue in Ethiopian context. Therefore, the purpose of this
research project was to come-up with μPAD based technology suitable for routine environmental
monitoring of nitrate and nitrite in water bodies for use in a resource limited set-up of developing
countries like Ethiopia.
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1.3 Objective
1.3.1

General objective

The main objective of this study was to design and develop a low-cost, simple and rapid paper
zone microfluidic paper-based analytical devices (µPADs) for the determination of nitrate and
nitrite ion concentration in real and synthetic samples.

1.3.2 Specific objectives
❖ To design and develop paper zone µPADs device using wax screen-printing method.
❖ To optimize different parameters of µPADs such as volume of Griess reagent and sample,
color development time, and zinc dust loading.
❖ To analyze the performance of μPADs on linearity, limit of detection, method validation,
interference effect and comparing using UV-Visible spectrophotometry.
❖ To evaluate the performance of μPADs on real water sample.
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1.4 Significance of the study
High concentration of nitrate ion in drinking/ground water causes non-communicable diseases
such as blue baby syndrome, gastric cancers and recently scientists revealed that nitrate will be
the cause of diabetes. Nowadays, inexpensive health care and environmental monitoring devices
have gained enormous attention particularly in the developing countries. WHO came up with a
policy that states diagnostic and health hazard monitoring devices for developing countries
should fulfill the criteria of being ASSURED: an acronym to mean affordable, sensitive, specific,
user-friendly, rapid and robust, equipment free and deliverable to end-users (Martinez et al.,
2010). The microfluidic paper-based analytical devices (µPADs) for the determination of nitrate
and nitrite in the present study has a significant contribution towards realizing the ASSURED
policy.
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Research Framework
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Figure 1. General flow chart of this research
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❖ Identify unknown real sample
❖ Interference study

CHAPTER TWO
2. LITRATURE REVIEW
Pollutants in the environment can be roughly grouped into three classes – inorganic (metals, nonmetals such as phosphate, nitrite, nitrate), organic (small molecules, pesticides, etc.), and
biological (bacteria, etc.). Nowadays, due to urbanization, industrialization, economic and
population growth more toxic compounds are released into the environment. For instance, an
anionic pollutants such as fluoride (F-) (Zhou et al., 2013), nitrate (NO3-) (Bhatnagar and
Sillanpää, 2011), perchlorate (ClO4-) (Parette and Ã, 2005), arsenate (AsO43-) (Mohan and
Pittman, 2007), and chromate (CrO4-) are becoming increasingly problematic. The major sources
of various pollutants are industrial, municipal, and agricultural wastes. All inorganic ions are
toxic to the environment and human life hence there is a need to conduct environmental
monitoring for public health protection. Among these chemicals high level of nitrate/nitrite that
can arise from the excessive application of fertilizers, leaching of industrial waste water, from
food and metallurgical activities and from other organic wastes that enter into the surface and
ground water consequently increasing the pollution load of these chemicals in drinking water.

2.1. Nitrate and nitrite sources, health effects and conventional methods of
determination
Nitrates are usually found naturally in water or enter the supplies through human activity due to
different sources such as, fertilizers, animal wastes, municipal and industrial waste, food
processing, cosmetics and other sources. Nitrates and nitrites are also naturally occurring
substances in fruits and vegetables, which humans are encouraged to consume because of their
beneficial health effects. On the other hand, nitrates and nitrites are used as food additives such
16

as sausages, ham, smoked salmon and other processed meat and for cosmetics. Usually processed
foods are linked with gastric cancer risk in humans consuming it in high dose level (Song et al.,
2015). Nitrate by itself is not toxic; however, the conversion of nitrate to nitrite in human and
animal bodies is very dangerous if it accumulates in high concentration. Nitrates found in food
and water increase the nitric acid in saliva which increases the nitrosamine levels by combining
with amino acids. Methemoglobinemia (MetHb), a blood disorder arise from an irregular amount
of methemoglobin production, could be occurring as a result of the accumulation of large dose
of nitrate for human health. The reduction of nitrate to nitrite takes place in saliva of humans at
all ages and in the gastrointestinal tracts of infants during the first three months of life. Infants
are especially vulnerable because their stomach juices are less acidic and therefore conducive to
the growth of nitrate reducing bacteria (Jeremiaho et al., 2013).
Nitrate ion reduced into nitrite ion, unlike nitrate ion, nitrite ion readily reacts with hemoglobin
(oxyHb) to form methemoglobin (metHb) and nitrate ion.
NO2 − + oxyHb (Fe2+)

→

metHb (Fe3+) + NO3−

The consequence of the formation of methemoglobin reduce oxygen delivery to lung. It is a
compound that cannot combine with oxygen, and that decreases the capacity of the blood to
transport oxygen from lungs to body tissues causing a condition known as “Blue Baby
Syndromes” also called as “methemoglobinemia” (Abu-dayeh, 2006). The symptoms related to
high levels of nitrite in blood include bluish coloration of skin, headache, dizziness difficulty in
breathing, in severe cases damage to brain and death may occur (Abu-dayeh, 2006).
Most humans over one year of age have the ability to rapidly convert methaemoglobin back to
oxyhaemoglobin; hence, the total amount of methaemoglobin within the red blood cells remains
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low in spite of relatively high levels of nitrate/nitrite uptake. However, in infants under six
months of age, the enzyme systems for reducing methaemoglobin to oxyhaemoglobin are
incompletely developed and methaemoglobinaemia can occur. This also may happen in older
individuals who have genetically impaired enzyme systems for metabolizing methaemoglobin
(Van Leeuwen, 2000). Many countries, especially developed countries regulate the level of nitrite
in their diet through government standards, however in many developing countries such
standards are variables and are often less strict than the developed nations.
Drinking water standards have been implemented through the SDWA (safe drinking water Act)
to protect public health. The USEPA has developed the National Primary Drinking Water
Regulation (NPDWRs) that set maximum limits for contaminants or naturally occurring
constituents in water to fall below a set limit. Limits are identified as MCLs. The MCL for nitrate
is 10 mg/L or 10 ppm (USEPA, 2009). Ingestion of water in excess of the MCL for nitrates, in
some situation, leads to blue baby syndrome (Methemoglobinemia), a condition that affects the
body’s ability to transport oxygen from the lungs to the remainder of the body (Jim, 2007).
Nitrate and nitrite ion concentration can be measured by using various analytical methods such
as colorimetry (Federation, 1999), ion chromatography (Taylor et al., 2007), ﬂow injection
analysis (FIA) (Penteado et al., 2005), sequential injection analysis (SIA) (Mollo and Pist, 2011),
high performance liquid chromatography (HPLC) (Scimca, 2000), capillary electrophoresis
(Masár et al., 2012) Gas Chromatography–Mass Spectrometry (Tsikas et al., 1997) and
electrochemical techniques. Some of these methods can be used to directly measure both nitrite
and nitrate individually, while others measure these analytes as nitrite after nitrate has been
reduced to nitrite. A variety of reagents such as zinc (Ellis et al., 2011), cadmium (Jayawardane
et al., 2014), hydrazine-copper (Madsen, 1981), copperized cadmium (Scimca, 2000), and
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enzymes (Patton and Kryskalla, 2011) have been used for the reduction of nitrate to nitrite.
Colorimetric techniques have been used frequently due to their simplicity, favorable limits of
detection, and relatively wide linear concentration range. However, most of these methods must
be run by trained operators, produce relatively large amounts of carcinogenic or toxic waste, and
may not be suitable for ﬁeld use (Jayawardane et al., 2014).

2.1.1 Nitrite Determination by Griess Reaction
The most common method for the determination of NO2- and NO3- is based on the Griess reaction
(Joichi et al., 2006). This method is based on the formation of diazonium salt in acidic medium
(glacial acetic acid) by the reaction between NO2- with Sulfanilamide (SA) as shown in Figure 2.
The formed cationic salt intermediate further reacted with NED (N-napthylethylenediamine) to
produce reddish-pink color azo-dye. A formed azo-dye is a chromophore (colored compound)
that has a nitrogen-nitrogen double bond. (Sun et al., 2003).

