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Abstract

The increase in the world population leads to an increase in the need for production of crops.
To optimise crop production fertilizer application needs to be managed by the farmer,
consequently, regular information about the chemistry of the soil is required. There is a strong
need for regular and in-field methods for the analysis of different essential nutrients in the soil
which are in macro (e.g., nitrate) and micro (e.g., manganese) levels. Of the recently available
lab techniques (e.g., IEC?, ICP-MS?) and commercial techniques? (e.g., strips and palintest) some
are not quantitative, some are expensive, some are time-consuming, and some combine all
these disadvantages. Consequently, they are not practical, especially for low- and middle-

income countries where agriculture is the main source of economy.

Here a simple (user-friendly) and low-cost workflow for routine monitoring of nitrate and
manganese in soil samples, which is based on phone colourimetric paper-based sensor and

cafetiere extraction and meets on situ detection requirements, was developed.

Novel cafetiere extraction was suggested for the first time for on-site extraction of soil nutrients.
Cafetiere consisted of plunger and meshes which provide the required mixing and filtration
respectively. Initially nitrate determination workflow in soil was developed and tested with
volunteers. The workflow requires 13 minutes total time for nitrate determination, 5 minutes
extraction by cafetiere (DIW solvent, 90% extraction efficiency) and 8 minutes detection by a
phone-based colourimetric paper-based sensor. The PAD (paper-based analytical device) was
able to detect as low as 27.10+2.64 mg kg and 34.35+2.77 mg kg™ of nitrate when a scanner
and phone were used for the detection respectively. The developed PAD was small, portable,
fast, easy to use, disposable, safe, low cost, robust (to interference and pH change), reliable and
can be used in the field in a resource-limited setting. 97% of volunteers found the workflow
easy and were able independently to perform the workflow for nitrate determination by

following a simple instruction sheet.

Similarly, a workflow for manganese determination was developed in the lab to fit the field
requirement. The workflow consists of two steps: 4 min cafetiére extraction (NaCl solvent, 10%
extraction efficiency) and 7 min detection (colourimetric paper-based sensor) with a total time
of 11 minutes. The PAD was able to detect (LoD) 4.14+0.30 mg kg and 5.12+1.88 mg kg* of
manganese when a scanner and phone were used for the detection respectively. The developed

PAD was inexpensive, easy to handle (based on dipping sample introduction) and with less toxic

The workflow showed promising results in detecting nutrients in the soil without the aid of an

expert. This workflow will enable farmers in low-income countries to determine soil nutrient



content using non-expensive, simple, and easily available methods and hence get enough
information about the recommended fertilizer application. Consequently, this may improve the
crop and hence the economy in these countries. In the future, the workflow needs to be
supported with an app that enables the lay people to determine the result of the analysis by

themselves and share it with researchers.
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NED N-(1-naphthyl)-ethylenediamine dihydrochloride
PVC Polyvinylchloride

ICP-OES Inductively coupled plasma optical emission spectroscopy.
TDS Total dissolved salt

ICP-MS Inductively coupled plasma mass spectrometry.
TMAH Tetramethylammonium hydroxide

EDTA  Ethylenediamine tetra acetic acid

HPLC  High-performance liquid chromatography

PAN I-(2-pyridylazo)-2-naphthol

PAR 4-(2-pyrldylazo) resorcinol

CL Chemiluminescence

ECL Electrochemiluminescence

CRM Certified reference material

PDDA Polydiallydimethylammonium chloride

LoD Limit of detection

LoQ Limit of quantitation

ANOVA Analysis of variance
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Chapter 1 Introduction and literature review

1.1 Introduction

Plant growth depends on several components like Water, solar energy, CO; and soil nutrients
which contribute directly to the growth of plants. The physical, chemical, and biological
characteristics of soil do influence its productivity 4. Some of these properties are acidity, texture,
depth, water content and organic matter content of soil. For instance, the increase in the density
of soil leads to the reduction of some plant growth since it is difficult for the plant root to
penetrate deep in the dense soil >. Management and treatment of soil are very important factors
to consider since they significantly affect the quality of the soil and consequently the growth of
plants ®’. The addition of fertilizers and organic matter are methods which are used for soil

treatment ®.

Nitrogen, phosphorous and potassium represent major nutrients which are required in macro
amount 8. Fe, Cu, Mn, Mo, Ni, B and Zn are elements which are consumed in mic amount by
plants 8. The problem of toxicity and the deficiency of nutrients may also result because of the
variation in nutrient concentration. Plant growth generally responds to the increase and
decrease in the level of specific nutrients. A very small concentration of nutrients leads to small
plant production °. Once a suitable amount of nutrients is available the production is optimum,
and a very high amount of nutrients can cause finally toxicity in plants °. The yield growth is
controlled using fertilizer '°. The use of fertilizers should be managed in an efficient way which
causes no toxicity or deficiency in nutrients. Understanding the land, considering the natural
resources, and increasing farmer knowledge about soil nutrients are all factors that contribute
to the efficient use of fertilizer **. The most effective use of fertilizers has been impractical and
challenging because intensive laboratory testing would be required where sampling and soil
analysis should be done for ten to thousand acres of land, and this is expensive and time-
consuming 2. The recent approach ignores the variation of nutrients at different positions of the
land. Nutrients vary geographically and over the year >4, Consequently, overuse or deficiency
in fertilizer components may occur. Overuse of fertilizer is associated with many problems.
Contamination of surface and groundwater may occur °. Leaching of sulfur, nitrogen and
phosphorus to rivers and lakes causes the growth of algae which tends to consume the oxygen
and cause oxygen deficiency . Also, the acid rain problem may increase by escaping sulphur

and nitrogen gases Y.

Therefore, more attention should be given to soil issues. Knowing regular information about the
soil nutrient contents is crucial for farmers 8. The regular on-site monitoring system is strongly

required. There should be an in situ analytical system to produce quantitative information about



nutrient content in soil for farmers at any time during the year. In addition, regular information
can be used as a research tool to support a better understanding of how nutrients change within
regions and over time and in different climate conditions. The traditional analytical system for
nutrient determination is based on several sampling steps and complicated instrumentation >
2 |n addition, there are field methods for soil nutrient determination, however, they require a
lot of steps and an expert person to do the work. Also, some are still expensive, especially for

poor countries 242,

Consequently, paper microfluidic systems have been proposed as cheap and easy-to-use
alternatives for such complicated and time-consuming methods. The flow in the paper requires
no external power due to the capillary action ?’. Furthermore, paper has hydrophilic cellulose %,
Consequently, this helps in the flow of hydrophilic reagents within the paper. It is possible to
store the reagent within the fibre of the paper while they are in their active form ?° and hence
the reaction can happen within the paper. Simultaneous detection 2° can be performed within
the paper due to the hydrophobic barrier that can be formed within the paper. Filtration of the
sample before detection is also possible due to the porosity of the paper ¥. Compared to
conventional methods 3° the volume of used reagent in paper is less and hence cost is reduced.
In addition, the paper is inexpensive since they are used in small sizes. Paper devices are portable,
easily accessible, and disposable 33! due to their small size and low cost. A combination of paper
devices and smartphones was widely used for onsite determination by lay people without the
need for an expert 323, |t was widely used for analyte determination in water and biological
samples. Real in-field determination of phosphate in water in rivers across the UK was studied
by a paper-based sensor which depended on colourimetric phone detection that was connected
to an app for connection between researcher and volunteers **. These studies still do not discuss
the use of phones when user and location change. In addition, as far as we know there is no
paper sensor attached to the phone readout was tested for soil sample determination in the

field with either volunteers or farmers themselves.

In this work, a simple paper microfluidic system was used for the determination of nutrients
(nitrate and manganese) in soil. This study focuses on nitrate since it is important for plant
growth and required in large amounts. In contrast, manganese which is required in a small
amount was studied for comparison of the same system with two different nutrients and the
purpose of novelty since less study on paper devices was on manganese. The method was
specially designed for point-of-need analysis where anyone can perform the detection within a
few minutes. The method was based on two steps, first the extraction of components from soil
by simple method like use of coffee maker and second, the use of filter paper to design and

fabricate a device which can detect the analytes calorimetrically. Simplicity and time of analysis
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were two points which were significantly considered since finally, the aim was to release the
device to lay people (e.g., farmers) use. Simple novel cafetiere extraction for in-field soil
nutrients was introduced. In addition, there should be communication between the farmer in
the field and the analytical scientist in the lab. The lack of this communication is the main reason
for the mismanagement and misuse of fertilizer and soil. Therefore, a mobile phone will be used
as a detection method that can be used in the future as a means to share information between

lay people (e.g., farmers) and analytical chemists.



1.2 Traditional method for soil nutrient determination

1.2.1 Conventional methods for nitrogen detection in soil

1.2.1.1 Nitrogen in plant and soil
Nitrogen is an important component in nature for biological and non-biological processes. It

present in soil in organic and inorganic forms. The most common inorganic forms are nitrate,
nitrite, and ammonium . Nitrogen uptake by plants as inorganic form nitrate, nitrite, and
ammonium, However, the main source of nitrogen for plants is nitrate, which is why fertilizer
with nitrate is applied to agriculture soil 3%°, Nitrogen is an essential soil element for plant
growth. Nitrogen transfers within plant through a process called the xylem process where the
nitrogen moves from the roots to the leaves **. Nitrogen is needed in the metabolism and
photosynthesis process *>*, It is a component of protein and chlorophyll 4%, It is involved in
the catalysation processes within the plant. It is responsible for the dark green colour of the
leaves. It also helps in root and leaf growth. The reduction of nitrogen in the plant causes spots
in the leaves and chlorosis which is the change of the leaves from green to yellow. Consequently,

this leads to poor crop yield.

The efficiency of nitrogen uptake in the plant is influenced by several factors, soil characteristics
and climate are the two most important factors *%. Soil behaviour includes soil pH, structure,
texture, organic matter content, moisture, and oxidation-reduction within the soil. The best pH
for nitrogen in the soil to be uptaken by plants is 6.5 to 7 “6. In addition, looking at the texture
of soil, sandy and coarse soil cannot hold nitrogen as well compared to clay and loamy soil ¥’.
Soil with good moisture levels has more available nitrogen compared to dry soil where nitrogen
is exposed to volatilization *8. The oxidation-reduction reaction of nitrogen in the soil also
influences its availability since it can be converted from usable to non-useable form . The

organic matter like manure enhances the soil fertility >°.

There are several sources of soil nitrogen like organic sources, atmospheric fixation, biological

51,52

fixation, and industrial fixation. Organic sources like manures *°. Atmospheric fixation when

N, is converted into NO; which reacts then with oxygen to form NOs;. On the other hand,

5153 js with the aid of microorganisms where N, is converted to NH4 by certain

biological fixation
bacteria and then by another type of bacteria NH, is converted to NO,and NOs. For the industrial
fixation of nitrogen is well-known by the Haber process where ammonia is produced from
nitrogen and hydrogen gas at high temperatures 4. Nitrogen in fertilizer can be of several forms
like urea, ammonium sulphate, ammonium nitrate, diammonium phosphate and

monoammonium phosphate *°.



Farmers usually use fertilizer for agriculture to enhance the nitrogen (nitrate) and other nutrient
content in the soil. The balanced supplement of nitrogen to soil is vital since a low amount can
restrict or inhibit the growth of the plant and a large amount may cause environmental problems
%6, The excess amount of nitrate can leach into the groundwater and cause contamination °’.
Rivers also are affected by excessive nitrate, a high amount of nitrate in rivers leads to
eutrophication which is the dense growth of plants and algae and hence the aquatic life is
negatively affected *’. Consequently, the drinking water can be contaminated too. The reaction
of nitrite with amine in the body produces a carcinogenic compound 8. The indirect effect of
nitrate may further extend to climate change. More nitrate means more production of nitrous
oxide which causes the ozone layer depletion >. Therefore, many different analytical techniques
are recently used for the analysis of nitrate and nitrite in soil as well as in water. Spectroscopic

methods, electrochemical methods and biosensors are some of the most used methods.

1.2.1.2 Nitrite and nitrate determination
1.2.1.2.1 Spectroscopic methods

Colourimetric method UV-Vis (based on reducing agent).

UV-Vis is a common, easy and widely used spectrophotometric method for several purposes. It
is based on measuring the absorbance of visible light and near ultraviolet. In this technique, light
passes through the sample which contains the analyte of interest. The sample absorbs some of
the light and some of it is transmitted. The relationship between the light passed into? the
sample and light transmitted out of the sample are used to determine the absorbance of light.

The absorbance is directly proportional to the amount of analyte in the sample.

Source of light Monochromator Sample = Detector

Figure 1.1 Steps for detection of analyte by UV-Vis spectrophotometer.

The use of Griess assay is the most common assay for nitrate and nitrite detection *°. For the
Griess reagent initially, 1-naphylamine was previously used *° and due to its toxicity, it was
replaced with N-(1-naphthyl)-ethylenediamine dihydrochloride (NED) . In this assay, nitrite
reacts with an aromatic compound like sulphanilamide in acidic media to produce a diazonium
salt which then reacts with another aromatic compound like N-(1-naphthyl)-ethylenediamine
dihydrochloride (NED) which leads to the production of azo dye with intense pink-red colour
(Equation 1.1) 8. The more the intensity of the colour, the more the absorbance and hence the

high concentration of nitrite.
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Nitrite is detected directly using the Griess assay whereas nitrate needs to be reduced first using
a reducing agent. There are different methods of reduction in the literature where cadmium,
vanadium and zinc were used to reduce nitrate to nitrite before performing Griess assay 2%,
The most common method is the use of a coperized cadmium column for the reduction of nitrate
in soil (equation 1.2) ®. Though this method is very toxic, it provides around 100% reduction of
nitrate (Equation 1.2). The use of a cadmium column was able to provide a 0.2 to 15 ppm
detection range of nitrate in the soil in a fast analysis where 40-100 samples can be analysed per
column ®. However, other than cadmium is toxic the provided linear range is limited and cannot
be expanded since linearity will be lost after a specific range due to the use of a
spectrophotometer. The column preparation required a lot of complex effort. Therefore, this
technique can be used in the laboratory with a lot of care, and it is not efficient to be used in the
field. Zincis also used for reduction in nitrate detection since it provides a less toxic environment
compared to cadmium 623, Equation 1.3 shows the reduction of nitrate to nitrite by zinc. Zinc
was used to reduce nitrate in a water sample, and it gave a 0.93 mg/L limit of detection 2.
Vanadium reagent is also used to reduce nitrate to nitrite in soil samples. The reduction took 2
hours at 60 °C. This method results in a 0.01 mg L limit of detection . Vanadium use is toxic
and time-consuming. Zinc is a promising reducing agent since it also can do the reduction in low
time as 12 minutes ® and it is not toxic like cadmium and vanadium. This study will focus on

using zinc as a reducing agent for nitrate detection.
Cd+ NO;~ +2H* - Cd** + NO,” + H,0 eq. 1.2

Zn+ NO3~ + 2H' - Zn?** + NO,”™ + H,0 eq.1.3



Near-infrared reflectance spectroscopy (NIRS).

Near-infrared spectroscopy is like UV-VIS where a light source and detector are required. NIRS
is based on the vibration of the bond between two atoms to produce energy with the aid of light
of a specific frequency. The result from NIRS is a spectrum that shows the intensity of the
collected light as a function of wavelength. The reflectance was applied to various portable
sensors where total nitrogen in the soil was determined 8. Before the use of the sensor, the soil
needed to be treated first by dying, sieving, and grounding hence avoiding the destruction of
sensor %°. However, there was also a soil penetration probe which was made of fibre optic cable
and can transmit and collect light when it is in contact with soil 7%, The method is portable,
commercially available, with a wide detection range for nitrate, requires sometimes no sample
preparation and is fast. The full spectrum required 0.1 s to be produced %72, However, the
method requires an expert to handle, and expensive instruments are required. In addition, care

for the fibre probes is required.
Mid-infrared Fourier transformation attenuated total reflectance spectroscopy.

Mid-infrared has the same principle as near infrared but instead, the radiation is not directed
directly into the sample. It is directed first into the crystal which is in contact with the sample.
The light then passes through the crystal then to the sample and finally to the
spectrophotometer for spectrum determination. The spectrum can be produced within 3-5
seconds. Even though it is fast, and is considered a field-promising method, however, this
technique sometimes still requires some sample preparation, and the dry soil is difficult to use
7374 1t also requires the use of fibre like ATR ZnSe crystal and silver halide fibres 7°. Linke et al
were able to detect nitrate in the 0-140 ppm range using this method ’®. Nitrate band detection
in 1350-1370 cm™* was interrupted by another band in 1450 cm™ and hence the method was not
with high accuracy 6. This interference happened especially with samples with complex
mixtures. Another study tried to solve this problem by adding some calculations and equations

to remove the interference effect 7.
Chemiluminescence (CL).

In chemiluminescence, the detection is based on the emission of light because of chemical
reaction ’8. This method is widely used for the determination of nitrate and nitrite 7! due to its
simplicity and wide linear range. The absence of light in this method improves its background
signal and consequently improves the limit of detection. There is gas CL where detection
happens by reduction of nitrate/nitrate to NO and then reaction with Ozon &2, The method was

initially applied for the determination of nitrite in seawater and blood samples 8%, It was also



improved for interference removal ®. It was combined with a flow injection system to improve
the separation and the limit of detection 8%, However, the method requires the use of high
temperature and inert gas. Also, a small amount of oxygen can cause interference and affect the

8788 where luminol is oxidized

result. There is also luminol CL for nitrate/nitrite determination
to a 3-aminophthalate anion which then emits energy during relaxation &. An example is the
detection of nitrite by reaction with ferrocyanide and the production of ferricyanide which react

| 88, Microflow injection which is attached to the chip was used 2. Even though

with the lumino
the Cl method has lots of advantages it still has drawbacks. Environmental conditions can affect

the intensity of emissions. The method has poor stability and reproducibility .

Fluorometry.

It is based on the fluorescence of light from the sample. This happened after applying light to
the sample and exciting its electrons which then emit light during relaxation 78. Fluorometry is
used widely for nitrate and nitrite determination %%, An example of this oxidation of nitrite by
Ce (IV) to produce Ce (Ill) ®*. This method may be influenced by interference of other redox
components. In another fluorometric determination of diazonium salt which is produced by
reaction of nitrite with 2-amino-4-chloro-1-hydroxybenzene-6-sulphonic acid or 4-

aminofluorescein *°.

1.2.1.2.2 Electrochemical method

lon selective electrode

lon-selective electrode is a good and efficient alternative to the tedious and complicated
laboratory methods %°7. The work of the electrode is based on the production of voltage which
increases with the increase of the nitrate ion or concentration in the solution %. The electrode
is coated with membrane for example polyvinylchloride (PVC) which allows specifically nitrate
to pass through %8. The movement of nitrate ions in the membrane is based on osmosis. The ions
move through the membrane until equilibrium is reached. Consequently, the potential
difference result between electrodes and the number of ions is proportional to this difference
%, The use of ion-selective electrodes for nitrate analysis in soil is intensively studied since the
ion-selective electrode is a promising method for in situ or field use 129191, These studies aimed
to improve the accuracy, selectivity, efficiency, and limit of detection of the method. The
accuracy of the method in some research reached 95% where the analysis was done using soil
extract in deionized water 1, A stable value was determined within 6 seconds %2 1%, |SE is
cheap, fast, accurate and provides good sensitivity for nitrate. lon selective electrodes are easy
to use and require less sample preparation, therefore, it was widely used for field or in situ

analysis . However, the main problem is the lifetime of the electrode after in contact with soil
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since Interaction might occur between soil and electrode. In addition, the electrode needs to be
washed after each run. The analytical technique of ion-selective electrodes also suffer from
interference. Slurry from soil can significantly interfere with the result, consequently, a
centrifuge is used to reduce the problem . Anions like chloride, bromide and nitrite may also

cause interferences 1. Therefore, selectivity, sensitivity and robustness may be affected.

1.2.1.2.3 Biosensors

Nitrate biosensors are a kind of sensors which contain biological membranes which are
permeable to nitrate. Nitrate interacts with the enzyme (nitrate reductase) which reduces
nitrate to N,O transducer. The N;O then is detected. The main advantage of biosensors is that
they can be used to detect nitrate in different types of samples such as soil, food, sea, and

105107 1n addition, the sensor provided a wider linear range and low limit of

wastewater
detection (0.014 ppm) for nitrate 1%, The detection time is also short 15-60 seconds 1. However,
the method suffers from problems due to its instability and care needs to be taken to ensure

selectivity.

1.2.1.2.4 Separation based method.

lon chromatography

lon chromatography is a separation technique where the separation of ions is based on their
affinity and attraction to the ion exchanger which is a stationary phase *°. There are two types
of ions exchangers, cationic and anionic ion exchangers which are used to separate cations and
anions respectively *°. Nitrate and nitrite are widely determined by ion chromatography in
analytical laboratory 2022109114 Eor example, nitrate in soil samples were analysed by ion
chromatography which was able to reach 0.05 ppm limit of detection 2219, The separation of
nitrate from other possible interferences in the column contributed to enhancing the sensitivity.
In addition, deionized water was used for the extraction of nitrate from soil and plant and hence
the study produced a good limit of detection 2%1%, In the chemistry laboratory, several tools are
available to perform the extraction with the help of different kinds of solvents >, One of the
favourable solvents for nitrate extraction is KCl ' since it ensures efficient extraction of nitrate
from the soil. However, the use of chloride leads to interference since chloride produces a huge
peak which hinders the peak of nitrate during separation in the chromatogram 8. In general,
organic matter and solvent used for extraction are two important factors to consider when ion
chromatography is used for nitrate analysis in soil since they may cause interference. Even
though lon chromatography is a fast, sensitive, and reliable method, it is a laboratory-based

technique with sophisticated instrumentation and cannot be used in the field.

Capillary electrophoresis



Capillary electrophoresis is a separation technique which can be performed in several different
modes °. It has a different concept than ion, gas and high-performance liquid chromatography
techniques. GC (gas chromatography) and HPLC (high-performance chromatography) separation
techniques are based on the affinity of the analyte to the stationary phase in the column. In
comparison, the separation in capillary electrophoresis is based on the applied electrical field.

119

The ions are separated according to their charge-to-size ratio **°. When high voltage is applied
anions move toward the positive electrode and cations move toward the negative electrode,
consequently ions are separate based on their speed. Capillary electrophoresis is a fast
simultaneous separation method which is applied for different matrices . It is used for the
determination of nitrite and nitrate where a UV detector can be used at a wavelength of 214 nm
120 several studies were published for the determination of nitrate and nitrate by capillary
electrophoresis using different detection methods 2%122, Although it is a good separation
technique and many steps have been done to improve the limit of detection and sensitivity this
technique still requires several separation and preparation steps to avoid interference and any
adsorption which might occur in the wall of the capillary 2*12%, In addition, several solution

preparations were required. Table 1.1 summarises the method for nitrate determination and its

advantages and limitations.
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Table 1.1 LOD, sample preparation, advantages and limitations for methods used for nitrate
determination.

Method LOD/ Sample preparation Advantages Limitation Reference
sample
UV-Vis N/A Extraction of | 100% reduction of The cadmium column | &
components from | nitrate required a lot of
cd Soil ) )
soil by KCI preparation and
reduction .
Use of centrifuge treatment.
for soil separation Cd is toxic and
from extract carcinogenic.
Small detection range
Can be carried only in
the lab by an expert
UV-Vis 0.01 Extraction by Reduction is not as | ®
mg/| solvent (water, KCl) perfect as reduction by
Zn ) - Znis not toxic )
Use of centrifuge cadmium.
reduction Soil ) )
The experiment s
carried out in the lab
by an expert
NIRS 0.05 Drying, sieving, and - Portableforin- The experiment should | ?°
ug/L grounding are site detection be performed by an
required if a soil - Wider expert person
Water . .
probe is not used detection
range

- Fast (spectrum
produced
within a
second)

- No or little
sample

preparation
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Method LOD/ Sample preparation Advantages Limitation Reference
sample
MIR 1.55 - A thin film of - Fast requires - Athin film of sampleis | 7®
mg/L sample is used. 3-5 seconds. used.
- The sample s - No sample - Expensive due to the
Soil homogenized preparation is use of optical mirrors.
required
lon 0.5 mg/L | Extraction and removal of - Very specific - Lifetime of electrode %
selective soil suspension is required for nitrate - Interference from
electrode Soil detection slurry, Clion, Brion
- Fast (6 - Canbeusedinthe field
seconds  for but by an expert
each analysis) person.
- 95% accuracy - expensive
biosensors | 0.014 Sometimes no sample - Wider linear - Instability of the | 1%
mg/L preparation is required range biosensor and care
- Fast (15-60 needs to be taken to
ol seconds) ensure selectivity.
- expensive
lon 0.05 sample must be extracted - separation - a lot of | 104
chromatogr | mg/L first by solvent and reduces the instrumentation is
aphy centrifuged to remove the interference required.
Soil soil particles and enhances - column choice and
the sensitivity. treatment
- simultaneous - for lab work only but
detection not for the field
- expensive
Capillary 0.14 sample must be extracted - For - Several steps are| %
electrophor | mg/L first by solvent and simultaneous required to avoid
esis centrifuged to remove the detection interference.
soil soil particles or suspension - Different - Adsorption in the wall
samples can of the capillary may
be analyzed occur.

- Not field instrument
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Method

LoD/

sample

Sample preparation

Advantages

Limitation

Reference

- expensive

1.2.2 Conventional method for manganese determination

1.2.2.1 Manganese in plant and soil
Some plant nutrients are required from the soil in micro levels like zinc, iron, copper, and others.

One of the essential micronutrients is manganese. Manganese is necessary for plant growth in
a healthy way. It is needed for the biosynthesis of lipids, lignin, and carbohydrates in the plant
126 Manganese has several forms, Manganese with oxidation states +2, +3, +4, +5, +6 and +7 1%,
The most available forms are manganese with oxidation states +2 and +3 %, However, Mn*? is
more soluble in soil compared to other oxidation state manganese !%. In addition, it is the most
common form which is uptaken by plants. pH of the soil significantly affected the availability of
manganese at pH lower than 5.5 Mn*2is the most common form of manganese *’. However, at
neutral pH or high pH Mn*3, Mn** and Mn-oxides are the most common ?°. Microorganisms also
affect Mn solubility in the soil since they can oxidise or reduce manganese 12129, The level of
manganese in soil below which fertilizer should be applied is 10 mg kg™ and around 10-30 mg
kg? is the optimum level 339131, Very low levels can cause deficiency and very high levels can
cause toxicity. Manganese deficiency can happen in the alkaline soil. Also, it may occur due to
high concentrations of other minerals which can replace manganese absorption like iron,
calcium, phosphorous and magnesium 24127, Manganese deficiency results in chlorosis (yellow
leaves) due to the less chlorophyll since the photosynthesis is affected 15?7, Tissue necrosis
results from manganese deficiency 126'%7, Toxicity of manganese occurs in acidic soil *?’. It leads

also to chlorosis tissue neurosis and brown spots on the plant 1%,

1.2.2.2 Manganese determination
1.2.2.2.1 Atomic absorption spectroscopy

Atomic absorption spectroscopy is a technique which is based on atomization of the analyte by
applying energy. The electron in the atom when it is exposed to the energy of a specific
wavelength becomes exited and moves from a lower energy level to a higher energy level 72,
After that electron moves to a lower energy level and emits light or energy. Each atom or
element emits a specific energy or wavelength which helps to distinguish it. The wavelength

intensity is directly related to the concentration of the metal and hence quantification can be
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determined 78. There are two popular sample introductions systems either by flame or furnace.
Flame atomic absorption spectroscopy is used to analyse elements like potassium, calcium, zinc,
iron, and others 8. The sample is introduced as spray which is evaporated and atomized in the
flame. Hallow cathode lame is used as a source of light which is directed into the flame to excite
the electron and the monochromator is used to collect light with a specific wavelength 7&.
Graphite furnace atomic absorption spectroscopy is used to analyse elements in ppb levels like
nickel, cadmium, manganese, and others. Sample this time is introduced to furnace . There
are several research for the detection of manganese by atomic absorption spectroscopy in
different types of samples like food, biological, water and others 13213, Digestion of the sample
is required before introduction to the instrument 34 Sometimes extraction also from the water
sample is needed '*°. manganese was extracted by cloud point extraction after forming a
complex with a specific compound (1-(2-thiazolylazo)-2-naphthol (TAN)) ***. This method was
able to detect 0.28 ppb of manganese. This step aimed to preconcentrate manganese before
introduction into the instrument and hence improve the sensitivity. Extraction under high
temperature and pressure and ultrasound extraction were also used as preconcentration
methods *¢'%7, This method for manganese detection requires instrumentation and it can be
performed in the lab only, it is impossible to drag it to the field, in addition, a lot of sample

treatment and preparation are required.

1.2.2.2.2 inductively coupled plasma-(OES/MS)

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is based on the measuring
of energy of the ion or the atom after excitation and the detection can be as low as ppb and ppt
level. The sample after digestion is introduced into the spray chamber and it is carried with argon
gas to the torch at a high temperature where the sample is atomised and ionized. The ionized
sample produces energy which is detected by the detector. The produced energy is proportional
to the quantity of the analyte and hence the analyte can be quantified. ICP-OES is used for
samples with high total dissolved salt (TDS) since it has a high tolerance level to the TDS
compared to ICP-MS. Inductively coupled plasma mass spectroscopy is based on measuring the
mass of the atom by mass spectrometry. It can detect up to ppt level which is more sensitive
than ICP-OES. ICP-MS is efficient when it comes to isotope studies since it measures the mass
per charge of specific ionized ions. Manganese was analysed by ICP-MS and ICP-OES in different
samples like blood, food, water, and others 2138141 When blood sample was used it was treated
first in different ways, one of these ways is by treatment with tetramethylammonium hydroxide
(TMAH), Ethylenediamine, tetra acetic acid (EDTA) and Triton X-100 2. In addition, some
incubation is required to make it ready to be analysed by ICP-MS 2. Also, ICP-MS was coupled

with HPLC to increase the sensitivity and reduce the sample preparation for manganese
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detection 32

Using ICP-MS and ICP-OES is very sensitive and can detect manganese to trace
level with less effect of interference. However, this requires a lot of instrument operation. An
expert person should care for and handle the device. In addition, a lot of sample preparation

and treatment with acid and digestion is required.