Figure 2. Griess reaction mechanism.
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2.1.2 Nitrate determination by zinc reduction
Colorimetric detection of NO3- was determined by reducing the nitrate using different reducing
agent to nitrite and detecting using Griess reagent. There are different reducing agents used to
reduce NO3- to NO2-, such as enzyme, copperized-cadimium, zinc and etc. Enzymatic reduction
was used to reduce nitrate; however, these methods typically offer poor reproducibility. Next to
enzymatic reduction the most common one which used to reduce nitrate is copperized-cadmium
and reduction efficiencies of over 90% are possible. However, the use of cadmium may be seen
as undesirable due to its highly toxic nature.
Zinc represents an example of a less toxic solid-state reductant which can be used to reduce
nitrate. Merino, (2009) has successfully employed Zinc reduction for nitrate determination in
foodstuffs and Water. Then Ellis et al., (2011) also successfully developed a simple
spectrophotometric flow analysis method using granular Zn for NO3- determination in water.
In this study nitrate was reduced first to nitrite using zinc and determine using Griess reagent.
The concentration of nitrate in real sample was detected by subtracting the concentration of nitrite
in the sample from the total concentration of nitrite (concentration of nitrite and reduced nitrate).

2.2

Basic Principles of Microfluidic Paper-based Analytical Devices

Microfluidics is the science and technology of systems that permits small volumes of fluid within
microchannels. The microfluidic paper based analytical devise was first introduced for the first
time in 2007 by the Whiteside’s group, (Martinez et al., 2007). It consists of a patterned,
hydrophilic paper substrate that serves as a platform for multiplexed analytic detection and its
advantage is which allows integration of complex laboratory tests into a miniature device.
Microfluidics have been used in various areas such as molecular, biomedical, environmental and
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clinical analysis, food processing, chemical industry fields, bio-defense and etc. Regardless of
the advantages, most microfluidic-based devices have not yet been demonstrated to be
commercially successful and widely available to the end users, especially to people living in
resource-limited settings (Cho et al., 2011).
Throughout the literature there are various definition of “microfluidic”; however, one common
theme involves manipulating small volumes of fluids within micrometer-scale channels in
engineered devices (e.g., not simple tubing) (Gencoglu and Minerick, 2014). Paper and related
porous hydrophilic materials oﬀer many unique advantages over traditional microfluidic
technologies such as power-free fluid transport via capillary action, high surface area to volume
ratios for chemical reaction and detection, lightweight designs (∼10 mg cm−2), and the capacity
for storing reagents in active form within the fiber network (Meredith et al., 2016).
Micro-PADs typically have a sample area, for introducing the sample to the device; a network of
channels, for distributing and processing the sample; and test zones, for storing reagents and
providing an area where chemical reaction may take place in order to identify analytes. To run
an assay, a liquid sample (e.g. blood, urine, saliva or sweat, water sample or soil sample) can be
added to the sampling area, or it can be dipped into a drop of sample. The sample is then wicked
into the device without the need for pumps or batteries and automatically combines with the
reagents present on the device. Specific color changes are then generated chemically on the
device in response to analytes present in the sample, and the results are displayed in the test zones.
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2.2.1. Paper substrates
Paper is an attractive substrate for microﬂuidic devices; it is abundant, inexpensive, disposable,
easy to use, store, and transport, has a high surface area for visualization, and easy to modify
chemically (Mentele et al., 2012). It is made of porous network of hydrophilic fibers that can
wick solution through the use of capillary action and due to the fiber nature reagents can then be
stored and subsequently mixed within the capillary network, all without the use of an external
power supply that would normally be necessary for traditional microfluidics.
Paper gained enormous attention in the microﬂuidic device due to the following reasons (i) paper
is an easily accessible and low-cost cellulosic material; (ii) paper is well-suited with many
chemical, biochemical, medical application; and (iii) paper transports liquids using capillary
forces without the aid of external forces. By building microﬂuidic channels on paper, liquid ﬂow
is conﬁned within the channels, and therefore, liquid ﬂow can be guided in a controlled manner
(Li et al., 2012).
Filter paper and chromatography paper undergo full bleaching following manufacturing rather
than other paper material, which removes virtually all of the impurities in the paper. The cellulose
structure of the µPAD substrate can be functionalized and serves as an ideal channel and support
for the transportation and immobilization of the various substances (i.e., samples and reagents)
used in analytical assays. The main component of paper are cellulose ﬁbers. These ﬁbers are
hydrophilic in nature and allow aqueous solution to ﬂow easily through capillary action due to
this, paper has become a substrate of interest in the ﬁeld of microﬂuidics.
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2.2.2 Fabrication techniques
The fabrication of µPADs typically comprise an arrangement of hydrophilic/hydrophobic
microstructures patterned on paper substrates using techniques such as wax printing, screenprinting, photolithography, chemical vapor-phase deposition, cutting and so on. µPADs have
many practical advantages, including a lower cost, a straightforward fabrication process, strong
capillary action, and good biological compatibility. As a result, they are increasingly used for
application in the biomedical, environmental, clinical analysis, food processing, and chemical
industry fields. The overlying purpose of µPADs is to provide a low-cost, environmentallyfriendly analytical tool, suitable for field testing and point-of-care (POC) diagnosis application
(Lisowski and Zarzycki, 2013). Fabricating microﬂuidic devices using paper as the substrate is
being evaluated for a wide variety of analytic tests. Microﬂuidic paper-based analytical devices,
commonly known as µPADs are constructed by patterning hydrophilic channels demarcated by
hydrophobic barriers except paper cutting technique.
There are different types of paper based analytical device for the application of food, water safety
and environmental quality monitoring. Fabrication usually needs the selection of a type of paper
or other substrate before subjecting it to fabrication techniques such as cutting (Ortiz-Gomez et
al., 2016), inkjet printing (Li et al., 2010), wax pencil drawing (Amin et al., 2017), wax printing
(Pathirannahel, 2018), screen-printing (Dungchai et al., 2011), stamping (Zhang et al., 2014),
and photolithography (Dungchai et al., 2010). These numerous methods available for fabricating
µPAD have their own beneﬁts and drawbacks (Cate et al., 2015). The most common µPADs
fabrication techniques are briefly reviewed in the following sections.
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Photolithography
Photolithography is a one of the device fabrication patterning method that uses light and a
photomask to pattern a design on a substrate, such as silicon or glass, coated with light-responsive
chemicals called photoresist. This technique has been working by the Whiteside’s group at
Harvard to pattern microchannels in a variety of different paper types (Martinez et al., 2010).
First the paper substrate was soaked in photoresist and baked, then exposed to UV light after
masking the paper substrate with a transparent mask that has a defined/printed pattern in black.
Then it produced hydrophobic barriers of the photoresist that were cured by UV light. When the
paper substrate was washed using organic solvents, the unexposed resist washed off leaving the
paper patterned with hydrophobic barriers. Drawbacks to this method stem from the use of
organic solvents to remove the uncured photoresist from the hydrophilic parts of the paper
causing them to become hydrophobic, which required additional treatment with oxygen plasma
to restore the paper’s hydrophilicity (Shafei et al., 2017).

Inkjet printing.
The ﬁrst example of device fabrication using inkjet printing used toluene as a solvent to remove
printed reagent as hydrophobic polystyrene that was prepatterned on the paper to create
hydrophilic designs in a technique known as inkjet etching. The next research was using a reagent,
alkyl ketene dimer (AKD) which was printed onto paper and polymerized with heat to deﬁne
hydrophilic region. In a similar method, UV treatable inks were used as an alternative to more
volatile and environmentally hazardous organic solvents typically used with inkjet methods (Li
et al., 2010). Wang et al., (2014) have reported an environmentally friendly approach that used
both inkjet etching and printing of sol−gel barriers in paper to fabricate devices (Wang et al.,
2014). This type of barrier was able to withstand several types of organic solvents and surfactants
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that wax and AKD printed barriers could not. Inkjet printing can also be used to fabricate threedimensional devices by incorporating hydrophobic reagents within the paper matrix itself, similar
to wax printing. Covered channels were fabricated by printing thin layers across previously
printed channels to create full enclosed or hemispherical hydrophilic region. Inkjet printing also
has the advantage of being the only reported fabrication technique able to not only fabricate ﬂow
channels but to also print reagents into testing zones with relatively high throughput and
reproducibility (Jayawardane et al., 2014). However, a disadvantage to this technique is that
inkjet printing usually requires several printed layers to generate devices and can cause problems
with print resolution. Many of the solvents required to solubilize sensing reagents can be volatile
and cause clogging or error in printed reagent amounts.