1.2.2.2.3 Colorimetric detection

The colorimetric method is based on the colour change which can be measured using a UV-Vis
spectrophotometer where absorbance at a specific wavelength can be determined. The
Persulphate method was used as a colourimetric detection method for manganese. In this
method, sample pre-treatment is required *2, The treated sample was mixed with the
(NH4)2S,0¢, boiled and stand for 1 min'*2. the absorbance was determined at 525 wavelength %2,
This method has an LOD of around 42 pg L' 2. Another method is formaldoxime (FAD) which
was prepared by a combination of formalin solution and hydroxylammonium hydrochloride 4,
This produces a complex with manganese which can be detected at 528 nm wavelength . In
addition, it tends to cause interference by iron *3. Porphyrin [T(4CP) P] method is also another
colorimetric method which was more sensitive compared to the Persulphate method. This
method is based on forming a complex between cadmium and the detection compound where
the manganese complex is more stable and hence the exchange of cadmium by manganese
occurs %, The detection is at 458 nm wavelength 1**. The reaction is fast within 5 minutes #4,
The detection limit of manganese was 0.84 pg L™ %4, However, in this method, the toxic
cadmium was used. In addition, gold and silver nanoparticles were used for the colourimetric
detection of manganese #51%, In general, the nanoparticles tend to coagulate in the presence
of manganese #5146, However, this method suffers from interference since another component
in the sample may cause this coagulation. Another method for colourimetric detection of
manganese is the PAN method (equation 1.4). This required the formation of a complex between
I-(2-pyridylazo)-2-naphthol (PAN) and manganese ¥’. However, this can happen at high pH. The
use of a buffer was critical. In addition, |-(2-pyridylazo)-2-naphthol (PAN) did not dissolve easily
in water organic solvent needs to be used and many people in literature adopted the use of the
non-ionic surfactants like Triton X-100 instead of the organic solvent *’. This method suffered
from interference like Iron, cadmium, zinc, cobalt, and nickel. These were masked by a masking
agent (cyanide) . PAR method is another method for the colourimetric detection of
manganese (equation 1.5). 4-(2-pyrldylazo) resorcinol (PAR) reacts with manganese to form a

complex which is stable in basic conditions!*. Several buffers for pH control were tried and
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borate was the most effective to produce a stable complex 18, This method also interfered with
other metals like cobalt (I1), nickel (1), and zinc (1) and hence masking agents were also required
148150 The colourimetric method is cheap and easy to work with. Therefore, this study focuses
on the use of PAR and PAN (equation) methods for manganese detection since they are more
applicable in paper devices and their toxic reagent can be replaced with other reagents. Table

1.2 summarizes the methods for manganese detection, their advantages, and limitations.
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Table 1.2 Manganese detection limit in different type of sample using different methods.

Type of | method LOD advantages Limitations reference
sample
Water Atomic absorption | 0.28 pg L™ - sensitive to - require 135
(river, spectroscopy ppb level instrumentation.
sea, tap) - widely - can be
used in the performed in the
plant Atomic absorption | 2 ug L™ lab lab only. 132
spectroscopy - impossible to
drag it to the
field.
- - - a lot of sample
seawater | Atomic absorption | 0.2pg L? 151
treatment and
spectroscopy
preparation are
required.
Food and | Atomic absorption | 29 pugL™? 152
water spectroscopy
SOIL Atomic absorption | 0.52 ug L™ 153
spectroscopy
blood ICP-MS 0.09 pg L? - Sensitive - requires a lot of | 2
detection instrument
Plant ICP-MS 36uglt _ 138
can be up operation.
(wheat
to ppb - An expert
flour)
level. person should
- High care for and
Selectively handle the
device.

- a lot of sample
preparation and

treatment with
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Type of | method LOD advantages Limitations reference
sample
acid and
digestion is
required.
Soil ICP-MS - 1>4
water ICP-OES 0.11 and - high An expert | 1%
21pglLt tolerance person  should
level to the care for and
coffee ICP-OES 0.015 total handle the 140
he g™ dissolved device.
Vegetable | ICP-OES 050 pg L™ salt DS sample 1t
Samples compared preparation is
to ICP-MS still required.
water Colorimetric 42 pg Lt - Sensitive pre-treatment of | 149150
(Persulphate) detection the sample is
can be up required
to ppb.
water Colorimetric (Porphyrin | 0.84 pg L™ - Sensitive Toxic Cadmium | 4
[T(4CP)P]) detection is used
can be up
to ppb.
- The
manganese
complex is
stable.
- reaction is
fast within
5 minutes.
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Type

sample

of

method

LOD

advantages

Limitations

reference

water

Colorimetric (PAN)

- Easy to use

and cheap

- pH sensitive.
The use of a
buffer was
critical.

- interference like
Iron, cadmium,
zinc, cobalt and
nickel

- toxic masking
agent required

(cyanide)

155

water

Colorimetric (PAR)

- Easy to use

and cheap

- pH sensitive
control

- Toxic borate was
used.

- interfered with
other metals like
cobalt (1), nickel

(1), and zinc (II)

148

Soil

Colorimetric:
hydroxy-1-
naphthaldehyde)

Bis(2-

Orthophenylenediamine

lpgl?

Easy to use

and cheap

- interference like
Iron, cadmium,
zinc, cobalt and
nickel

- pH sensitive

156

1.3 Commercially available test for soil nutrient determination

There are several available commercial methods for soil nutrients determination. These

methods were developed by many suppliers for field use or fast determination of the nutrients.
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They were aimed to determine the nutrients in the available range in the environment. Some of
these methods were quantitative based on giving a number and some were semi-quantitative
based on estimation of the quantity of nutrients. This estimation is based on a comparison with
available standards by eyes. Table 1.3 shows some examples of the existing and most available
commercial kits for soil nutrients determination, the name of the kit, supplier, website photo of
kit, price, method of detection and disadvantages were mentioned. Keep in mind that there are
other similar kits (either for the same supplier mentioned here or for suppliers which are not
mentioned here) which are not mentioned in Table 1.3. These mentioned kits have several
advantages including simplicity, determination of several nutrients and good environment
detection range. However, in the table we focus on the disadvantages and limitations which
encourage researchers to develop new methods or to add improvement to existing ideas to fit
the needs of the field use and the needs of low-income countries where such kits are difficult to
provide. Most of the methods require the use of chemicals either for extraction or for the
detection of the nutrients. Also, yes some kits can be used to analyse several nutrients; however,
they are still expensive to be afforded by low-income people. In addition, some of the methods
which are not expensive are not quantitative, and the detection is based on the eyes of the user.
This increases the possibility of an error in the estimation of the nutrient content. The method
which is based on the use of a meter and chemicals requires the user to buy the chemicals and
battery of the meter from time to time. This is a difficult option in low-income countries.
Therefore, there is a need for a portable method that combines several characteristics that make
it usable in the field. The method should be cost-effective, quantitative, simple to use and
affordable to farmer.

Table 1.3 Some commercially available kits for soil nutrients determination. The name of the kit,
supplier, website photo of the kit, price, method of detection and disadvantages were mentioned.

Kit name | Website and photo price | Method Disadvant
and of ages
supplier detection

Gardening | https://www.gardening-naturally.com/soil- £19. | Colorimet | Not
naturally, | testing-kit-32-tests 99 ric quantitativ
Soil detection | e

Testing Kit by eyes

32 Tests
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https://www.gardening-naturally.com/soil-testing-kit-32-tests
https://www.gardening-naturally.com/soil-testing-kit-32-tests

Kit name | Website and photo price | Method Disadvant
and of ages
supplier detection
Lamotte, https://lamotte.com/nitrate-nitrogen-test- Use of
Nitrate- kit-3615-01 chemicals
Nitrogen (reagents
Test Kit * for
calibration
)/ quantity
of
chemicals
can go to
10 mL
Lamotte https://lamotte.com/model-sth-7-soil- Colourim | Use of
testing-outfit etric by | chemicals,
eyes use of
filter
paper for
filtration,
Several
steps,
Not
quantitativ
e
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https://lamotte.com/nitrate-nitrogen-test-kit-3615-01
https://lamotte.com/nitrate-nitrogen-test-kit-3615-01
https://lamotte.com/model-sth-7-soil-testing-outfit
https://lamotte.com/model-sth-7-soil-testing-outfit

Kit name | Website and photo price | Method Disadvant

and of ages

supplier detection

Nutrient https://www.ionselectiveelectrode.com/prod | £150 | electrode | Expensive,

analyzer, ucts/cleangrow-multi-ion-nutrient-analyzer- 0 s chemicals

CleanGro | kit for

w calibration
, a sensor
that works
with
battery

AccuGrow, | https://www.environmental- Colourim | Not

Soil Test | expert.com/products/accugrow-soil-test- etric by | quantitativ

Strips strips-247946 eyes e

SoilDoc https://www.ifama.org/resources/files/2014- electrode | The use of

Kit, . .

. Conference/W1TTSoilDoc.pdf s chemicals

Columbia

University, requires

Agricultur .
multistep,

e and Food .
complicat

Securit .

Y ed without

Centre .
practice

Rapitest® | https://www.carolina.com/environmental- £37. | Digital Use of

Digital, science-meters/rapitest-digital-soil-test- 14 electronic | chemicals

Soil  Test | kit/665413.pr meter

Kit with

indicator
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https://www.ionselectiveelectrode.com/products/cleangrow-multi-ion-nutrient-analyzer-kit
https://www.ionselectiveelectrode.com/products/cleangrow-multi-ion-nutrient-analyzer-kit
https://www.ionselectiveelectrode.com/products/cleangrow-multi-ion-nutrient-analyzer-kit
https://www.environmental-expert.com/products/accugrow-soil-test-strips-247946
https://www.environmental-expert.com/products/accugrow-soil-test-strips-247946
https://www.environmental-expert.com/products/accugrow-soil-test-strips-247946
https://www.ifama.org/resources/files/2014-Conference/W1TTSoilDoc.pdf
https://www.ifama.org/resources/files/2014-Conference/W1TTSoilDoc.pdf
https://www.carolina.com/environmental-science-meters/rapitest-digital-soil-test-kit/665413.pr
https://www.carolina.com/environmental-science-meters/rapitest-digital-soil-test-kit/665413.pr
https://www.carolina.com/environmental-science-meters/rapitest-digital-soil-test-kit/665413.pr

Kit name | Website and photo price | Method Disadvant
and of ages
supplier detection
-
Soil  Test | https://eartheasy.com/soil-test-kit/ £14. | Colourim | Chemicals
Kit, 65 etric by | inthe form
EARTHEAS eyes of
Y capsules,
not
quantitativ
e
Haofy, Soil | https://www.amazon.co.uk/Haofy-Solution- £12 | Colourim | Chemicals
TestKit Nitrogen-Potassium- etric by | use, not
Gardening/dp/B0BS44K83B eyes guantitativ
e
2 8 8 88
EEEEE
b
Soil  Test | https://aicagroinstruments.com/products/soi Colourim | Chemicals
Kits, I-test-kits-2/ etric by | use, not
environme eyes quantitativ
ntal expert e,
multistep
are
required

23



https://eartheasy.com/soil-test-kit/
https://www.amazon.co.uk/Haofy-Solution-Nitrogen-Potassium-Gardening/dp/B0BS44K83B
https://www.amazon.co.uk/Haofy-Solution-Nitrogen-Potassium-Gardening/dp/B0BS44K83B
https://www.amazon.co.uk/Haofy-Solution-Nitrogen-Potassium-Gardening/dp/B0BS44K83B
https://aicagroinstruments.com/products/soil-test-kits-2/
https://aicagroinstruments.com/products/soil-test-kits-2/

Kit name | Website and photo price | Method Disadvant
and of ages
supplier detection

Nagarjuna | https://www.environmental- Colourim | Chemicals
- Portable | expert.com/products/nagarjuna-portable- etric by | use, not
Soil soil-testing-kits-817196 eyes quantitativ
Testing e

Kits

PALINTEST | https://www.lab-shop.com/environmental- £1,8 | Colourim | Chemicals
SKW500 testing-c95/portable-laboratories- 81 etric with | used,
Complete c96/palintest-skw500-complete-soil- meter complicat
Soil management-kit-portable-soil-test- reader ed, very
Managem laboratory-p54 expensive
ent Kit

portable

soil test

LAQUA https://www.specmeters.com/nutrient- Meter Chemicals
Twin management/nutrient-meters/nitrate/laqua- with used as
Nitrate twin-nitrate-meter/ electronic | calibration
Meter sensor standards
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https://www.environmental-expert.com/products/nagarjuna-portable-soil-testing-kits-817196
https://www.environmental-expert.com/products/nagarjuna-portable-soil-testing-kits-817196
https://www.environmental-expert.com/products/nagarjuna-portable-soil-testing-kits-817196
https://www.lab-shop.com/environmental-testing-c95/portable-laboratories-c96/palintest-skw500-complete-soil-management-kit-portable-soil-test-laboratory-p54
https://www.lab-shop.com/environmental-testing-c95/portable-laboratories-c96/palintest-skw500-complete-soil-management-kit-portable-soil-test-laboratory-p54
https://www.lab-shop.com/environmental-testing-c95/portable-laboratories-c96/palintest-skw500-complete-soil-management-kit-portable-soil-test-laboratory-p54
https://www.lab-shop.com/environmental-testing-c95/portable-laboratories-c96/palintest-skw500-complete-soil-management-kit-portable-soil-test-laboratory-p54
https://www.lab-shop.com/environmental-testing-c95/portable-laboratories-c96/palintest-skw500-complete-soil-management-kit-portable-soil-test-laboratory-p54
https://www.specmeters.com/nutrient-management/nutrient-meters/nitrate/laqua-twin-nitrate-meter/
https://www.specmeters.com/nutrient-management/nutrient-meters/nitrate/laqua-twin-nitrate-meter/
https://www.specmeters.com/nutrient-management/nutrient-meters/nitrate/laqua-twin-nitrate-meter/

Kit name
and
supplier

Website and photo

price

Method
of

detection

Disadvant

ages
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1.4 Paper-based microfluidic device.

In general, the two common types of microfluidic devices are chips (silicon, glass and polymers)
and papers . Each of them has its characteristics including its advantages and disadvantages.
The use of chips is widely common for soil analysis for nutrients, explosives and organisms in
soil 158189 However, the use of chips is still complicated and requires a compartment for
chemicals, needs pump and sometimes extraction of nutrients from soil before detection. This
dissertation focuses on a paper microfluidic device and its environmental application 7°.
Compared to conventional techniques or polymer, glass and silicon chip paper in microfluidic
systems offer several merits. No external power for sample flow is required for paper. Capillary
action within the paper is available. The capillary action is clearer at micro-scale level ¥’ and

hence no pumps are needed 2. In addition, paper devices are portable, easily accessible, and

disposable 3%3! due to their small size and low cost.

1.4.1 Cellulose characteristic and type of paper

Paper consists of cellulose fibre as in Figure 1.2 with monomers (n is the degree of
polymerization which is based on extraction and manufacture ?¢17%). Glucose molecules in
cellulose have hydroxyl groups that help to bond molecules together by covalent bonds.
Cellulose is stiff and rigid ¢! due to its long chain and also due to the intra-molecular bonds
between the monomers. Cellulose has partial positive and negative charge within the cellulose
helps to give it its hydrophilic character and hence it can be attracted to water in solution.
Cellulose is not soluble in organic solvent 2 and that makes it a good surface for chemical
reactions. In addition, cellulose causes no harm or adverse effect on living system 72 (it is
Biocompatible). Digestion of cellulose by grass-eating animals is possible (it is biodegradable).
Cellulose can be obtained from mainly wood and cotton 3. Annually 1.5x10? tons of cellulose

are synthesized’?,

cellobiose unit

[ 6 OH | OH
OH OH
HO /] Yoo T Ho\1=0
y O [ HO—57 - O HO
OH i ()"’-'n_3 OH OH

Figure 1.2 Cellulose molecular structure 28,
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Filter Paper is used in laboratories. Mainly people use Whatman number 1 filter paper because
of its medium retention and flow rate 4. Whatman number 1 filter paper has an 11 um pore
size. There is also Whatman number 4 filter paper with a larger pores size which is 20-55 um. As
a result, the Whatman number 4 filter paper has a higher flow rate ¥4, A high flow rate reduces
the swelling of cellulose by the solvent. There is also another type of paper which is called
nitrocellulose which is more useful for immunoassay since it is more compatible with proteins
compared to the normal filter paper 17>, Nitrocellulose has a 0.45 um pore size which results in
more stable flow along the paper 7. The nitrocellulose paper was tested for biomolecule
analysis and its ability to deposit enzymes’®1”’, In addition, the wax barrier was created on the
nitrocellulose paper %177, It was observed that this paper provides uniform flow for the liquid.
However, it experienced slow wax penetration compared to the normal filter paper. Mainly
Whatman number 1 filter paper will be used in this work since it has uniform wicking, and can

be treated easily with wax.

1.4.2 Fabrication of paper devices
Hydrophobic barriers are made within the hydrophilic paper. Or cutting is used instead of

178

barriers. There are several methods *’® used for this purpose, basic methods are mentioned here.

Photolithograph

Martinez et al. ”° introduced a photolithograph. The device was made with the aid of
photoresist material as in Figure 1.3 17°. The paper was immersed in a material called photoresist.
The required shape was patterned by a mask. UV light is directed to the mask with the paper.

After removing the mask, the channels were created ¥’°. Glucose and protein °

were analysed
by a device made by this method. Several studies came as a result of this work ¥°. The method
is with good resolution; however, it requires lots of steps and expensive equipment and reagents.
In addition, it still suffers from drawbacks like the possibility of photoresist damage when the

device is bent or folded.
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Figure 1.3 Photolithography technique for paper fabrication. It was used in 2007 by Martinez et al. The
paper was immersed in a material called photoresist. The required shape was patterned by a mask. UV
light is directed to the mask with the paper. After removing the mask, the channels were created .

Wax screen printing

In this method, the wax is rubbed off on the paper by using a screen. After that, the wax is
melted on a hot plate and hence the paper absorbs the wax as in Figure 1.4 !, This method is
simple and requires no sophisticated instrumentation. Also, it is environmentally friendly since
no solutions or chemicals were used 81, However, it required a special screen for each pattern,
and it still provides a low-resolution device due to the limited minimum width of the channel
and the hydrophobic barrier 81, Wax screen printing was widely used for the detection and

analysis of several components like heavy metal, nitrite and glucose 18183,
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Figure 1.4 Screen wax printing for paper fabrication. This method requires two steps, printing the wax and
melting it. 181

Inkjet printing and etching

In this method, the ink (e.g., KD, methylsilsesquioxane, UV curable acrylates) is printed into the
paper to form? the hydrophobic area within paper 8418 |n inkjet etching the paper is dipped
into polystyrene solution to make it hydrophobic. Then the chemical ink is printed on the paper
by the inkjet printing device as in Figure 1.5 %. This method was used by Koji et al. to determine
the protein, glucose, and PH for urine sample . Alkyl ketene dimer can be used as a cheaper
alternative 8, However, it requires heating which may cause damage to the paper itself 18, The
method is efficient to fit the purpose of the printing device; however, modification of the printer

is required, and this reduces its lifetime 184185,

filter paper

\_4_(____ 7 . 1)soakin 1.0 wt% poly(styrene) in toluene ‘
' sensing area ' ' '

- & o e
2) print toluene onto 3) print the
the poly(styrene)-soaked paper chemical sensing inks

sample inlet
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Figure 1.5 Steps for inkjet printing. Paper was dipped into a polystyrene solution and then toluene was
printed onto that paper. Finally, chemicals are printed on the paper by the same inkjet printing device 2°.

Plasma treatment

In this technique metal masks were used. The filter paper was sandwiched between the masks
187 The mask has a specific pattern according to the design needed for experiment ¥, Then the
sandwiched paper was treated under the plasma *¥’. This created hydrophilic and hydrophobic

areas within the paper.

laser toner printing

The toner was printed on paper and then heated at 200 degrees for 60 minutes in hot plate .

polyesters and styrene acrylates were examined and used as pattering agents 188; this method

requires high temperature which may change the characteristics of paper.
flexographic printing

In this method (Figure 1.6) the paper was added to the roll and the ink was added into the ink
tank it moved then to the roll into the printing plate which had a specific shape to be printed
into the paper . Polystyrene and xylene were examples of ink used *°. This method is good
for mass production; however, it is expensive since it requires simultaneous cleaning, and needs

different plates for printing.

(@) p

Paper substrate &

Printing

Impression roll

Anilox roll Plate roll
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Figure 1.6 Flexographic printing paper was added to the impression roll and the ink was added into the
ink tank and it moves then to the roll in the printing plate which has a specific shape to be printed into
the paper 1*°

Laser cutting

laser or blade are ways to cut the paper. However, laser cutting gives more precision . In this
method, the laser is used to define the channel or the pattern of the device. Edges control
solution flow in the device. CO; laser cutting was used by Mahmud et al. to make the device 2.
Adhesive and foil layers were used to support the paper after cutting 1. Another strategy for
laser cutting was done by Nie et al. 192, The device inlet and outlet were kept open and hence

the device and substrate remain together 2. Laser cutting is expensive; however, it is more

precise and accurate than the blade.
Direct wax printing

Wax pens, inkjet printers and direct wax printers 719 are ways of wax printing. Different
designs c can be printed on paper by direct wax printing. Wax is first added to the paper by the
printer. Then the wax was heated to melt within the paper and create a barrier, The heating was
done by hot plate or by laminator. The produced device is flexible and can be folded and hence
3D device can be made®®. Figure 1.7 shows the three main steps for direct wax printing. There
are also several other existing paper fabrication techniques as mentioned below, however, in
this study, mainly direct wax printing will be used since it is simple, easy to use and flexible to

design different patterns of devices.

Pattern Designing Wax Printed Paper Wax reflow

3 <> - B -3 - - -l .

Figure 1.7 Direct wax printing by wax printer. First, the device was designed. Second, the wax was printed
by the wax printer. Third, the wax was heated on a hot plate to penetrate the paper **°.
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other methods

PDMS (polydimethyl siloxane) printing 1°® methods are simple and not expensive, but it requires

steps, and it is not applicable for mass production. In addition, it has low resolution.

198,199 t 200 1

wax dipping '*7, Stamping , corona treatmen and spraying 2°! are also some of the

fabrication methods. These methods are simple and low in cost. However, it requires a specific
stamp/ mold to be made for each pattern consequently it is not applicable for large production

of devices.

202

The drawing “** method is based on drawing by pen, and it requires no heating after the ink

addition. It is not a consistent method since it is based on hand drawing.

1.4.3 Detection methods on paper device

Electrochemical detection

Electrochemical detection on paper was widely used for environmental and biomedical analysis

203205 The electrochemical process usually requires the use of electrodes. Three electrodes are

174

required, reference, counter and working electrode **. Silver, gold, and platinum are widely

used as electrodes since they provide high conductivity 2°°. However, these electrodes had

activity also toward the water and their potential range is narrow 2°’. Another type of electrode

207,208

which cheap is Carbone which has a wider potential range in comparison . To create a

paper device with electrochemical detection the electrode must be fabricated on the device. Ink

is widely used to produce electrodes on paper-based microfluidic device 4. Other than

208-210

pencil/pen drawing , which is not precise several other methods were used for

1

adding/implanting the electrode on the surface of paper like inkjet printing %!, and screen

printing ?*2. In addition, a potentiostate or reader is needed to perform the volumetric

experiment. Examples of field readers were glucometer 213

and field-based potentiostat
(smartphone connected to electronic point) 24, The first paper-based microfluidic device with
electrochemical detection was reported by Dungchai et al. ?*°. The first electrodes were
fabricated on the paper by screen printing method. This device was used for the determination
of glucose, acetate, and uric acid 2'°. Oxidase enzyme reaction was used for the detection where
H,0, was produced and hence H,0, was detected electrochemically by electrodes ?*°. A Good
result was obtained from this study, as a result, this opened the horizon toward less expensive
and portable devices. In another study more commercial reader was used other than

6

potentiostate 2%, Nie et al. used a glucometer for electrochemical detection on a paper-based
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microfluidic device #°. The device provided rapid quantitative analysis 2. It was used to detect
glucose, alcohol and other components related to human health 2%, Electrochemical detection
is efficient and can be used to create portable devices, however, a lot of effort has to be made
to fit the electrode on paper. In addition, the device needs to be attached to some kind of
detector. Failure of electrodes can happen and the electrode itself may be expensive. Therefore,
more work is needed to be done especially if the aim is to use it out of the lab (in the field) or to

be used by people.

Chemiluminescent (CL) and electro chemiluminescent (ECL) detection

This detection method is the detection of the light result due to a chemical reaction 4. No
source of light is required for this method, and it has low noise in the background, consequently
a wide linear range and good sensitivity result 21728, Chemiluminescent detection on paper
microfluidic devices started with Yu et al. who designed a device which is rapid and sensitive for
glucose and uric acid analysis 2*°. In this study, the oxidase enzyme reaction produces H,0, which
then interacts with Rhodamine in the detection zone in the paper device 2¥°. This interaction
produces a light/ signal in the form of the peak which is proportional to the amount of analyte

219 The most widely used luminophore is Luminol due to its high quantum vyield. It was used

220 221,222

widely on paper devices for the determination of heavy metals **°, pesticides , pathogenic

223

bacteria 2%, and disease biomarkers 2?4,

Electrochemiluminescence is the detection of the light which results from an electrochemical
reaction. Electrochemiluminescence provides more sensitivity and hence it represents a good
alternative to other detection methods 4. Gao et al developed a 3D origami paper-based
microfluidic device for the detection of carcinogen antigen where Ag was used as a working
electrode which grows in cellulose paper and provides a good mean for electron transfer 2.

High sensitivity and low detection limit were obtained from this method 2%,

Smartphone was connected to CL and ECL on PAD detection in fields 2622°, However, still
complex reagents are required for both CL and ECL. In addition, ECL requires more complex
instrumentation. Both CL and ECL detection methods require the use of detectors and an expert
person has to do such measurement. Consequently, it is not easy to be used for regular field

tests.

Colorimetric detection
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Colorimetric detection for enzymatic and chemical reaction detection is widely used in paper-
based microfluidics devices. This detection method is based on the change of colour after the
reaction. There are two types of readout for colorimetric detection on PAD, the readout that

requires an instrument and the readout that requires no instrument.

The colour changes on the PAD with readout does not require an instrument. By this method,
qualitative or semi-quantitative data can be determined. The detection by this method can be
based on the change in colour in a specific position (Figure 1.8 A), distance change (Figure 1.8
B) and radius change (Figure 1.8 C). Change of colour in a specific position is based on eye
observation. This way can give yes or no and hence can tell whether the analyte exists or not.
The result varies sometimes from person to person if eyes are used and hence the result is not
accurate. The device was developed and based on eye detection and the change of the colour
tells if glucose and protein exist or not 3. Distance-based detection is another widely used non-
instrument colorimetric detection method 22¥, |t is based on the change of the colour due to
the reaction of the analyte with the detection reagent across a specific distance. Once the
reagent finishes the colour change stops. The distance of the colour change can be then
measured by a ruler or attached scale. The length of distance travelled is related to the amount
of the analyte in the sample. The distance-based method is a simple and in-field method since
no detector is required. However, this method is difficult to control since the pretreatment of
the sample or incubation or even control of the liquid flow is difficult. This problem was solved
using a valve which provides rooms within the device to allow the pretreatment of the sample
or incubation before detection by distance based in another room. An example of valve use is
the detection of potassium iodate and glucose 2*® where these analytes needed first to react
with specific reagents in the leading zone and then the wax valve was opened by toluene
(manually added) 238, Then the analyte is detected by the distance travelled in the detection
zone. Radius detection is another non-instrumental colourimetric detection method. It is like
distance-based detection. However, the radius or diameter is the one which is measured here

like in Figure 1.8 C where it is used for detection of Cu2+, Fe2+, Fe3+, and Zn2+ heavy metals 2*°,

The second type of readout is the one that requires the use of the instrument. In this method
scanner is commonly used for this purpose in lab 2*%2%, In addition, some were portable
scanners for field use 24%2*3, The scanner is an accurate method since it is not exposed to external

light effects. The phone was also used for detection purposes.