Plasma treatment
Fabrication of the μPADs using plasma treatment is done as follows: paper is firstly
hydrophobized through octadecyl trichlorosilane (OTS) silanization and then the OTS silanized
paper is regionally selected and plasma-treated via a mask with channel network. Due to the
degradation of hydrophobic OTS molecules attached to the paper’s cellulose fibers, the area of
the paper exposed by plasma is turned to hydrophilic channel network (Yan et al., 2014). Wellknown problem for plasma treatment is that the substrate under the mask is often over stretched,
causing the treated pattern to be bigger than the mask. The treatment intensity and time should
then be controlled to find reproducible channel width. The devices made using the plasma
treatment have an advantage over the barrier design in that, simple functional elements such as
switches, filters and separators can be easily built into the microfluidic system (Li et al., 2008).
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Paper cutting
Another method for the fabrication of µpads for fluid wicking on substrate by cutting the paper
in specified 2D and 3D dimensional patterns. Two advantages of these methods are that no
chemicals are needed to define flow boundaries, and the equipment is generally widely available
and low cost. Because fabrication does not rely on the flow of wax, polymers, or solvents within
paper for definition, there is greater precision in manufactured device barriers. The advantage of
using hand-held blades and hole punches to create devices, (Xu et al., 2016) craft knife cutting
(Fenton et al., 2009) and CO2 laser cutting have been used to improve precision, speed, and
production volume.
This technique is used to prepare lateral flow diagnostic devices, the simplest type of capillarydriven devices that employ rectangular membrane strips, typically 1 cm in diameter by <10 cm
in length. Instruments for paper cutting include fixed die-cutters, rotary cutters, or an x-y plotter
cutter which is the most versatile. A computer-controlled x-y cutting plotter has a knife in place
of ink to cut sheets or rolls of paper based upon designs prepared in various computer graphics
software packages. In addition, paper substrates can be embedded in between other materials,
such as vinyl or adhesive tape, and cut/patterned simultaneously using a plotter cutter or other
device and it does not require any hydrophobic materials (Ortiz-Gomez et al., 2016). The main
drawbacks of cutting method for mass production are the fabrication costs, since it requires a
specialized type of equipment sometimes not economically viable, and the energy power
limitation in limited resources areas or infield.
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Flexographic printing
Flexographic printing technique is another fabrication technique capable of high throughput
production. Pilot flexographic printers capable of printing at speeds of greater than 300 m/min
are used and a variety of substrates including paper and plastic. Currently there are only a few
literatures for flexographic printed μPADs. Hydrophobic barriers were flexographically printed
on μPADs using a polystyrene ink dissolved in volatile organic solvents (toluene and xylene)
(Olkkonen et al., 2010). PDMS in a commercially available ink was used to print flexographically
devices but required more replicate print layers to penetrate through paper than inkjet-printed
PDMS (Ihalainen et al., 2013). Although flexographic printing is the fastest fabrication
technique, it has several limitations. First, it requires a specialized flexographic printer as well as
individual printing plates specific to the printer, limiting availability and design flexibility.

Wax patterning.
Wax is a cheap hydrophobic material, which has been widely used in the fabrication of µPADs,
since it can be applied to paper by a variety of methods. There are different ways of patterning
wax these include: (i) painting with a wax pen, (ii) printing with a normal inkjet printer, followed
by tracing by painting with a wax pen (iii) direct printing by a wax printer, iv) wax dipping
method, and v) screen-printing (Xia et al., 2016).
In a wax printing, a solid wax printer was used to print wax on filter paper to designed pattern.
The printed wax was then melted in an oven. Due to the porous structure of the filter paper, the
wax penetrates into the paper to form well-defined micro-channels on the paper. The whole
process is simple and requires only a wax printer, wax pen, solid wax and an oven. A drawback
of this method is instability of these µPADs at high temperatures due to degradation of wax and
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paper, and poor resolution of their barrier edges. The other technique is wax dipping, it was used
to fabricate µPADs as described by Songjaroen et al., (2011) a reusable iron mold was fabricated
using a precise laser cutting technique. Next to it, filter paper was placed onto a glass slide and
then the mold was placed onto the paper and it was temporarily attached by means of magnetic
force using a permanent magnet placed on the backside of the glass slide. Next, the assembly
was dipped for one second into a chamber of melted wax that was maintained at a temperature
of 120–130oC. After the paper was cooled to room temperature, it was peeled off the glass slide
and the iron mold was removed from the paper.
One common limitation for wax printing, inkjet, plasma treatment and paper cutting fabrication
techniques need tools that are rare in laboratories of developing countries such as spin coaters,
plasma oxidizers, wax printers and inkjet printer. Moreover, trained personnel are required to use
and maintain these tools. To choose the proper technique, researchers should consider a range of
factors including equipment availability, material costs, fabrication process simplicity, and the
intended application of paper-based microﬂuidic devices and also identify advantage and
limitation of each fabrication techniques. Now a day, AKD ink jet printing and wax printing
might be the most promising techniques due to the low cost of patterning agents and easy, rapid
fabrication process; both techniques can produce multiple devices or multizone on a piece of A
4-sized paper within a few hours with a single print-and-heat cycle (Li et al., 2012). However,
these special types of printers are very expensive and their access is very limited in developing
countries like Ethiopia. Therefore, cheap, simple and reliable fabrication method demanding
minimal external instrumentation should be sought. In this regard wax screen-printing technique
is so vital for application in Ethiopian context and it has been utilized for the fabrication of µPAD
in this research work.
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Wax screen-printing
Wax screen-printing is a technique in which a film is generated on a screen of silk or other fine
mesh, the hydrophilic areas on paper coated with an impermeable film and the other washed out
and open. Designed patterns are transferred by scrubbing a wax through the mesh onto the paper.
It is well established for the fabrication of biosensors and chemical sensors because of advantages
such as miniaturization, versatility, low cost, and the possibility of mass production. Typically,
printing materials use liquid inks and dyes (Dungchai et al., 2011) and for the case of wax screenprinting solid wax, PDMS and so on are used.

Nitrite determination using Griess

Figure 3. Schematic illustration of a wax screen-printing method for patterning hydrophobic
barriers on the ﬁlter paper using a patterned screen and solid wax (Namwong et al., 2017).
Wax is environmentally friendly and much cheaper and easier to obtain than other materials.
Additionally, fabrication method is accomplished without the use of UV lamp, organic solvents,
or sophisticated instrumentation. The main advantage of using wax screen-printing is that it can
be produced in any place in the world and it is ideal for fabrication of µPADs in developing
countries.
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2.2.3 Detection methods
There are various detection methods used in the µPAD field over the past decade. To mention
some of detection techniques are colorimetric, electrochemical and photoelectrochemical,
fluorescent, chemiluminescent, electro-chemiluminescent and etc. In order to make µPADs
suitable to use in remote areas it should be affordable and cost-effective during fabrication and
detection methods. The most common detection methods are:

Electrochemical detection
Electrochemical detection needs a framework of three–terminals – a working cathode, a counter
cathode and a reference electrode. Dungchai et al. (Dungchai et al., 2009) were the ﬁrst to
familiarize this technique to paper-based microﬂuidics to detect glucose, lactate and uric acid in
urine. The cathodes were printed onto the µPADs using screen-printing, and cyclic-voltammetry
was used for reading the signals given by the electrodes.

Fluorescence detection
Fluorescence detection includes measuring emission of light in a chemical reaction. Compared
to photometric measurements, ﬂuorescence measurements are highly sensitive; as the analyte
signal depends on both the intensity of incident radiation and the concentration of the analyte.
(Xin-ran et al., 2015) In µPADs, ﬂuorescence detection is mostly reported in measuring
ﬂuorescence quenched by the analyte, rather than directly measuring the emission. For example,
Xin-ran et al. reported measurement of ﬂuorescence quenching of CdTe quantum dots (QDs)
deposited on glass ﬁber paper by Cu2+ ion, to detect the Cu2+ in aqueous samples. Fluorescence
direct emission or ﬂuorescence quenching can be detected by commercially available
ﬂuorimeters, plate readers that can detect ﬂuorescence (Xin-ran et al., 2015).
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Colorimetric detection method
In order to make µPAD technology used to get predictable result in remote areas both the
fabrication and detection methods have their own impact. Colorimetric detection is the most
widely used method for the detection in µPAD. This method typically involves a color change
reaction that can be observed by naked eye. The high adaptability of this technique makes it
applicable for a variety of analyte detection. These analytes could be biological agents such as
glucose, proteins (Martinez et al., 2010) and environmental pollutants such as various metals.
Some previous studies also used colorimetric detection to identify glucose and proteins in
artiﬁcial urine (Mentele et al., 2012) and (Martinez et al., 2010). Colorimetry is perhaps the most
popular since only a scanner (or a digital camera) and software needed for image processing are
necessary for quantitative analysis, i.e., both the devices as well as the detection system are small,
inexpensive, and easy to use (Pathirannahel, 2018).
In this experiment, the presence of nitrite and nitrate was determined by the formation of azodye colored complex. The reaction between nitrite and Griess reagent causes a formation of red
violet color from colorless (griess reagent color). Hence, can be determined colorimetrically. For
colorimetric detection, digital photography or digital scanning is typically utilized to analyze
color changes. The intensity of the color changes is analyzed using color analysis ImageJ
software. The colors can be analyzed as RGB (Red, Green, Blue), CMYK (Cyan, Magenta,
Yellow, Key), HSV (Hue, Saturation, Value) or grayscale (Birch and Stickle, 2003). Although
colorimetric detection is widely used, there are some drawbacks in terms of sensitivity and
reproducibility (Cate et al, 2015).
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2.2.4