Image J and Adobe Photoshop are some software that helps to get more quantitative results for
analysis. Martinez et al. used Adobe Photoshop software 2%, The photo of the device was

analysed by software and hence he got more quantitative results for his study 2**. The
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concentration of the analyte is directly related to the pixel intensity from the software 2*4. There
are several studies where phones and scanners are used for picture taking and that use these
types of software to get more quantitative results 2*>2%¢, However, unlike scanners phone is
exposed to external light effects when the image is taken. This problem was solved in several
ways, the use of box or chamber 24248 algorithm 29251 transmittance reader %2, back Al
reflector, V-shape optical pipe and QR code-PAD. Box or chamber 24728 (Figure 1.9 A) was used
to avoid the variation in the surrounding light and to fix the distance between the phone and
the PAD. This method improves the reproducibility, however, the light scattering from the phone

249-251 \was also used during image analysis for background

still influences the result. Algorithm
correction by analysing the image in different spaces (in green, red and blue channels) and taking
the average of them. In the transmittance reader (Figure 1.9 B) 22 the density of light within
the paper was measured. This method improved the limit of detection when it was used for
ascorbic acid detection 2°3. In the back Al reflector (Figure 1.9 A) 24 the diffusion of the light was
controlled to reduce the non-reproducibility of the result. QR code-PAD (Figure 1.9 C, d) >**is a
code that produces a pattern based on the existing colour. An example is the detection of copper
which changes the code intensity based on the intensity of colour produced for copper
production 2°¢, The combination of smartphone and colourimetric detection provides easier-to-
use and portable devices. However, the use of phones still suffer from variation due to the

variation in lighting. Therefore, this study is trying to develop a method for colourimetric

detection of analytes in the field with the aid of a smartphone.
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Figure 1.8 Colorimetric readout method that does not require an instrument. A method based on the
change in colour in a specific position (A) 23, distance change (B) 23 and radius change (C) 2%.
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Figure 1.9 Method supported colourimetric readout method that does require instrument/ phone
use(A)box or chamber (back Al reflector) 2°%, (B) transmittance reader 22, (C, D)QR code-PAD 2°>2%5,

1.5 Paper-based microfluidic device applications.

1.5.1 Paper-based sensor for environmental application.

Paper-based microfluidic device has several uses in health diagnostic %7, food quality control 2°8
and environmental monitoring 292, This study focuses on the environmental application. The
environmental sample can be water from rivers, soil, and air particulates. There is a need for
accurate, low-cost, easy methods for regular monitoring of environmental pollutants due to
their increase. In-field detection is required due to several conditions the sample may be

exposed to in the field. In addition, transportation is time-consuming, and the sample may lose
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some of its characteristics during transportation. Therefore, on-site detection of nutrients and

pollutants in water, air, and soil are important.

A sensor for detection of iron, copper and nickel simultaneously was the first paper device for
heavy metals. This was done for air samples where the detection limit for metals ranges from 1
to 1.5 ug L1261, Copper is an important component to detect in the environment since it can
leak from different sources %2, Li et al. were able to develop a device to detect only copper in
water 3°. TiO, nanoparticle was used to catalyse the process and was used as a colourimetric

reaction for copper detection .

leakage of mercury can cause diseases 2%, Chen et al. group detected mercury Il in river water
colourimetric detection on paper device 24, The detection limit for mercury Il was 50 nM 254, In
addition, mercury Il can be detected using the electrochemiluminescence detection method.
Zhang et al. detected lead Il and mercury Il in lake water and human sample 2%°. ECL carbon
nanocrystal with silica nanoparticle and Ru(bpy)33- with AUNP were used to generate the ECL
signal for lead Il and mercury Il respectively 2%°. 10 pM and 0.2 nM were the detection limits for

lead Il and mercury Il respectively 2%,

Gold determination is also important since it has its
economic value. Apilux et al. developed an electrochemical/colourimetric paper base device for
gold and iron determination where the limit of detection for gold was 1 ppm 2. Iron was
detected with gold to remove the interference since iron interferes with gold 2%¢. Chromium (VI)
is also another heavy metal which represents a threat to health and the environment since it is
carcinogenic and not biodegradable 7. Chromium was detected calorimetrically on paper by
using gold nanoparticles leaching 2. It was detected on paper to a limit of detection of 0.280
UM 268 Toxic Lead (1) has a lot of application consequently it is widely used in water and food
269 |t was detected on paper by reaction with Rhodizonate #°. It was also absorbed initially on

filter paper by Zirconium silicate which coated on paper. Lead was detected as low as

10 ug L—l 270_

Phosphate also if it is above a specific limit, is considered a contaminant in water. It was detected
on paper with the aid of ascorbic acid and molybdenum blue reaction which were added into
two different layers of the device which is with a detection limit of 0.05 mg L' P 2%, Another
toxic organic compound which contaminates water is p-nitrophenol. It can cause headaches,
fever and respiratory problems 272, Santhiago et al detected this component on a paper device

273

with the aid of electrochemical detection ?° with the aid of an expensive Graphite electrode.

The limit of detection of p-nitrophenol was 1 uM 273,

These were examples of some components detected in water by paper-based sensors. This

study focuses on paper-based sensors for soil sample analysis. Pollutants and nutrients in the
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soil were studied by paper sensors. Trinitrotoluene TNT is an explosive material in soil. PAD was
used to analyse TNT in soil using silver nanoparticles which was combined with Roman
spectroscopy and 1.4 ppm of TNT was detected 274, Chlorate is also another existing pollutant in
soil which was detected electrochemically with the aid of a paper device (Figure 1.10 A) which
was embedded into catalyst 2’°. Carbon electrode was used ?’>. After the addition of the soil
sample to the paper the paper is added to the electrode which shows a response. 0.083 mg mL
1 of chlorate was the limit of detection. 27> Tetrabromobisphenol A (TBBPA) extract from soil was
separated on a paper device (Figure 1.10 B) and detected by spray ionization mass spectrometry
technique #’®. The soil sample was pretreated with methanol for the extraction purpose. a LOD
of the device was 0.039 pg L 276, Phosphate is a soil nutrient which is required by plants in large
amounts. Phosphate in soil extract was detected calorimetrically using acidic molybdate and
ascorbic acid reagents ?”7. The sample is pipetted into the sample entrance and then reacts with
ascorbic acid in the first layer 2”7, Finally, the colour is produced within 15 minutes after the
reaction with molybdate (Figure 1.10 C) ¥”’. The soil sample was pretreated (extraction,
centrifugation) before addition into the device ?”7. There are not many studies on soil nutrient
determination by PAD. In addition, there is no full extraction detection system which is simple
for onsite detection of soil nutrients. This study focuses on developing a workflow system with

an extraction method and simple paper-based detection.
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Figure 1.10 Examples of the paper-based sensor for soil sample analysis (A) chlorate analysis 27>, (B)
TBBPA analysis 278, (C) phosphate analysis 2’7

1.5.2 Paper-based sensor and field accessibility.
One important point in this study is to evaluate the usability of the PAD in the field. There are
many applications for paper-based sensors as mentioned above. Paper-based sensors were

claimed to be for field/point of need use due to their simplicity in the lab. This is the aim of
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microfluidic sense to move the analysis from the lab to the field. Several criteria must be
available in the PAD, ASSURED criteria which are defined by the World Health Organization 278,
ASSURED refers to (A) affordable, (S) sensitive, (S) specific, (U) user-friendly, (R), (E) equipment-
free, (D)delivered 2’8, These criteria are not only applied to health sensors they can also applied
to other in-field environmental sensors. The developed sensor/ workflow either lab or for the
field should be robust, sensitive, and specific enough to target the analyte. user-friendly, (R), (E)
equipment-free, and (D)delivered are more important factors for commercial PAD for end users
in the field 2°. Consequently, the end user and the environment where the PAD is used should
be well-defined. The device producer should consider the environment where the device is used.
The availability of any auxiliaries with the PAD for the sample collection or the readout and
readout interpretation is important since not all facilities are available in all environments,
especially if it is in low- and middle-income countries. Therefore, communication with

stockholders may be useful while developing the device.

In general, the more the steps of the workflow the more difficult to do the work by the end-user
and the fewer the steps of the work the easier the work is to be performed by the end user. For
field/ PON devices there are five processes 2° to be performed by the end user sample collection,
sample processing, device operation, detection, and readout/interpretation. Sample collection
by end users in the field is an important factor since proper collection is needed. The sample
may be water, soil, food, or even medical samples like blood or sweat. In addition, the end user
must be comfortable with the collection especially if the sample is blood. The volume of sample
collected is important especially if the amount affects the result. Following sample collection is
sample processing which should be easy enough for the end user. The more the steps in the
sample the more the possibilities of errors. Consequently, the reproducibility of the method is

affected especially if the workflow is performed by different people. Sometimes sample

239 280

pretreatment is required like extraction, preconcentration **°, amplification **°, and separation
281 Device operation simplicity is also important for end users. Complicated devices are hard to

use by non-experts. Sometimes additional steps which should be done by the user like folding

283 284 285

the device 2%, cutting the device %3, sliding paper 284, adding solution, and pressing as in
Figure 1.11. All of these additional steps may vary from user to user and hence the
reproducibility may be affected. The final step in the analysis is the readout and its interpretation.
Some used methods for field detection which can be done by users are based on colourimetric
readout (eye/ phone) 2%2%¢ distance-based (eyes) 2% and they are the most common.
Distance-based is mainly based on the yeses of the user and hence it may vary from reader to
reader, especially in low concentration where the developed colour is not clear—colourimetric

and by eyes or smartphone. The use of the eye as it said is not a reliable method. Phone can
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provide a more quantitative method. However, the way of photo taking can vary from person
to person due to the variation in the lightening of the surrounding environment or the side of
photo taking. To fit the field, these problems in using a phone were solved by chart colour 26,

k 27 and side-by-side image %8 and use of the box. In this study, another method

reference mar
was introduced for field phone readout using a set of external standards. In such a way, the

standards (calibration line) are run at the same conditions as a sample.

There are some good PAD samples which were improved to fit the field/point of care use as in
Figure 1.12. Figure 1.12 shows two different PADs for two different analyses ((A) water test 2%,
(B) drug quality test) and below each the improvement which was added to move them from
lab to field 27°. A distance-based method was used to measure the detection of three analytes
zinc, iron and copper 2¥. The distance of the developed colour is measured from the centre of
the circle. Previously scale was not available. As an improvement to fit the field use a scale which
can make it easy for the user to read the distance instead of the use of a ruler. Even though the
device operation was simplified this process still requires sample preconcentration out of before
the detection. In Figure 1.12 B the PAD was developed for testing of falsified amoxicillin in drug
9 There is no sample preparation. The powder drug was added to the PAD immediately and
then immersed in water. After the colour development, the PAD was compared to standard 2,
This test is still based on eyes, and it tells only if it is a falsified drug or not. The addition of a
Mark in the device to indicate where the sample should be added is one crucial point 2’°. To
decrease the gap between the lab test and field test. The simplicity of the work must be
considered, simple things that might be too easy to apply or follow for researchers are not the
same for lay people. Other than simplicity stability, reproducibility, analytical performance, and
production is necessary to assign tests as field test methods that can be commercial. To do this
other than the researcher people should test the developed device/workflow. Communication
with the stockholder or end-user is important. In this study, a simple workflow will be developed
to fit the field requirement. The developed work will be also tested with a group of volunteers.

Finally, the workflow will be improved based on volunteers’ feedback.
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Figure 1.11 Additional step 2’° which should be done by the user like (A) cutting the device 2%, (B) sliding
paper 2%, and (C) pressing 2®° and (D) folding %2.
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Figure 1.12 Two different PADS for two different analyses 2’ ((A) water test 23°, (B) drug quality test 2%°)
and below each the improvement which was added to move them from lab to field.
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1.5.3 paper-based microfluidic device for colourimetric nitrite and nitrate
determination.

There are several available studies which use paper-based microfluidic devices for nitrate and
nitrite determination. Jayawardane et al. used a 3D paper device which is fabricated by the inkjet
printer and consists of two sheets. In one sheet the detection zone and the transport channel
and in the second sheet the reduction zone as in Figure 1.13 A 2°°, Griess reagent was used in
the detection zone for colour development and zinc was used in the reduction zone for the
reduction of nitrate to nitrite 2°°. This device was used to detect the total nitrate and nitrite in a
water sample. Nitrate alone can be detected by subtraction of the nitrite signal from the total
signal 2°°. The detection of nitrite can be done without the use of a reducing agent since Griess
immediately develops colour among interaction with nitrite 2°. Using the developed device, the
amount of zinc, sample contact time with zinc, sample volume, amount of Griess reagent and
colour development time were optimized. The resulting device was able to determine nitrate
and nitrate in 50-1000 pM and 10-150 uM calibration ranges respectively *°. 19 uM and 1.0 uM

were the detection limits of nitrate and nitrite respectively 2°°.

In another study Teepoo et al used screen printing to fabricate a 2D paper device for the
detection of nitrate and nitrite in food sample 2°1. The device consists of six detection zones, 3
reduction zones and one sample zone. Those zones are connected by channels as in Figure 1.13
B 1. Similarly, to the previous study, Griess reagent and zinc were used for detection and
reduction respectively. The linear ranges for the device were 10-50 mg L™ and 2-10 mg L for
nitrate and nitrite determination respectively %%, In another similar study by Ratnarathorn et al.
where flow within the channel is required nitrate and nitrite (Figure 1.13 C) were detected
together with a limit of detection of 0.4 mg L 2%2, Similarly, Thongkam et al. used Griess reagent
and channel device for nitrite and nitrate determination in food (Figure 1.13 D) and got a limit
of detection of sample 0.1 and 0.4 mg L for nitrite and nitrate respectively **. The only
difference with the Thongkam et al. group was that vanadium (lll) chloride was used as a

293

reducing agent for nitrate instead of zinc #°. vanadium (lIl) chloride is a solution and hence this

makes it easy to deal with in the lab. However, it requires more time for reduction compared to

zinc and this is not practical for field experiments 24,

In all studies by Jayawardane et al, Teepoo et al and Ratnarathorn et al. and Thongkam et al.,
the device needs training to use since they required flow in channels and slides of paper or layer

during the reaction.

Charbaji et al. group was able to develop another device for nitrate and nitrite determination

which is based also on Griess reagent detection 2°°, This device required also folding the device
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by the user while doing the analysis (Figure 1.13 E). In this study, the addition of zinc was
performed using Zinculose . Zinculose is a zinc particle impeded into the fibre to make sure
that the zinc within the fibre instead of being on the top of the paper when the zinc was pipetted
295

like in previous studies which were mentioned in an earlier paragraph in this section

However, this method is labour-intensive where extra steps of preparation are required.

Ferreira et al. on the other hand used the weighing method to add the same amount of zinc in
each disc of the reduction zone of the device 2. However, this method was not practical since
it is time-consuming and if the disc does not contain the right amount of zinc it needs to be
disposed of and a new one needs to be prepared again. However, this device with circles and is
much easier to use compared to other mentioned devices in the above paragraphs in this section.
However, the device is still based on pipetting sample addition which is not practical in the field

2% This study was able to detect 0.05 pM and 0.08 mM of nitrite and nitrate in the saliva sample.