Data analysis

ImageJ is a public domain Java image processing and analysis program inspired by NIH Image
for the Macintosh. It is free software, widespread use, easy graphic interface, making it as
scientifically accessible and good developer support. ImageJ software could be used by anyone
who wanted to capture, display and enhance images, and never targeted a specific field of study.
It can display, edit, analyze, process, save and print 8–bit, 16–bit and 32–bit images and can
calculate area and pixel value statistics of user-defined selections. It can measure distances and
angles and can create density histograms and line profile plots. It also supports standard image
processing functions such as contrast manipulation, sharpening, smoothing, edge detection and
median filtering. The ImageJ software needed accessible methods to implement imageprocessing and analysis techniques to quantitatively support their research.

2.3

Previous reported on development of Paper-Based Analytical Devices
(PAD) for nitrite and nitrate determination.

Both nitrate and nitrite have health effect when their concentrations are above their threshold
limit of 10 mg/L and 1 mg/L respectively. So, better to concern the consumption of both nitrate
and nitrite ion in drinking water, packed foods and cosmetics. Nitrites are used as food additives
to prevent the growth of microorganisms as well as to inhibit lipid oxidation that causes rancidity
(Jeremiaho et al., 2013). Nitrite monitoring in food and water is essential due to the ability of
nitrite to readily react with secondary and tertiary amines and form gastric cancer due to the
formation of nitrosamines and also causing blue baby syndrome. Several studies have focused
on the determination of nitrite ion using Griess mechanism calorimetrically in water, saliva and
food samples by using environmentally friendly PADS method (Trofimchuk et al., 2020,
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Lopez-ruiz et al., 2014, Cardoso et al., 2015, Bhakta et al., 2014, Klasner et al., 2010 and
Jayawardane et al., 2014).
Ortiz-Gomez et al. (2016) reported the use of tetrazine as a reagent instead of Griess reagent.
Thickness of 170 mm filter paper was used to develop µPADs for the detection of nitrite ion
present in water, the device was developed by craft cutting method. A ‘tree shaped’ μPADs was
impregnated with citric acid at one end in the sample zone, and a chromogenic reagent (3,6-bis
(3,5-dimethylpyrazol-1yl) −1,2-dihydro-1,2,4,5-tetrazine) in all of three detection zones at the
other extremity. The tetrazine is a non-carcinogenic reagent, and it can rapidly react with
analytes over Griess reagent. The formation of pink color with the limit of detection of nitrite ion
from water sample was found to be 1.30 mM (Ortiz-Gomez et al. 2016). Trofimchuk et al., 2020
reported the determination of nitrite from meat product sample using Griess reaction. The LOD
for nitrite was determined to be as low as 19.2 ppm when assessing the inner well and as low as
1.1 ppm when assessing the coffee ring. The LOD for norfloxacin was determined to be as low
as 50 ppm when assessing the inner well and as low as 5 ppm when assessing the coffee ring
(Trofimchuk et al., 2020). Jayawardane et al. (2014) have used a 180 mm thick filter paper to
fabricate μPADs by 3D ink-jet printing method in their study for the determination of nitrite and
nitrate from environmental samples. The nitrite is determined using Griess reaction, but for
nitrate ion detection. the reduction of nitrate to nitrite was performed in a flow-through solidphase reactor of zinc microparticles contained within a hydrophilic channel acting as a reduction
microreactor. The water sample was transported by capillary forces through the reduction
microreactor, converting nitrate to nitrite, before reaching the detection zone where it reacted
with the Griess reagent. The limit of detection and quantification for nitrite were 1.0 and 7.8 M
and for nitrates 19 and 48 M, respectively (Jayawardane et al., 2014).
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Lopez-ruiz et al. (2014) presented a strategy using a mobile phone with a customized algorithm
for image analysis and detection. For device fabrication Whatman grade 1 filter paper used by
PDMS contact stamping method for the colorimetric detection of the μPADs sensing areas
specific for pH detection simultaneously with nitrite detection in water samples. The colorimetric
assay for pH determination was based on the use of two pH indicators, phenol red and
chlorophenol red. A color transition of chlorophenol-red from yellow to purple indicated a pH
from 4 to 6, while a color transition of phenol red from yellow to pink indicated a pH from 6 to
9. Water sample was added to four detection zones followed by phenol red for the first two zones
and chlorophenol red to the other two zones with a response time for both indicators set at 15
min. The color change was observed from yellow to purple for chlorophenol red and yellow to
pink for phenol red due to change in pH. For nitrite ion detection, three different indicators viz.,
(i) mixture of nafion, 2-propanol, water containing polyethylene glycol, (ii) sulphanilamide with
citric acid and (iii)N-(1-napthyl) ethylenediamine dihydrochloride were used. The three different
solution were added to the detection zone followed by Griess reagents. As the sample water was
added to the detection zone, the color intensity was changed due to the presence of nitrite ion.
The nitrite assay, on the other hand, involved a Griess-color reaction in which the color formation
was quantitatively interpreted showing a detection limit of 0.52 mg/l (Lopez-ruiz et al., 2014).
Cardoso et al. (2015) similarly reported a μPADs strategy for nitrite detection in ham, sausage
and the preservative water from a bottle of Vienna sausage using the Griess-color assay. µPADs
were fabricated by fast stamping process in a geometry containing eight circular detection zones
and one central zone to sample inlet interconnected by microfluidic channels. The analytical
sensitivity and the limit of detection achieved after a preconcentration stage were 0.56 (AU/µM)
and 5.6 µM, respectively. The colorimetric analysis was performed by first taking the image of
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the detection device using a scanner, and later processing the magenta scale of the image after
conversion to the CMYK using Corel Photo-Paint™ software (Cardoso et al., 2015). In another
study, Bhakta et al. (2014) developed µPADs by 2D laser printer for the detection of nitrite in
artificial saliva by adding Griess reagent to the detection zone by using grade N.o1 thin
chromatography paper. As sample raised to the detection zone through capillary action, there was
appearance of pink color. Colorimetric detection of nitrite was also done by adding standard
sodium nitrite solution to six detection zones of µPADs which was developed by permanent
marker pen and color change was observed from colorless to violet using N-(1-naphthyl)ethylenediamine and p-amino benzene-sulfonamide as indicators. The color intensity depends on
the concentration of nitrite ion and the same device was checked for the presence of nitrite ion in
pond water (Bhakta et al., 2014).
Klasner et al., (2010) studies the use of PAD fabricated from a polymer blend for the monitoring
of urinary ketones, glucose, and salivary nitrite. The devices were fabricated via
photolithography. Colorimetric assays for ketones and nitrite were adapted from the dipstick
format to this paper microfluidic chip for the quantification of acetoacetate in artificial urine, as
well as nitrite in artificial saliva. The LOD for salivary nitrite was 5 μM, placing both of these
analytes within the clinically relevant range for these assays. Calibration curves for salivary
nitrite (5 to 2,000 μM) were generated (Klasner et al., 2010).
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Table 1 : Previous reported on development of Paper-Based Analytical Devices (PAD) for nitrite and nitrate determination.
Analytes

Fabrication

Detection

Sample matrices

LOD

R2

Reference

(ppm)
Nitrite

Stamping method (2D)

Colorimetric Griess reaction (scanner)

Ham, sausage and the

0.25

0.999

preservative water from a

(Cardoso et al.,
2015)

bottle of Vienna sausage
Nitrite

Paper Cutting (2D)

Colorimetric1,2-dihydro-3,6-bis(3,5-

Mineral and tap water

0.05

0.997

dimethyl-1H-pyrazol-1yl)-1245-tetrazine

(Ortiz-Gomez et
al., 2016)

(DHBPTz). Digital camera and smart phone
Nitrite

Inkjet printing with

Colorimetric Griess reaction

Synthetic, tap, pond and

Nitrate

AKD (3D)

(scanner)

mineral water

Nitrite

Wax printing (2D)

Colorimetric Griess reaction

Saliva

0.046

0.999

1
0.4

(Jayawardane et
al., 2014)

0.988

(Bhakta et al.,
2014)

Nitrite

A stamping technique,

Colorimetric Griess reaction

Water sample

0.52

0.994

using ﬁlter paper,

(Lopez-ruiz et al.,
2014)

stamp and indelible ink
Nitrite

Wax printing using

Griess reaction method

Meat product

1.1

0.980

Whatman #4

(Trofimchuk et
al.,
2020)(Trofimchu
k et al., 2019)

Nitrite

fabricated via

Consisted of sulfanilamide, citric acid, n-(1-

photolithography

napthyl) ethylenediamine in methanol
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Artificial saliva

0.2

0.996

(Klasner et al.,
2010)

CHAPTER THREE
3. MATERIALS AND METHODS
3.1 Equipment, materials and chemicals
Spectral measurements were made by UV-Visible spectrophotometer (HACH DR600) with 1.0
cm quartz cuvette. OMAX light microscope and electronic balance was used to show the
boundary of hydrophilic hydrophobic region and for weighing the chemicals, respectively.
Whatman Filter paper No. 1, micropipettes 100 – 1000 µL, 10 – 100 µL, 0.1– 2.5 µL (dragon,
Germany), iPhone 5S tablet, Hair dryer (2000wat), wooden frame (21cmx30cm), mesh (57 m),
solid wax, squeegee, adhesive tape, transparency film were purchased from local market. The
following chemicals were used to conduct the experimental work: lacquer, Sulfanilic acid (99%),
glacial acetic acid (CH3COOH), N-(1-naphthyl)-ethylenediammoniumdichlorid (Sigma Aldrich,
Germany), sodium nitrite (NaNO2-), potassium nitrate (KNO3-), zinc dust (95%), potassium
chloride (KCl), and sodium acetate (CH3COONa).

3.2

Development of patterned paper-based device

Screen-printing is a well-known and widely-applied printing technique for creating images on a
suitable substrate. In 2011, Dungchai et al. for the first time proposed a wax screen-printing
method to fabricate µPADs (Dungchai et al., 2011) and later in 2017, Namwong et al. modified
the oven drying approach by using hair drier (Namwong et al., 2017).
In this study, wax screen-printing method was used as described by Namwong et al (2017). The
method employed involves series of steps that has been described both in text and pictorially.
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Basically, this method can be categorized into two phases: i) printing the design on the mesh
screen; ii) transferring the design from the mesh to the filter paper.
Circular zones (1 cm diameter) was designed using power point (Microsoft window 10) and
printed on a transparency using a laser printer (Figure 4A). Black areas on the transparency is
used to generate a hydrophobic area on the paper, while colorless areas yield hydrophilic zones.
A fine mesh of size 57 m was stretched on the wooden frame (Figure 4B).
A lacquer was prepared by mixing 40 mL of emulsion with 5 mL of sensitizer and left for 12
hours in a dark room. The lacquer was applied on both sides of the mesh stretched on wooden
frame (Figure 4C) and dried in a dark box to keep away the sensitizer from light (Figure 4D).
After drying the lacquer, the designed-on transparency was placed over the lacquer-coated screen
and then exposed to fluorescence light source (2500 lux) at a distance of 30 cm (Figure 4E). The
fluorescence light passes through the clear areas (circular zones) and creates a polymerization
(hardening) of the emulsion. The area of emulsion that is exposed to light harden, so blocking
the screen (circular zones) which will be used for creating hydrophilic part on the paper. On the
other hand, the part protected from light by the opaque areas (black part) remain soluble and
washed away with pressurized water opening the mesh for creating the hydrophobic part on the
paper (Figure 4F). Finally, the design printed on the mesh screen (form a film on a mesh) and
ready to be used for the fabrication of the μPADs (Figure 4G).
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Figure 4. Printing the design on the mesh screen
To fabricate the μPADs, a filter paper was put on the bottom of the patterned screen (Figure 5A)
and the melted solid wax (Figure 5B) was applied on the patterned screen and squeezed to insert
the melted wax into the screen (Figure 5C). The paper was separated from the mesh screen by
blowing with a home hair dryer (power of 2000watt). The melted wax passed through the screen
on to the paper creating hydrophobic barrier on the paper (Figure 5D) and prior to using μPADs,
clear packing tape was put on the backside of the patterned paper to prevent leaking during the
analysis.
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Figure 5. The process of fabricating the device.

3.3

Preparation of stock solution and reagent

Griess reagent was prepared as described by Pereira et al. (2012). It was synthesized by mixing
equal ratio of sulfanilamide and NED solutions. The sulfanilamide and NED solutions were
prepared as follow; sulfanilamide reagent was prepared by dissolving 600 mg of sulfanilic acid
in 50 mL of hot water. After cooling the mixture at room temperature, 20 mL of glacial acetic
acid was added to the mixture and diluted to 100 mL with deionized water. NED reagent was
prepared by dissolving 20 mg of N-(1-naphthyl)-ethylene diammonium dichloride (NEDD) in
20 mL of glacial acetic acid and the mixture was diluted to 100 mL with deionized water (Pereira
et al., 2012). NED and sulfanilamide solutions were prepared separately, this help to extend the
shelf life time of the Griess reagent.
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UV-Visible spectrophotometry was used to characterize the Griess reagent prepared in the
laboratory from the mixture of sulfanilamide and NED solutions. 1 mL of the Griess reagent was
added to 10 mL of 1 ppm nitrite solution to form azo-dye complex. The azo-dye complex was
scanned using UV-Visible spectrophometry at different wavelength in the range of 200 to 700
nm to obtain the wavelength of maximum absorption.
A 500 mL of 100 mg/L stock solution of sodium nitrite (NaNO2) was prepared by dissolving
0.246 g of pre-dried (at 105 oC for 4 hours) powder in distilled water using volumetric flask.
Working nitrite solutions were prepared daily freshly (Zhang et al., 2000).
Stock nitrate solution (100 mg/L) was prepared by quantitatively transfer 0.180 g of pre-dried
(105 oC for 4 hour) potassium nitrate (KNO3) to a 250 mL volumetric flask containing
approximate 200 mL of distilled water and dilute the solution to the mark. The solution prepared
freshly during the work (Zhang et al., 2000).
Griess is a key reagent to indicate concentration of nitrite and nitrate ion present in the sample.
Nitrite ion can be directly detected with the reagent however for the determination of nitrate ion,
Zinc powder was used to reduce nitrate to nitrite. Griess reagent was deposited on the paper
device and allowed to dry for 10-minute, followed by adding a drop of sodium nitrite solution to
complete the azo-dye complex formation (pinkish color).
The picture of the formed azo-dye complex color was taken using an iPhone 5S tablet camera
and the corresponding color intensity was further analyzed by using ImageJ software as described
in section 3.5. This study attempts to optimize different parameters for the determination of nitrite
and nitrate ion using a fabricated paper-based device and analytical figure of merit for the
analysis of nitrite and nitrate ion using the developed paper device were evaluated.

41

3.4 Optimization of main parameters for colorimetric determination
3.4.1 Volume of reagent on intensity
The volume holding capacity of the PAD of the circle was evaluated by adding different volume
1, 2, 3, 4, 5 and 6 L of red food dye dropped on hydrophilic region using micropipette and the
optimal holding capacity was identified. Furthermore, the effect of Griess reagent volume on
paper device was investigated. The reagent volume ranging from 1 to 5 µL were evaluated. 1 µL
of Griess reagent was dropped onto 5 wells of paper-based devices of different concentration of
nitrite solution (0, 1, 2, 4 and 6 ppm) using micropipette. Similarly, 2, 3, 4 and 5 µL of Griess
reagents were investigated separately. Fully developed colors were captured using iphone5
camera and the corresponding color intensities were analyzed using ImageJ software. Finally,
the optimal volume of a Griess reagent intensity was obtained from a graph plotted, Griess
reagent volume as a function of color intensity.