Other than zinc E.coli cells was also used by Kelly et al. to detect nitrate in water by
immobilization of the E.coli cell in paper 2. Griess reagent was used for detection after the
reduction ?*’. The designed strip has been stable for more than one year %*’. Keeping in mind
that the Griess reagent was not stored in the paper device and only E.coil cell was tested for
stability 2%7. The detection range for nitrate was 1-10 ppm which is within the highest acceptable
level of nitrate in drinking water 2*’. However, the method is still not a field method since the
strip needs to be dipped and then folded after a specific time. This increases the work for the
user and then increases the possibility of error. Ferreira et al used an enzymatic solution for the
reduction purpose of nitrate to nitrite which is then detected by Griess reagent 2. However,

the PAD was stable only for 24 hours at room temperature 2%,

There are other studies for nitrite determination compared to nitrate determination. Some of
these studies are summarized in Table 1.4. This shows that most of the PADs relied on mixed
Griess reagent components in one spot either in channel devices or non-channel devices. In
addition, the PADs consisted of one layer only. Therefore, this study focuses on improving the
sensitivity of Nitrite PAD by separating Griess reagent components and making it ready for soil

sample analysis by layer addition.

In general, Table 1.5 summarizes nitrate PADs available in the literature as far as we know.

290,295

Jayawardare et al. and Charbaji et al. devices require a slide of the layer by the user

between the detection and reduction zone. Teepoo et al., Thongkam et al. and Ratnarathorn et

al. devices 2°12%3

require the flow of the sample within channels. Also, published PADs were
based on pipetting for sample addition which is not practical in the field. The previous studies

did not discuss the effect of the dark colour of zinc if the zones of reagent are aligned above
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each other and some of them solved this problem by having the zinc zone separated from the
detection colour zone and this was not the case in our developed PAD. Most of the published
work relayed on pipetting the zinc solution into the specific zones 2°>2°2, however, most of these
PADs had separated areas for the reduction zone which was not aligned above the detection
zone, and this made it possible to add zinc with its dark colour without influencing the intensity
of colour. In another study another layer was added to the PAD 2°°, the layer was called Zinculose
and it is embedded zinc particles in the cotton layer. This was practical to keep the zinc
embedded within the reduction area of the device. However, this still required a lot of work and
preparation of the material which then will be added to the PAD. In addition, still the same
problem exists, and it is unknown how much zinc is there. In Ferreira et al. work each well in the
PAD was added to the zinc solution and this was followed by weighing of the well before and

after the zinc addition 2°¢

and this is not practical. This study focuses on improving the zinc
addition into the PAD. Also, as far as we know most of the studies for nitrate detection on paper
were performed for water and food samples but not soil. The previous devices are not ready for
soil sample analysis. Therefore, this study will focus mainly on soil sample analysis. The PAD also

will be simplified to fit the field analysis.
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Figure 1.13 (A)3D paper device which is fabricated by the inkjet printer and consists of two sheets. In one
sheet the detection zone (DZ) and the transport channel (TC) and in the second sheet the reduction
channel (RC) 2°°. (B)The 2D device consists of 6 detection zones (8 mm), 3 reduction zones (8 mm) and
one sample zone (8 mm). Those zones are connected by channels (3x5 mm). (C) Channel device for
simultaneous detection of nitrate and nitrite. Nitrate reduction and detection in the same zone. (D) device
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required folding by the user while doing the analysis. The addition of zinc in the reduction zone was as a
Zinculose layer.
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Table 1.4 Comparison between different PADs studies for nitrite detection

Sample/ | Number | method | Components | Linear | LoD Reaction | Sample Reference

device of of detection | range | (mg L | time introduction

shape layers reagent (mgL |1 (min)

1)

Water 1 Griess Mixed Inone | 4-85 | 0.52 15 Pipetting 299
reagent | layer

channels

Water 1 Tetrazine | Mixed Inone | 0.23- | 0.0598 | 5 Pipetting 300
base layer 23

channels

Saliva 1 Griess Mixed Inone | 0.92- | 0.345 |5 Pipetting 301
reagent | layer 7.36

channels

Saliva 1 Griess Mixed Inone | 0-4.6 | 0.258 | 10 Pipetting 302
reagent layer

channels

Water 1 Griess Mixed In one | 0.1- 0.1 15 Pipetting 303
reagent | layer 10

circles

Waster 1 Basic Mixed Inone | 0.05- | - 30 Immersing 304
Fuchsine | layer 9.2

squares

Water 1 Griess Mixed In one | 0.23— | 0.03 12 Pipetting 305
reagent | layer 2.26

Channels

water 1 Griess Mixed In one | 3.5- - 2 Pipetting 306
reagent | layer 115

Food 1 Mixed In one | 0.5- 0.1 5 Pipetting 293

layer 40
channels

47




Sample/ | Number | method | Components | Linear | LoD Reaction | Sample Reference

device of of detection | range | (mg L | time introduction

shape layers reagent (mgL |1 (min)

1)

Saliva 1 Griess Mixed Inone | 0.46- | 0.46 15 Pipetting 307
reagent | layer 46

channels

Food 1 Griess Mixed Inone | 1-100 | 1 5 Pipetting 308
reagent | layer

squares

Food 1 Griess Mixed In one | 1-250 | 1.1 15 Pipetting 309
reagent | layer

circles
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Table 1.5 Comparison between different PADs studies for nitrate detection

sample Linear LOD (mg L | Reaction | Zinc Reduction | Sample reference
range 1) time addition efficiency | introduction
(mgL?) (min) %
water 3.1-62 1.18 5 Pipetting | 20 pipetting 290
food 10-50 3.60 12 Pipetting | - pipetting 291
water 0-50 0.53 10 External 27 pipetting 295
layer
(Zinculose)
saliva 200- 4.96 - External - pipetting 296
1200 layer  of
zinc
(weighed
before and
after)
food 0.5-40 0.4 10 - - pipetting 293
food 0.4-20 0.4 10 Pipetting | - pipetting 292
urine 8.68-62 | 2.8 20 - - pipetting 298
water 1-10 0.87 15 Pipetting | - pipetting 310
water 0-40 3.35 60 - 27 dipping 311
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1.5.4 paper-based microfluidic device for colourimetric manganese determination.

Paper microfluidic was used for the detection and determination of several heavy metals 3!2,
Manganese detection was one of these metals. Most of the paper devices for manganese
detection were used for water sample analysis. Henry et al. group used the wax printer to create
a device with channels Figure 114 A to detect manganese with cobalt simultaneously by
colourimetric detection 33, For the manganese determination mixture of PAR reagent, pH 9.3
borate buffer and polydiallydimethylammonium chloride (PDDA) polymer were used as
detection reagent 313, The detection reagent was yellow in colour, and it formed a dark orange
colour when it formed a complex with manganese. The PAR reagent was able to form a coloured
compound with several metals as in Figure 114 B. Triethylenetetramine hydrate (trien) and
dimercaptosuccinic acid (DMSA) were used as masking reagents for manganese detection 33,
Cu, Zn, Cd, and Pb are fully masked by trien whereas Ni is partially masked by trien 313, Trienis a

very toxic masking reagent.

In another study, manganese was detected by PAN reagent in the paper device (Figure 114 D)
without the use of the wax since the use of PAR requires the use of organic solvent which can
interact with the wax 3!, PAN reagent also tends to react with other metals other than
314

manganese like Zn, Cu, Pb and Ni 3}, Cyanide was used as a masking agent for these metals

0.11 mg Lt was the limit of detection. Cyanide is also considered a very toxic reagent.

Most of the methods which were mentioned for manganese by paper device are using open lab
devices and most of them for water sample analysis. As far as we know there are no studies for
manganese detection in soil by paper device. In this study, the manganese PAD is improved and
designed for manganese detection in the field. Consequently, toxic compounds like cyanide and

borate will be replaced with safer options.
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Figure 114 (A) show the channel device for manganese, masking device with 8 arms 3%3. (B) PAR reagent
reaction with some alkali, alkaline earth, and transition metal 313. (C) Another device with 5 arms for
detection of different concentration of manganese by PAR 31°. (D)Manganese PAD with PAN detection

reagent in the paper device consisted with squares made by cutter without the use of the wax since the
use of PAR requires the use of an organic solvent which can interact with the wax 34,

51



1.6 Hypothesis and aims.

There is a need for a simple, cheap, and quantitative method for the on-situ determination of
soil nutrients. Paper-based sensors represent a good alternative which is if it is developed to be
easy, safe (user friendly), suitable for field requirements and attached to a simple extraction
system can be an efficient method which is cheap and easily accessible, especially for low-
income countries. Therefore, the first aim of the study is to design and develop a simple and
easy-to-use device which requires as minimum as possible steps for the analyte determination.

The device can be finally moved from the top of the bench to the field for lay people use.

The second aim is to develop and improve colourimetry nitrite PAD (for determination of nitrite
in soil at its environmental level) by separating the components of the detection reagent and
adding multiple layers that provide soil filtration. Once established, it will be used for
determining the existence of nitrite or not in soil. And it will be further used to develop another
PAD (nitrate PAD). Phone-based colourimetry PAD for nitrate detection in soil samples will be
developed and this is by introducing a new method of reducing agent addition into the
developed PAD to avoid the dark colour of zinc that finally can contribute to the measured

intensity.

The third aim is to attach the PAD detection system of nitrate into a simple, fast and novel
cafetiere extraction system which is based on the use of an accessible axillary in the field like
the use of mineral water as solvent and spoon as a soil collection method. Once developed, the
whole workflow (extraction attached to phone-based colourimetric PAD detection) will be

validated using IEC (ion exchange chromatography) and CRM (certified reference material).

The fourth aim is to test the developed workflow for nitrate determination with a group of
volunteers to assess its robustness and its simplicity and use the volunteers’ outcome and
feedback (quantitative and qualitative) to improve the system. The use of the phone as a

detection method and the instruction sheet will be the two main studied factors.

The fifth aim is to apply a similar workflow based on paper sensors and cafetiére extraction in
micronutrient determination (manganese). Manganese PAD will be developed and improved to
be easier and safer to use by lay people. This is by replacing the toxic reagent with non-toxic
options that provide similar sensitivity and by adopting a simple dipping sample introduction
system that reduces steps and reduces the possibility of errors. In addition, the Initial step for
cafetiere extraction of manganese toward using safer and easily available extraction solvent will

be investigated.
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This study hypothesises that a simple, safe, and reliable workflow which is based on phone
colourimetry paper-based sensor and cafetiére extraction and fits on situ detection

requirements will be established for routine monitoring of nitrate and manganese in soil

samples.

1. extract

2. Transfer 3. Detect

Figure 1.15 The overall workflow which consisted of three steps, cafetiere extraction, transfer and PAD
detection.
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Chapter 2 Experimental

2.1 Chemicals and reagents

Milli-Q water (Mili-RO 12 plus Milli-Q station, Millipore, resistivity 18.2 MQ cm) and deionized

water (DIW) were obtained from the University of Hull laboratories. The reagents used in the

experiment reported are summarised in Table 2.1.

Table 2.1 Reagents purchased and used in this work.

Chemical

Concentration

Supplier

Sulphanilamide 50 mM SLS (Scientific Laboratory
Supplies), UK

Citric acid 300 mM Sigma Aldrich, UK

N-(1-naphthyl)-ethylenediamine 6 mM Sigma Aldrich, UK

dihydrochloride (NED)

Sodium nitrite 10 mM NOy Sigma Aldrich, UK

Potassium nitrate 10 mM NOs SLS, UK

Zinc powder (< 10 um) 50 mg mL* SLS, UK

Sodium chloride 20g Lt Na* Fischer, UK

Potassium chloride 20g LtK? Sigma Aldrich, UK

Sodium dihydrogen phosphate monohydrate | 10 g L'? PO,* Sigma Aldrich, UK

Sodium acetate

10 g L' CHsCOO"

Fisher Scientific, UK
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Chemical

Concentration

Supplier

Manganese sulfate monohydrate

37 gLt Mn?*

Sigma Aldrich, UK

Potassium carbonate

38 g L1COs*

Sigma Aldrich, UK

Potassium phthalate

50 g L phthalate

Sigma Aldrich, UK

Iron (Il) chloride tetrahydrate 1gL?!Fe* Across, UK
Calcium sulphate dihydrate 20gLtca® Sigma Aldrich, UK
Zinc sulphate heptahydrate 5gLtzZn* Alfa Aesar, UK
Sodium sulfate 50 g L' SO4* Fisher Scientific, UK
Copper (ll) sulfate pentahydrate 20g Lt Cu® Sigma Aldrich, UK
4-(2-pyridylazo) resorcinol (PAR) 6 mM Sigma Aldrich, UK
polyDiallydimethylammonium chloride | 2% Aldrich Chemistry
(PDDA)

manganese (ll) chloride 10 mM Sigma Aldrich, UK
Sodium tetraborate decahydrate | 0.125 mM Sigma Aldrich, UK
(NazB407.10Hzo)

Glycine 0.999 M Sigma Aldrich, UK
Sodium carbonate 1.7mM Sigma Aldrich, UK
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Chemical Concentration Supplier

sodium bicarbonate 1.8 mM Sigma Aldrich, UK
PAN(1-(2-pyridylazo)-2-naphthol) 3.8 mM Sigma Aldrich, UK
Surfactant (Triton X-100) 8% Sigma Aldrich, UK
Cobalt (l1) chloride hexahydrate 1 mg L1Co? Alfa aesar, UK
Ethanol 30% Sigma Aldrich, UK
Sodium hydroxide (OH) 1% Sigma Aldrich, UK
Sodium thiosulfate 1M Sigma Aldrich, UK
DMSA (Dimercaptosuccinic acid) 0.4 M Sigma Aldrich, UK
DFO (Deferoxamine) 0.05 M Sigma Aldrich, UK
tri-Sodium citrate dihydrate (citrate) 0.5M Fischer, UK

EDTA 0.05 M Sigma Aldrich, UK
EGTA(Ethyleneglycol 0.05M Sigma Aldrich, UK
bis(2aminoethylether)N,N,N',N'-tetraacetic

acid)

Unless otherwise stated all solutions were prepared in in deionized water (DIW). Griess reagent
was prepared by mixing 50 mM sulphanilamide, 300 mM citric acid and 6 mM N-(1-naphthyl)-
ethylenediamine dihydrochloride (NED). Separated Griess components solutions were also
prepared. Griess solution 1 was 6 mM NED, and Griess solution 2 was a mixture of 50 mM
sulphanilamide and 300 mM citric acid in DIW. Sodium nitrite was used to prepare 10 mM stock
standard in DIW. Standards of nitrite ranging from 0-150 uM were prepared from sodium nitrite
(10 mM). Zinc powder suspension (< 10 um) was used as a reducing agent and 50 mg mL? of it
was prepared in DIW. Potassium nitrate was used to prepare a 10 mM nitrate stock solution in
DIW. Nitrate standards (0-1000 uM) were prepared from the nitrate stock solutions. Sodium ion

(20 g L) was prepared by dissolving sodium chloride in DIW. Potassium ion (20 g L) was
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prepared by dissolving potassium chloride in DIW. Phosphate (10 g L) ion was prepared by
dissolving sodium dihydrogen phosphate monohydrate in DIW. Acetate ion (10 g L) was
prepared by dissolving sodium acetate in DIW. Manganese ion (37 g L) was prepared by
dissolving manganese sulfate heptahydrate in DIW. Carbonate ion (38 g L) was prepared by
dissolving potassium carbonate in DIW. Phthalate ion (50 g L) was prepared by dissolving
potassium phthalate in DIW. Iron (Il) ion (1 g L) was prepared by dissolving iron (lI) chloride
tetrahydrate in DIW. Calcium ion (20 g L) was prepared by dissolving Calcium sulphate
dihydrate in DIW. Zincion (5 g L'!) was prepared by dissolving zinc sulfate heptahydrate in DIW.
Sulfate ion (50 g L) was prepared by dissolving sodium sulphate in DIW. Copper ion (20 g L'})

was prepared by dissolving 7 copper (Il) sulfate pentahydrate in DIW.