3.4.2 Volume of sample on intensity
The volume of the sample was optimized by using the optimal volume of Griess reagent obtained
from section 3.4.1 Different sample volume of 1, 2, 3, 4 and 5 µL of different concentration (0,
1, 2, 4, 6 and 8 ppm) of nitrite solution were added to each reaction well that contain optimal
volume of reagent. The mixture was then allowed to dry at room temperature. The picture of
formed color was taken and analyzed using ImageJ software. Finally, the graph of intensity
versus volume of sample was constructed.

3.4.3 Time needed for formation of Azo-dye complex
The time needed to complete the azo-dye complex formation of the reaction between nitrite
solutions and Griess reagent was optimized by capturing picture of developed color at different
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time range which was then analyzed using ImageJ software. Each triplicated hydrophilic zone
was spotted with 1 L of color forming reagent (a mixture of sulfanilamide and NED).
Afterwards, each zone was allowed to dry at room temperature in dark box for 10 minutes
(Cardoso et al., 2015). Then, 5 L of 1 ppm nitrite sample solution was added into the reagent to
form azo-dye complex. In order to obtain the optimal time required to complete the azo-dye
complex formation reaction, photos of the developed color were captured every 5-minute staring
from 2-minute of reaction time up to 45 minutes. The captured photos were converted into color
intensity value using ImageJ software.

3.4.4

Amount of Zinc powder for nitrate ion determination

The optimal quantity of Zn powder used for nitrate ion determination of the sample solution was
determined from various quantities of Zn powder using both UV-Visible spectrophotometry and
PAD methods. In the former method, Zn powder ranging from 2.5-12.5 mg was added to the
sample solution containing 2.5 mL of 10 mg/L NO3- standard solution and 1 L Griess reagent.
In the latter method, Zn powder ranging from 10-250 mg was added to the sample solution
containing 10 mL of 10 mg/L NO3- standard solution and 1 mL Griess reagent. Each sample was
shaken and allowed to stand for 5-minute to complete the reduction reaction. The intensity of
formed color and absorbance measurement of each triplicate sample of different Zn quantity was
obtained from the graph plotted absorbance against quantity of Zn powder and intensity as a
function of Zn powder quantity (Murray et al., 2017). The following equation shows reduction
of nitrate into nitrite in the presence of Zinc powder.
NO3- + Zn + 2H+

NO2- + Zn2+ +H2O
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(1)

3.5

Color intensity analysis by ImageJ software

Smartphones cameras were generally used to capture a formed color result and the corresponding
colors intensities were analyzed by ImageJ software. One of the drawbacks of PAD is the color
homogeneity and the result is mostly influenced by the ambient light sources. The main strategies
to solve this problem is protecting external light sources to make all light constant condition and
use a fixed position in order to capture the picture without flashing iphone5. Images of fully
developed colors were captured using iphone5 camera which was then transferred to ImageJ
software to convert the obtained color into intensity. In this study, the following detail procedure
of ImageJ software was followed step by step to analyze the formed color (Nouanthavong, 2015).
1. Starting ImageJ program: Start ImageJ/or double click at icon of program on desktop of
computer. Then the box will appear.
2. Choosing the image: file → open, and choose the image
3. Setting scale: Analyze →Set Scale, then clicks OK
4. Adjust color: Image →Adjust → Color Threshold, then Threshold Color’s Box appears.
5. All hue adjusts, selects “pass”, Color space: RGB, Threshold color: White,
Thresholding method: Default
6. Setting gray scale: Image →Type →8-bit, then image is converted to the picture.
7. Adjust to gray intensity: Edit →Invert
8. Set measurements: Analyze → Set measurements, then select Area, Mean Gray value,
limit to threshold and then click OK
9. Measuring the color intensity: click “Oval selection”. Then drag at the wanted area for
measurement. Next, go to Analyze → Measure or Ctrl + M. The mean gray intensity
appears in the box’s result.
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3.6 Analytical features for the method
3.6.1

Linearity

Linearity study in PAD was evaluated for nitrite and nitrate concentration in the range of 0.4 to
2 ppm and 1 to 10 ppm, respectively. A 1 µL of Griess reagent was dropped onto a paper-based
device (n=3). Another 5 µL of nitrite solution of different concentration was pipetted onto the
device and the pink color product formed. Color intensity was measured as the method described
in section 3.5. A graph plotted between concentration of nitrite and mean gray intensity were
constructed to find the linearity. Similarly, in the UV-Visible spectrophotometry linearity
analysis was evaluated in the range of 0.1−1.4 mg/L and 0.5 mg/L– 12 mg/L for nitrite and nitrate
concentration, respectively.

3.6.2 Limit of detection
The limit of detection (LOD) is the lowest analyte concentration likely to be reliably
distinguished from the blank and at which detection is feasible. In this work, experimental LOD
was evaluated as the lowest nitrite concentration that can give measurable intensity. The
detection limit for both UV-Vis spectroscopy and µPADs techniques was calculated as based on
the regression line as y-intercept plus three times the standard error (Sy/x) of the signal
(intensity/absorbance in the y direction). The standard error (Sy/x) of the signal is obtained from
the Excel regression output (Miller and Miller, 2005).

3.6.3 Interference studies
Some common ions that interfere nitrite and nitrate ion determination were considered in this
study. Various concentrations of KCl and CH3COONa were introduced into the samples to
provide these interference ions. These were studied by analyzing standards containing 1 ppm
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nitrite and 10 ppm nitrate at different concentration of 50 ppm to 1000 ppm of KCl and
CH3COONa. The effect of these interference ion for nitrite and nitrate ion determination was
investigated.

3.6.4 Method validation
The validity of the proposed method was performed by recovery studies using the standard
addition method. For this purpose, known amounts of standard nitrite were spiked to tap water
and the total amount of the analyte was estimated by both µPAD and UV-vis. The percent
recovery (%R) was obtained from equation 2;
%R=

𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝑟𝑒𝑠𝑢𝑙𝑡−𝑢𝑛𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝑟𝑒𝑠𝑢𝑙𝑡
𝑘𝑛𝑜𝑤𝑛 𝑠𝑝𝑖𝑘𝑒𝑑 𝑎𝑑𝑑𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

∗ 100%

(2)

Tap water samples collected from “Arat kilo” campus compound was used for method validation.
Samples were collected by using polyethylene plastic containers. The tap water was allowed to
run for at least 20 minutes before sample collection. Three samples of replicates were collected
from three locations (near digital library, around student cafeteria and near graduate building)
and mixed as to take representative samples. Because of no preservation techniques are
recommended by official method for tap water samples; analysis was done within 48 hours after
collection to obtain reliable nitrite concentration(Cleiseri et al., 1998). For this short-term
preservation samples were stored at 4 oC in a refrigerator.
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3.7 Real sample analysis
To evaluate the performance of PADs, ground water samples were collected from Dire Dawa
city at different areas of wells with the help of Dire Dawa city water supply and sanitation
authority using pre-cleaned plastic containers. Prior to sample collection, the plastic containers
were thoroughly rinsed with the groundwater to be sampled. The samples were carefully
collected and stored at 5 °C in the Icebox and transported to Addis Ababa University,
Environmental Science laboratory room refrigerator until being required for analysis.
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CHAPTER FOUR
4. RESULTS AND DISCUSSION
This chapter discuss about the characterization of the fabricated µPADs and various parameters
optimized for the colorimetric assay of nitrite and nitrate. The parameters include reagent and
sample volume, zinc loading and complete color development time of the formed complex.
Under the optimum values, the calibration curve for nitrite and nitrate ion were constructed and
the results were compared with UV-Visible spectrophotometry. Finally, the performance of the
analytical method and application to the real sample analysis are discussed.

4.1 Characteristic performance of wax screen printed μPADs
The reproducibility in size of the hydrophilic zone is very important as this region is where the
chemical reaction is taking place. Its size plays an important role to miniaturize the reagent and
sample volume. So, the reproducibility of device was evaluated by measuring inner zone
diameter of the hydrophilic circle using a Vernier caliper. The average diameter of 50 circular
micro-zones was 9.00 ± 0.02 mm, indicating a good fabrication reproducibility of the screenprinting method.
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Hydrophilic zone

Hydrophobic barrier

Figure 6. A) Illustrations of the hydrophilic and hydrophobic barrier of the device using
electronic microscope image with the magnification of 40×10.65/150×0.17. B) Shows the
difference of a hydrophilic (white spot) and hydrophobic part (orange) response to moisture.
The water resistance of the wax applied on the paper was investigated to conﬁrm that the
patterned hydrophobic barriers can eﬀectively make an aqueous sample in the hydrophilic testing
region. The light microscope result (Figure 6A), clearly shows the porosity of the fiber part of
the cellulose (hydrophilic paper), which helps to hold chemicals for the reaction. However, on
the hydrophobic region (wax applied part), the fiber part of the cellulose was blocked by the
melted wax.
When applying the same volume of aqueous food dye solution on the hydrophilic and
hydrophobic regions of the filter paper (Figure 6B), the hydrophobic part do not moisturize by
the aqueous solution (it remains intact as droplets), in contrast, the same volume of the food dye
solution is absorbed in the hydrophilic zone. This clearly shows that the hydrophobic wax
penetrates throughout the thickness of the filter paper and hence effectively blocks the ﬂow of
the aqueous solution within the hydrophilic region.
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4.2

Factors affecting colorimetric assay

4.2.1 Effect of reagent volume
The volume of both Griess reagent and nitrite solution being added to hydrophilic paper zone
were optimized. The optimal volume of reagents and samples holding capacity of the circle were
the basic experiment to begin the determination of nitrite and nitrate ion. Accordingly, the test
from the food dye solution drop showed that the maximum holding capacity of a circular spot
(reaction wells) was found to be 6 µL.

Figure 7. A) Intensity variation with respect to change in [NO2-] and volume of Griess reagent
B) Intensity variation with respect to change in volume of Griess reagent at 6 ppm [NO2-].
Figure 7A displays, the color intensity variation for the whole concentration range (0−6ppm) and
it can be easily observed by our naked eye. A plot of volume of the reagent versus mean gray
intensity at specific concentration (Figure 7B) was also made to get optimal Griess reagent
volume required at the highest nitrite concentration. As can be seen in Figure 7B, for 1 ppm
nitrite concentration, all volumes of the Griess reagent (1−5 µL) gave color intensity ranging
from 103−105. A good color intensity was observed irrespective of the volume of reagent used.
Statistical analysis of the data using one-way ANOVA also confirmed that there is no significant
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difference (P < 0.05) in the intensity by varying the volume of the reagent. This implies that 1
µL of Griess reagent is adequate to get a good color intensity for the analysis of nitrite and nitrate.

4.2.2 Effect of sample volume
To check whether the volume of sample has an effect on the intensity of the color or not, sample
volume of nitrite solution was optimized at constant reagent volume (1 L) and concentration (1
ppm). Figure 8 shows that an increase in the sample volume resulted in color intensity
enhancement in the reaction zone.

Figure 8. A) Intensity variation with respect to change in concentration [NO2-] and volume of
NO2- B) Intensity versus volume change at 8ppm [NO2-].
As can be seen in Figure 8 B, at nitrite concentration (i.e. 1 ppm), the color intensity of the
reaction wells with a sample volume of 5 µL (103) is significantly higher than that of the intensity
at 4 µL (97). This indicates the availability of unreacted Griess reagents which can further react
with the analyte. Therefore, a sample volume of 5 µL was used for this assay. The total volume
added to the paper device (the sum of volume of reagent and the sample) cannot be beyond the
holding capacity of reaction wells (circle) which is 6 L, since it will be subjected to leveled oﬀ.
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4.2.3 Time for Azo-dye complex formation
The formation of the azo-dye complex was confirmed by the maximum absorbance at 540 nm
as shown in Figure 9.

Figure 9. Absorption spectra of azo-dye; sulphanilamide-NED using UV-Visible
spectrophotometer.
The color development of the azo-dye complex was monitored at ambient temperature (20−25
°C) by recording the intensity every 5 minutes after the azo-dye complex formation takes place
within 2 minutes. As shown in Figure10, for different time (5, 10 and 15 minutes) of 1 ppm nitrite
solution gave almost stable intensity ranging from (99−103), this implies that there is almost
complete formation of azo-dye complex starting from 5 minutes. After 20-minute, the intensity
of the azo-dye complex is gradually decreasing with time, which indicates a decomposition of
the complex (Limousy et al., 2010). Therefore, the azo-dye color intensity measurement, which
is the bases for quantification could be comfortably carried out within 5−15 minutes.
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Figure 10. Azo-dye complex stability variation with time.

4.2.4 The amount of Zinc powder
Nitrate ion is not directly determined using Griess reagent; it has to be reduced to nitrite using
zinc powder. As shown in Figure 11, at initial amount of Zinc loading (2.5 mg) used, low
intensity was observed, this implies the nitrate in the sample is not fully reduced to nitrite ion.
The intensity increases with increasing mass of zinc to 6.25 mg and after 12.5 mg it starts to
decrease. The decreasing intensity after reaching optimum value was probably due to more
quantities of Zinc powder used attributed to the over reduction of nitrite to lower oxidation states
such as ammonia. Furthermore, higher quantities of zinc powder forms turbidity and
consequently decreases the intensity value when it is analyzed using ImageJ software. Therefore,
the optimum weight of Zinc powder was found to be 6.25 mg.
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Figure 11. A plot of Zinc loading versus intensity
In using UV-Visible spectrophotometry for Zinc optimization, similar pattern was observed for
the plot of absorbance versus zinc loading (Figure 12), with an optimum amount of 25 mg zinc
loading. When more amount of Zn powder is added beyond the optimum value, this leads to an
increased turbidity and consequently a drop-in absorbance value for UV and also decrease in the
intensity value in µPADs (Murray et al., 2017).
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Figure 12. Zinc powder loading (mg) as a function of absorbance for 10 mg/L of NO3- ion
synthetic water sample.
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4.3 Analytical performance of the method
4.3.1 Calibration curves
Calibration curve was constructed using standard solution of nitrite in the concentration range of
0.4 to 2.0 mg/L under optimized condition. As shown in Figure 13A, the calibration curve
obtained using µPADs has a good linearity with correlation coefficient (R2) value of 0.9931.
Similarly, the calibration curve for nitrite ion was also studied using UV-Visible
spectrophotometry and good linearity (R2 = 0.995) was observed in the range of 0.1−1.4 mg/L
(Figure 13B).

Figure 13. Calibration curve for nitrite using A) µPADs and B) UV-Visible spectrophotometry
For the nitrate ion, calibration curves with correlation coffiencents (R2) of 0.9934 and 0.9956
was observed for µPADs and UV-Vis spectrophotometry, respectively (Figure 14).
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Figure 14. Calibration curve for nitrate using A) µPADs and B) UV-Visible spectrophotometry.

4.3.2 Limit of Detections
In both µPADs and UV-vis, the detection limit was determined based on the regression line as
y-intercept plus three times the standard error (Sy/x) of the signal (intensity/absorbance in the y
direction). The standard error (Sy/x) of the signal is obtained from the Excel regression output
(Miller and Miller, 2005). In µPADs method of analysis the limit of detection (LOD) for nitrite
and nitrate was found to be 1.6 x 10-1 and 8.7 x 10-1 ppm, respectively. In the case of UV-vis it
was 6.6 x 10-2 and 1 x10-1 ppm for nitrite and nitrate, respectively. The result indicates that the
LOD in µPADs is higher (less sensitive) than the LOD in UV-Vis spectroscopy analysis.
Although µ-PADs are less sensitive than UV-Vis in this study, the detection limits obtained for
both analytes is below the established regulatory limits, such as 1 ppm for nitrite and 50 ppm for
nitrate in drinking water. The µPAD fabricated in this study by wax screen printing method
showed a very high sensitivity (LOD = 1.6 x 10-1 ppm) compared to the µ-PAD fabricated by
polydimethylsiloxane (PDMS) stamping (LOD = 5.2 x 10-1 ppm) for the analysis of nitrite in
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drinking water (Lopez-ruiz et al., 2014). However, it is found to be less sensitive compared with
the recent work by Zhang et al (2018), which reported LOD of 73 ppb for nitrite determination
in saliva (Zhang et al., 2018). In general, the present study demonstrates that the developed µPAD method has adequate sensitivity to evaluate compliance with the maximum permissible
limits of nitrite (3 ppm) and nitrate (50 ppm) in drinking water set by Ethiopian Standard
Authority without need for an expensive analytical instrument.