Manganese (1) ion (10 mM) was prepared by dissolving manganese (Il) chloride in Milli-Q water.
PAR solution was prepared from 6mM 4-(2-pyridylazo) resorcinol (PAR) and 2% of
polyDiallydimethylammonium chloride (PDDA) (glycine buffer pH 9.9). pH 9.9 Borate buffer was
prepared by dissolving boric acid in Milli-Q water. Carbonate buffer was prepared from 1.7 mM
sodium carbonate and 1.8 mM sodium bicarbonate in Milli-Q water. PAN solution was prepared
by prepared from 3.8 mM 1-(2-pyridylazo)-2-naphthol (PAN) and 8% of surfactant (Triton X-100)

in carbonate buffer pH 8.

DMSA (Dimercaptosuccinic acid) (0.4 M) was prepared in Milli-Q water. DFO (Deferoxamine)
(0.04 M) was prepared in Milli-Q water. Thiosulfate ion (1 M) was prepared by dissolving sodium
thiosulfate in Milli-Q water. EDTA (0.05 M) was prepared in Milli-Q water. EGTA (0.05 M) was
prepared in Milli-Q water. Citrate (0.5 M) ion was prepared by dissolving tri-Sodium citrate
dihydrate in Milli-Q water. CaCl, (0.01 M) was prepared in Milli-Q water. KCl (0.01 M) was
prepared in Milli-Q water. NaCl (0.01 M) was prepared in Milli-Q water.

The following reactions were studied:

Nitrite detection

Detection of nitrite via reaction with Griess reagent is shown in equation 2.1. Nitrite reacted
with sulphanilamide in acidic media (citric acid) to produce diazonium salt which then reacted

with N-(1-naphthyl)-ethylenediamine dihydrochloride (NED) to produce pink-red dye.

Nitrate detection

Detection of nitrate via reduction first by reaction with zinc to produce nitrite is shown in

equation 2.2, followed by the detection of nitrite as described above and in equation 2.1.
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Manganese detection

Detection of manganese via collation with 4-(2-pyridylazo) resorcinol (PAR) to produce a red-

orange complex at pH 9.9 is shown in equation 2.3.
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eq. 2.3

Detection of manganese via reaction with 1-(2-pyridylazo)-2- naphthol (PAN), and in the

presence of surfactant (triton-100) to produce a red-orange complex at pH 8 is shown in

equation 2.4,

\NO

Surfactant \ nz*
(Triton X-100) +

eq.2.4
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2.2 Statistical analysis

LoD and LoQ calculations

LoD and LoQ were calculated 3! as in equations 2.5 and 2.6 respectively using signal from blank
and the equation of the straight line of the calibration curve. The blank signal in equations 2.5

and 2.6 can be replaced with the intercept.

__ (blank signal+3SD)—intercept of stright line

LoD eq. 2.5
slope of stright line a
blank signal+3SD)—intercept of stright line
LoQ:( g ) ereept f strig eq. 2.6
slope of stright line
Statistic

Most of the data are described as mean * standard deviation. A number of repeats are

mentioned with each experiment as n.

T-test (two-tailed t-test) 3¢ was used to compare two sets of data. The test was performed
automatically in using the excel. T value was used to determine the difference between the data.
If tstate < teritical two-tail / Tstate > ~Teritical two-tail then the difference between the data is not significant

The opposite means that data are significantly different. The P value is 0.05.

ANONA (analysis of variance) test 3¢ was used to compare more than two groups of data. The
test was performed automatically in using the excel. F value was used to determine the
difference between the data. If F< Feitical then the difference between the data is not significant.

The data are significantly different when F >F qiticai. The P value is 0.05.

2.3 Paper device fabrication

The PADs were fabricated using a wax printer or a circular hole punch.

2.3.1 Wax printing

Paper-based microfluidic devices for nitrite, nitrate and manganese detection were designed in
AutoCAD 2019 software (AUTODESK, US). A solid wax printer (Xerox 8570) was used to pattern
the hydrophilic filter paper with hydrophobic barriers. Before printing, the Whatman filter paper
grade 1 (11 um pore size) was cut to the size of A4 paper as this was the size the printer could
handle. After printing, the paper was heated with a laminator (Fellow Saturn 3| A4) to 125 °C.
Nitrate and nitrite paper devices (green wax) were heated 3 times while the manganese device
(black wax) was heated 10 times. The heating is based on the colour of the wax; black wax needs
more heating to penetrate the paper. Aluminium foil was used to cover the paper while heating

to avoid transfer of the wax onto the laminator. During heating, the wax melts and diffuses
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horizontally and vertically within the paper. The vertical movement leads to the formation of
the three-dimensional wax barriers. The horizontal movement leads to an increase in the width
of the design. Wax printing was adopted in this experiment since it is a cheap method, easy to
use and several designs with various shapes can be printed easily in a short time. This method is
commonly used in paper microfluidic science 3”. Figure 2.1 shows the three steps for device

fabrication by wax printing, designing, printing, and heating.

Wax is printed Wax has melted
on the paper through the paper
completely
Wax
Paper

AUTODESK Vs
AUTOCAD

Designing Printing Heating

Figure 2.1 Paper device fabrication by wax printing. Step 1: the design of the device by AutoCAD. Step 2:
Print the device in a filter paper. Step 3: Heating of the wax by lamination 3 times at 125 °C using a Fellow
Saturn (31 A4) laminator.

2.3.2 Hole punch

A hole punching cutter (1.5 cm diameter) was used to make the second manganese PAD without
the use of the wax barrier. In Figure 2.2 the punch (1.5 cm diameter) was used to cut three
circles in Whatman filter paper. These were treated with reagents and used directly as detection

PADs.
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1.5cm

Detection PAD

Hole Punch
(1.5cm diameter)

Figure 2.2 circle punch (1.5 cm diameter) which was used to cut three circles (in Whatman filter paper 1)
which were then used directly as detection PADs after treating with reagents.

2.4 Sample introduction system

The sample/standard in this work was added or introduced to the paper device either by

pipetting or by dipping.

2.4.1 Pipetting of sample

A micropipette was used to add a specific amount of the sample directly into the sample
introduction zones on the paper devices. After that, the sample was allowed to react with the
reagent in the modified paper for a specific time based on the experiment. A photo was then

taken using a smartphone camera (Samsung, Vietnam) or flatbed scanner (Canon LiDE 220).

2.4.2 Dipping of sample
Dipping of the device into the sample was carried out in a Petri dish which was filled with the
required sample (Figure 2.3). The device was dipped into the sample for a specific time then a

photo was taken using a smartphone camera or flatbed scanner.
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Addition of Dipping of the

Empty tray sampleinto device into the
tray sample
-
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Waiting for
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development

Figure 2.3 Sample introduction by dipping. The sample (nitrite or nitrate or manganese solution) first was
added into a tray. The device then was dipped into the sample for a specific time based on the experiment.
2.5 Image analysis

Image-J software was employed to analyse the photo which was taken using a flatbed scanner
(Canon LiDE 220), a Samsung Galaxy S8 phone (Samsung, Vietnam) or an Apple iPhone 11 291318,
The software was able to convert the qualitative data (colour) taken by the camera into
guantitative data (numbers) by measuring the intensity of the colour in the detection zone. After
opening the image in the software, the image was inverted and then converted into an RGB
stack image type with separate, red, green, and blue channels. The intensity of the colour for
each spot was determined using the three channels and the channel which gives the highest
intensity was chosen as the optimum channel for further analysis. The overall steps for Image-J

analysis are shown in Figure 2.4.
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Figure 2.4 Image-J software which was used for image analysis. The image was taken using a flatbed
scanner or Samsung phone and then was analysed by this software. Step 1: The file was opened. Step 2:
the image was inverted by going to edit — invert. Step 3: The image type was chosen to be RGB stack by
going to image — type — RGB stack and the channel was chosen.
determined by going to analyse — measure. The mean represents the colour intensity. The mean intensity
(pixel intensity) of each spot is in the read box. This method is not accurate; therefore, whole numbers

were used for the analysis.
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Intensity determination

Two methods were used and compared to calculate the relative intensity of the colours of the
PAD detection zones. Figure 2.5 shows the circular spots for intensity calculation in the image
which was analysed by Image-J software. The red circle shows how the area around the zone

was taken for the intensity which was determined.

For uniformity of the method used especially with phone images standard deviation and surface
plot were used. Standard deviation (of distributed colour) and surface plot were also determined
for each spot to determine the uniformity of the colour within the detection zone. The standard
deviation from each spot should not be more than 5%. The surface plot should be uniform
square. If the square is not uniform, then the colour distribution within the circle is not uniform.
Figure 2.6 shows an example of the Standard deviation (analyse->measure) and surface plot

(analyse -> surface plot) for the zone in red.

Method 1 took the mean value (intensity) of each spot the same from the software as the
intensity. It was called mean value by the software since for each spot the software was taken
the mean of the distributed colour from the same spot. Then the average mean of all spots (pixel
intensities) for each device was taken (n=6). The surrounded light effect was not considered in

method 1. Therefore, some errors might be associated with method 1.

Method 1 equation:

intensity = intensity from standard or sample eq. 2.7

In method 2 the internal standard was used to reduce the errors. The pixel intensity from spots
was divided by pixel intensity from the internal standard as in equation 2.8. The average of that

was taken for the detection spots (n=6).

Method 2 equation:

intensity from standard or sample

Relative intensity = eq. 2.8

intensity from internal standard
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Image-J analysis
Internal standard

Analyte spot

Negative control

Figure 2.5 Photo analysed by Image-J software. It shows the crucial spots which were used in the analysis
and calculation, internal standard, analyte and negative control. This device was produced from 1000 uM
nitrate analysis. The device with n=6.
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Figure 2.6 Example of the Standard deviation (Edit— invert, image — type — RGB stack (green), analyse
— measure) and surface plot (Edit— invert, image — type — RGB stack (green), analyse — surface plot)
for the zone in red by image-J.
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Chapter 3 Nitrite determination

3.1 Introduction

Nitrogen is essential for plant growth. It is an important part of proteins, nucleic acids,
phosphatides, alkaloids, vitamins, enzymes, and hormones *>*3, Nitrogen is needed also in
photosynthesis in plants. It is also an important chlorophyll component since chlorophyll itself
is needed in photosynthesis 3. Nitrogen is uptake by plants as inorganic form nitrate, nitrite,
and ammonium, However, the main source of nitrogen for plant is nitrate, which is why fertilizer
with nitrate is applied to agricultural soil 3*°, Nitrogen is needed to produce most of the world's
crops. For healthy growth of plants more than 100 million tonnes per a year of nitrogen is applied
to soil as fertilizer 3¥°. The issue happens when there is a shortage in the nitrogen supplement
or there is excess in nitrogen in such a way it causes pollution and toxicity °®. Therefore,

monitoring of nitrogen is needed.

Nitrate and nitrite are usually detected together or simultaneously using several methods like

320-322 323-325

electrochemistry , spectrophotometry and chromatography 32%3?7, These methods
mostly are sensitive and quantitative lab-based methods. Paper-based sensor is a used
alternative which reduces the complexity, the price, and the use of chemicals and at the same
time maintains the sensitivity and the quantification 3%, Paper-based sensors are commonly

31 and other

used for small ions analysis in water like nitrate 32933 nijtrite 306308309 phosphate
heavy metals 332339 There are also some studies on soil sample analysis **°3*’. Most were used
for explosive analysis in soil and none were used for nitrite and nitrate analysis. These sensors
were laboratory-based methods and mostly based on the pretreatment of the soil sample before
detection. In addition, there are some commercial field sensors which are complicated,
expensive, and not quantitative >3*, Therefore, paper-based sensors combined with the use of
mobile phones for recording measurements may be a simple, inexpensive option. If the

workflow is simple then lightly trained users may benefit, for example, farmers in low- and

middle-income countries could use the method to monitor soil nutrients.

A common colourimetric method for the detection of nitrates is Griess reagent 1349351 |n 3
Griess assay nitrite reacts with an aromatic compound (sulphanilamide) in an acidic media to
produce a diazonium salt which then reacts with another aromatic compound (N-(1-naphthyl)-
ethylenediamine dihydrochloride (NED)), this leads to the production of azo dye with intense
pink-red colour (equation 2.1). However, this method requires nitrate to first be reduced to
nitrite and then detected as nitrite. Hence nitrate and nitrite are indistinguishable using this
method. Nitrite in soil usually exists in very small amounts, hence using nitrite PAD as an initial

way toward nitrate PAD development is a reasonable approach. This section focuses on the
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development of PAD for nitrite determination, based on the Griess reagent. There are several
paper-based sensors for nitrite determination in literature 3033%:308309352 ‘lowever, as far as we
know none of this sensor is ready for soil sample analysis. In addition, most of them are not

possible for field use.

This chapter describes the development of PADs based on Griess reagents. The chapter covers
a comparison of several PAD designs, an assessment for their simplicity and ease of handling.
The chapter describes the optimization of reagent component concentrations and the
separation of reagents into two layers to improve the sensitivity (to the required environmental
level) and reduce the auto-colour development. The measurement of colourimetric changes
using a phone is assessed considering the effect of surrounding light. The robustness of the PAD
was assessed by the determination of interference effect and effect of pH change on results. In
addition, soil samples were analysed by the PADs and the method was validated by UV-Vis and
IEC.
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3.2 Experimental

3.2.1 UV-VIS Spectrophotometric analysis of nitrite

UV-VIS Spectrophotometer (mini-1240, SHIMADZU) was used for colourimetric determination
of nitrite®33>*, 10 mL of nitrite standard was mixed with 1 mL of Griess reagent. The absorbance
of the solution was measured at 540 nm. The time of the reaction was 14 minutes. the
calibration line was determined at the range of 0-60 uM. The Griess reagent consists of 6 mM
of NED, 50 mM sulphanilamide and 300 mM citric acid. The optimized parameters are shown in

Table 3.1.

Table 3.1 Optimizes parameters for nitrite determination by Griess reagent and UV-Vis. 20 uM of nitrite
was used for the optimization.