4.3.3 Interference studies
Potential interference from various anions on the PADs analysis of nitrite and nitrate ions were
studied at concentration of 1 ppm and 10 ppm, respectively. The gray intensity of the azo-dye
complex in the presence of different concentrations of interfering anion was evaluated.
In the presence of Cl- at concentrations level of 1000, 400, 200 and 50 ppm on the analysis of 1
ppm nitrite ion showed percentage recovery of 90.1 (±3.3), 91.7 (±2.5), 96.4 (±2), and 97.7%
(±1.7), respectively. And percent recovery over 97% was observed for the analysis of nitrite in
the presence of nitrate ion. However, in the presence of CH3COO- at concentrations level of
1000, 400, 200 and 50 ppm, the analysis of 1 ppm nitrite gave percentage recovery of 51.9 (±1.6),
70.3 (±2.3), 75.8 (±1.8), and 86.5 (±2.9), respectively. All the recoveries obtained for the nitrite
in the presence of Cl- ions is in an acceptable range implying that Cl- ions doesn’t interfere in the
analysis of nitrite. In contrast, the presence of CH3COO- significantly drops the recovery of nitrite
(below 75%) particularly at higher concentration level (1000−400 ppm). This result revealed that
the presence of CH3COO- ions significantly affects the analysis of nitrite. Similarly, in the
presence of Cl- (50−1000 ppm), no effect was observed on the analysis of 10 ppm NO3- .
However, in the presence of high concentration CH3COO- (1000 ppm), the recovery for 10 ppm
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NO3- goes down to 50% implying the interference of the CH3COO- in the analysis of nitrate as
well.

4.3.4 Method validation
The determination of nitrite and nitrate ions in spiked tap water were carried out using the
fabricated µPADs and compared with UV-Visible spectrophotometer. As shown in Table 2
percentage recovery observed for a nitrite is 95−99 and 98−100% in using µPADs and UV-Visible
spectrophotometry, respectively. Similarly, for a nitrate percentage recovery in the range of
96−99 and 96−99% has been observed in using µPADs and UV-Visible spectrophotometry,
respectively. This indicates that the PAD method is in a very good agreement with UV-Visible
spectrophotometry and therefore it could be used for the analysis of nitrite and nitrate in a
resource limited area without a need for an expensive benchtop analytical device.
Table 2 : Nitrite and nitrate analysis in spiked tap water samples using µ-PADs and UV-Visible
spectrophotometry method.
Nitrite analysis in tap water

Nitrate analysis in tap water

Amount

Percentage Recovery

Percentage Recovery

Amount

Percentage

Percentage

spiked

Using µPADs

using UV-Vis analysis

spiked

Recovery using

Recovery using

(ppm)

analysis

(ppm)

µPADs analysis

UV-Vis analysis

0

-

-

0

-

-

0.5

97.38

100.00

4

96.19

96.20

0.6

95.39

98.00

6

97.54

98.27

1

98.74

99.01

8

98.14

98.70

1.2

98.81

100.00

10

99.03

99.67
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4.4 Real sample analysis
Ground water samples collected from Dire Dawa city were analyzed for nitrite ion using both
µPAD and UV-Visible spectrophotometry. The results revealed that there was no nitrite ion in
the ground water sample. This might not imply absolute zero; perhaps it might be below the
detection limit of the analysis method. Therefore, four levels of standard solutions of nitrite were
spiked to the ground water to investigate whether the sample had 0 ppm nitrite or a nitrite level
below the detection limit.
Table 3 : The determination of nitrite in ground water samples
Nitrite analysis using PADs

Nitrite analysis using UV-Visible
Spectrophotometry

Amount Spiked

Actually

Difference

Actually determined

Difference

in ppm (A0)

determined (Af)

(Af −A0)

(Af)

(Af −A0)

0

0

0

0

0

0.5

0.5477

0.0477

0.5494

0.0494

0.6

0.6487

0.0487

0.6492

0.0492

1.0

1.0499

0.0499

1.0501

0.0501

1.2

1.2500

0.05

1.2503

0.0503

0.049 ppm

Average difference

0.05 ppm

Average difference

As can be seen in Table 3, the actual concentration of nitrite determined by both µPAD and UVVisible spectrophotometry goes beyond the amount spiked in the ground water sample. This
implies that the ground water has some amount of nitrite before it is spiked. Based on the µPADs
analysis, the average nitrite concentration in the ground water is calculated to be 0.049 ppm.
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Likewise, UV-Visible spectrophotometry measurement for the nitrite concentration in the ground
water sample was also found to be 0.05 ppm. Hence, we can conclude from the result that the
values obtained from the PADs and the UV-Visible spectrophotometry are in an excellent
agreement. In both methods, the amount of the nitrite ion found in the ground water is 0.05 ppm
which is below the detection limit of µPADs and UV-vis. Furthermore, it is worth to notice that
the nitrite concentration in the ground water sample of Dire Dawa city is below the maximum
accepted concentration (MAC) level in drinking water set by US EPA 2009 (1 ppm).
Direct PADs analysis of the ground water sample for nitrate revealed a huge intensity beyond
the calibration curve. This implies that the ground water sample contained a very high
concentration of nitrate that goes out of the calibration curve range. Therefore, to quantify nitrate
with in the calibration curve, the ground water sample was diluted and then multiplied by the
dilution factor (Df ) to get the actual concentration. Accordingly, 5 mL of ground water sample
was mixed with 45 mL of distilled water to form a 50 mL total volume. After reduction with zinc
powder, the nitrate was quantified using PADs and UV-vis.
Df is calculated to be 10 based on equation (3)
:

Df =

Vf
⁄V = 50 mL⁄5 mL = 10
i

(3)

where Vi refers to the volume of ground water sample taken for analysis and Vf refers to the
sum of the total volume after dilution.
The total nitrate ion concentration in the diluted ground water sample was found to be 7.0526
ppm. The actual concentration becomes 70.526 ppm, when multiplied by the dilution factor (10).
The concentration of the nitrate ion in the ground water sample was determined by subtracting
the calculated nitrite ion concentration (before Zinc powder was introduced) which was 0.05 ppm
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from the total nitrite ion concentration (70.526 ppm). Thus, the amount of nitrate ion in the real
sample was found to be 70.476 ppm. The same dilution factor (10) was also applied for UVVisible spectrophotometry analysis. Accordingly, the total nitrate ion concentration in the ground
water sample was found to be 70.60 ppm, and the nitrite ion concentration before Zinc powder
addition was almost 0.05 ppm, hence the nitrate ion concentration in the ground water sample
using UV-Visible spectrophotometry was found to be 70.550 ppm. It is worth to notice that
exactly the same concentration of nitrate was obtained from ground water by using both µPADs
and the UV-vis method of analysis. This indicates the developed µPADs method of analysis is
very reliable for the determination of nitrite and nitrate in various water samples.
From this study, besides the analytical method development, it can be noticed that the
concentration of nitrate in the ground water sample (71 ppm) is above the maximum accepted
concentration in drinking water set by both international (WHO, USEPA) and national regulatory
bodies (Ethiopian Standard Agency) which is 50 mg/ L (50 ppm).
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CHAPTER FIVE

5. CONCLUSION AND RECOMMENDATION
5.1

Conclusion

The colorimetric µ-PAD fabricated by screen printing method was used to quantify nitrite
and nitrate contamination in water samples and the results were compared and validated with
UV-Vis spectrophotometric analysis. Excellent agreement was observed in the nitrite and
nitrate analysis of spiked tap-water and ground water between the μ-PAD and UV-Vis
spectrophotometry results.
Although µ-PADs are less sensitive than UV-Vis in this study, the detection limits obtained
for both analytes is below the established regulatory limits in drinking water. Hence the
developed µ-PAD method could be used to evaluate compliance with the maximum
permissible limits of nitrite and nitrate in drinking water set by Ethiopian Standard Authority.
This study implies that μ-PAD has a potential for environmental sample analysis and could
substitute or complement conventional analytical instrument-based methodologies,
particularly in resource-limited countries. Therefore, microfluidic paper-based analytical
devices (µPADs) established in this study has a significant contribution towards realizing
the ASSURED policy set by WHO.
From this study, besides the analytical method development, the nitrate concentration found
in the ground water sample (71 ppm) was above the maximum acceptable concentration in
drinking water, which needs attention by the concerned body to explore on some treatment
techniques to reduce the nitrate concentration to the acceptable level.
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5.2

Recommendation

We recommend more studies to be conducted µPADs for the determination of different
pollutants. In the present work, a good limit of detection was achieved using readily available
materials including filter paper and candle. We suggest further studies using 3D device printing
method, this could further enhance the sensitivity, especially for nitrate determination, applying
a zinc dust on the 3D will minimize the washing effect. We also recommend use of scanner
instead of iphone5 camera and laminated device, which could further enhance the colorimetric
analysis. Future work should be done to produce cost-effective and reliable device for an in-situ
determination of various pollutants including nitrite and nitrate in developing countries like
Ethiopia.
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