Parameter Optimized range
Time of reaction 0-20 minutes
NED concentration 0-12 mM
Sulphanilamide concentration 0-60 mM
Calibration range 0-250 uM

3.2.2 lon exchange chromatography for analysis of nitrite

lon exchange chromatography instrument (Dionex-1CS-2000) with Dionex lonPac™ AS16 (RFIC™,
2 x 250mm) separator column, Dionex ASRS 300 (2 mm) suppressor column and DS6 heated
conductivity cell were used as conventional method for nitrite determination. More details
about columns and conditions are in Appendix A. Optimization was carried out using the
parameters in Table 3.2. 15 mM KOH was used as eluent at 0.3 ml min™ flow rate. A mixture of
nitrate and nitrite standard (600 uM) was used for the analysis to avoid any interference from
nitrate. 30-1000 uM mixture standard of nitrite and nitrate was run to determine the calibration
line for nitrite. The analysis was performed over 6 minutes, the nitrite peak was eluted at 4.1

minutes.
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Table 3.2 Optimized parameter for nitrite detection. 600 uM of nitrite was used for optimization.

Parameter Value (optimized range)
Flow rate 0.30ml/min (0.2-0.6 ml/min)
KOH concentration 15 mM (15-45 mM)

Volume pump 20 uL

Pump pressure 1000-4000 psi

Resolution equation 7

, peak2 retention time—peak1 retention time .
Resolution = equation 3.1
peak2 width+peak 1 width a

3.2.3 Designed device.

Paper devices were fabricated using the method described in Section 2.3.1. Green wax was used
since it represents a good contrast to the pink colour generated by the Griess reaction. The wax
background was important to avoid the leakage which may occur due to the movement of the
PAD and imperfect alignment when two layers were used. Mainly all devices contained a sample
introduction zone, detection zone and reduction zone. Table 3.3 summarises the dimensions of
these zones if available. Most devices contained detection and reduction zones for future

purpose of detection of nitrate too.

69



Table 3.3 Summary of device (1 to 11) dimensions, sample zone, detection zone and reduction zone.

Device Sample Detection zones | Reduction zones
entrance number/size number/size
1 Reduction zone | 1/5mm 1/ 4x13mm
Detection
zwone
Reduction
zone
2 Reduction zone | 4/5 mm 4/ 4%13.5 mm
Reduction Detection
_— zone
3 8 mm 8/ 8 mm 8/ 8 mm
Sample introduction
zone
Reduction
zone
Detection zone
4 9 mm 6/ 8 mm 6/ 8 mm
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Device Sample Detection zones | Reduction zones
entrance number/size number/size
Detection zone
Sample introduction
zone
Reduction
zone
Detection zone
5 8mm 1/ 8 mm 1/ 8 mm
Reduction
zone
Detection
zone
Sample introduction
zone
6 Reduction zone | 4/9 mm 4/ 9 mm
Reduction
zone
etection
zone
7 Reduction zone | 4/6 mm 4/9 mm
Re ion
zone
Detection
zone
8 Detection zone | 8/ 9 mm none
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Device

Sample

entrance

Detection zones

number/size

Reduction zones

number/size

Detection
zone

9 Detection zone 6/ 6 mm None
Detection zone
10 Reduction zone | 6/ 6 mm 6/ 6 mm
Reduttion Det&ction
zone zone
11 Reduction zone | 6/ 6 mm 6/ 6 mm

Reduction
zone (3)

Detection
zone (2)

Detection
zone (1)

(Two layers)
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Device 1 (two layers, 3D device)

Device 1 consisted of two zones in two different layers, the detection and reduction zones
(Figure 3.1). The reduction (4x13mm) zone was designed to host the reducing agent. The
detection zone (5mm diameter) was designed finally to detect the analyte based on the intensity
of colour developed. The purpose of the two layers was to separate the reduction process from
the detection process. The reduction would occur first, then the detection after folding the two
layers. The device also consisted of a transfer channel (2x2.7 mm) which was necessary to
transfer the solution from the reduction zone to the detection zone. The device has one
detection zone. In addition, internal standards (coloured squares) were used to account for
lighting variation. The aim future of this device was to detect both nitrite and nitrate. The idea

of the design was similar to Jayawardane. M et al. idea°.

2,5 mm

| I 51mm

Internal
standard

Detection
zone

Reduction
zone

2,72

Transfer
channel

Figure 3.1 Paper device 1. The device consisted of two zones detection and reduction zone. The reduction
zone is a 4x13 mm channel. The detection zone consisted of the detection area (circle with a diameter of
5mm) and transfer 2x2.7 mm channel. The coloured square was used as an internal standard. N=1.

Device 2 (two layers 3D device Modified from device 1)

Device 2 was slightly modified from Device 1, with small variations in the dimensions as shown
in Figure 3.2. The device consisted of two detection and reduction zones. The reduction zone
was a channel with one curved end (4x13.5 mm). The detection zone consisted of the detection
area (a circle with a diameter of 5mm) and transfer channel (2x3.7 mm). Device 2 had four
detection zones. The design features four circles in the reduction zone which matched with the
circles in the detection zone after folding the device. These prevent the loss of the analyte into

the wax. This device aimed to detect both nitrite and nitrate.
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Figure 3.2 Paper device 2 was a modified design from designl. Design 2 was designed with several
detection zones allowing for repeat measurements within one device (n=4). The device consisted of two
zones detection and reduction zone. The reduction zone is a channel with one curved end (4x13.5 mm).
The detection zone consisted of the detection area (circle with a diameter of 5mm) and transfer channel
(2x3.7 mm). There were also 4 circles (5 mm) in the reduction zones which were designed to avoid losing
the sample from the detection zone after folding the device.

Device 3 (a 2D device with circular zones and channels)

Device 3 (Figure 3.3) consisted of one sample introduction zone, 8 detection zones and 8
reduction zones. All circles with 8 mm in diameter. The sample zone, reduction zones and
detection zones were connected by channels (3x4.9 mm). This design aimed to reduce the errors
which may occur from using two-layer device. The device aimed to detect nitrite and nitrate

simultaneously.

4 mm Internal
standard

Sample introduction

mm zone
Reduction
zone

= o Mmm -] Detection zone

4,95nm

Figure 3.3 Paper device 3 which was modified from design 3. This design consisted of one sample
introduction zone, 8 detection zones and 8 reduction zones. All circles with 8 mm diameter. The sample
zone, reduction zones and detection zones were connected by channels (3x4.9 mm). N=8.
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Device 4 (2D device modified from device 3)

Device 4 consisted of sample introduction (9 mm), reduction (8mm) and detection (8mm) zones
in the same plane as in Figure 3.4. The top three detection zones were designed to detect nitrite
and the three zones in the bottom were designed to detect nitrate. This design aimed to detect
nitrate and nitrite simultaneously. This design aimed to reduce or avoid the non-uniform flow of
the solution into the channels. This design was based on a similar device described by Teepo et

al 291.

Detection zone

Internal
standard

Sample introduction
zone

Reduction
zone

Detection zone

Figure 3.4 Paper device 4 (2D) consisted of 1 sample introduction zone (9mm diameter), 6 detection zones
(8mm diameter) and 3 reduction zones (8 mm diameter) in the same plane. The three top detection zones
were designed for detection of nitrite (n=3) and the bottom three were designed for nitrate detection
(n=3).

Device 5 (2D simple device)

Device 5 (Figure 3.5) consisted of one channel with a single sample introduction, reduction, and

detection zone (all with 8 mm diameter). The zones were connected with channels (3x5 mm).

Reduction
il Internal
standard
Detection
zone

Sample introduction
zone

Figure 3.5 Paper device 5 (45x19.5 mm) consisted of one sample introduction zone, one reduction zone
and one detection zone. All the circles with 8 mm diameters. The zones were connected with channels
(3x5 mm). The pink square was the internal standard. The device was designed for one repeat only (n=1).

Device 6
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Device 6 included a valve. The valve was introduced to the device instead of the central circle in
device 5. The valve was designed to control the sample flow when several separated channels
are presented in the device. Design 6 (Figure 3.6) consisted of a valve and 4 sample introduction

zones (10 mm) and 4 detection zones (10mm).

50 mm Internal
mm stahdard
%
Transfi Reduction
valve zone
etection
it zone
= 65,5 MM .
[ |
| & B B |
spmm When valve is in

Figure 3.6 Paper device 6 (50 x 50 mm) consisted of 4 sample introduction zones (9 mm), and 4 detection
zone (9 mm). All the circles with 10 mm diameters. The zones were connected with a valve. The pink
square was the internal standard. The device was designed for 4 repeats (n=4).

Device 7

Device 7 (Figure 3.7) is a minor modification of device 6. The only difference is the diameter of

the detection zone which was reduced to 6 mm from 10 mm.

Internal

standard Transfer valve

Detection
zone When valve
isin

Figure 3.7 Paper device 7 (50 x 50 mm) consisted of 4 sample introduction zones (9 mm), and 4 detection
zones (6 mm). The zones were connected with a valve. The pink square was the internal standard. The
device was designed for 4 repeats (n=4).

Device 8

Device 8 (Figure 3.8) consists of 8 circular detection zones (10 mm).
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Figure 3.8 Paper device 8 (50 x 50 mm) consisted of 4 detection zones (9 mm). The zones were connected
with a valve. The pink square was the internal standard. The device was designed for 8 repeats (n=8). The
purpose of the device was to detect nitrite.

Device 9

The designed device (Figure 3.9) consisted of 7 detection zone circles (6 mm) and 4 pink circles
in the corners. The pink circles were used as internal colour standards. The circle in the very
centre is a negative control. The six surrounding circles were used for the detection of the

analyte. This device was used to detect nitrite only.

Internal standard

Detection zone

Negative control

Figure 3.9 Paper device 9 (28.5x28.5 mm) with 6 detection circles, 1 negative control circle, 4 internal
standard circles and a green wax background. The device was used for nitrite (n=6) analysis only.

Device 10

This device (Figure 3.10) consisted of separate reduction and detection zones, which come into
contact with each other when the device is folded, thus forming a 3-dimensional device. The
dimensions and the number of circles of the two zones same as in device 9. Different colours for

internal standards were utilised for comparison. The reduction zone had no internal standard.
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Figure 3.10 Paper devicel0 (57x28.5 mm) with two zones, reduction and detection zones. Each zone had
7 circles which had 6 mm diameter. The detection zone consisted of 4 internal standards, yellow, pink,
red and blue. The device was adopted for the detection of nitrite and nitrate (n=6).

Device 11

Device 11 (Figure 3.11) was a modified form of device 10. It had similar dimensions for detection
and reduction zones. However, device 11 had two detection zones compared to device 10 which
had one detection zone. The device was folded to a form three-dimension device. Once the

device was folded the three zones should match each other.

855 _mm
Internal
standard

.:. .:. .z. Negative

... .“. .‘. control

Reduction Detection Détaction
zone zone P

Figure 3.11 Paper device 11 (85.5x28.5 mm) with three zones, 1 reduction and 2 detection zones. Each
zone had 7 circles which had 6 mm diameter. The detection zone consisted of pink internal standard. The
device was adopted for the detection of nitrite and nitrate in the future (n=6).

3.2.4 Device modification

The devices in general were modified similarly. A specific amount of detection reagent (Griess
reagent) was added to the detection zone, and it was allowed to dry for a specific time after that
the device was folded or laminated or kept without lamination. Then analyte was pipetted
(specific amount) or it was added by dipping. The reaction was then allowed for colour
development (specific time). A phone/ scanner was used for image capture. Finally, the image
was analysed by image-J. Table 3.4 summarizes the amount of reagent added to zones, time of
drying, amount of analyte added, reaction time, image capture and analysis of the image by

image-J. Details of the modification of each device were mentioned later.
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Table 3.4 Summarises the amount of reagent added to zones, time of drying, amount of analyte added,
reaction time, image capture and analysis of image by image-J.

device | Amount | Drying Amount | Amount | Reaction | Image analysis around all
of time of of of time detection zones (in red)
reagent detection | reagent analyte
in the zone in the
detection reduction
zone zone
1 1pul 10 min 0 pL 20 pL 14 min
2 - - -
3 - - -
4 pL 10 min 0opL 100 pL 14 min
5 3uL 10 min OuL 50 pL 14 min ity 5 RN -
] T— o)
6 5puL 10 min 0 pL 30 puL 14 min 2] DEvICE 6.0ng - o X

2/3 (Green), 258x213 pixels; 8-bit; 161K
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device | Amount | Drying Amount | Amount | Reaction | Image analysis around all
of time of of of time detection zones (in red)
reagent detection | reagent analyte
in the zone in the
detection reduction
zone zone

7 3 uL 10 min O puL 30 uL 14 min

8 5 uL 10 min 0 puL 10 pL 14 min

9 1.5uL 10 min 0 puL 6 uL 5 min (&lD. — O X

2/3 (Green); 171x168 pixels; 8-hi
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device | Amount | Drying Amount | Amount | Reaction | Image analysis around all
of time of of of time detection zones (in red)
reagent detection | reagent analyte
in the zone in the
detection reduction
zone zone
10 1.5uL 10 min 0 pL dipping 5 min s ok L S
11 15puLin | 10 min 0 pL dipping 5 min Lol o RO
each | , vJ
layer

Device 1 and 2 modifications.

Paper device 1 was modified for nitrite detection in a similar way as described in the literature
with some variations (Figure 3.12)?*°, 1 uL of Griess reagent was added to the detection zone
and it was allowed to dry for 10 minutes at room temperature (around 20 °C). 20 pL of analyte
(nitrite standard, 100 pM) was added to the detection zone and allowed to stand for 75 seconds.
The device was then folded from the centre to allow the analyte to move from the reduction to
the detection zone with the help of a transfer channel. The photo for the detection zone was

taken after 14 minutes of colour development. Device 2 was modified the same way as Device

1. However, device 2 had several reaction zones in one device.
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Figure 3.12 Modification of paper device 1. 1 plL Griess reagent was added to the detection zone and then
allowed to dry for 10 minutes. 20 L of nitrite was pipetted into the reduction zone and it was allowed to
stand for 75 seconds. After that, the device was folded from the centre. 14 minutes was the time for
colour development. Finally, a photo was taken using a Samsung Galaxy S8 phone and analysed by Image)
software (method 2). n=3.

Device 3 and 4 modifications

The aim of designing devices 3 and 4 was to simultaneously detect nitrite and nitrate. The
designs consisted of channels; therefore, it was important first to test the efficiency of the flow
of the solution within the device. The flow was demonstrated using coloured red food dye
(Figure 3.13). Red food dye (Allura Red AC) (8-200 pL) was pipetted into the sample introduction
zone and a photo was taken each second for 20 seconds. The flow of the dye was then observed.
If the dye moves equally to all channels, it means the flow is efficient. If the flow is uneven, then
the device is unsuitable for analyte detection. Both devices 3 and 4 were tested for fluid flow.
Device 4 was used for nitrite detection since it shows uniform flow. 3 pL of Griess reagent was
added to the detection zones and it was allowed to dry for 10 minutes. The device was then
ready to be used. 100 uL of analyte (nitrite standard, 100 uM) was added to the sample
introduction zone and allowed to stand for 14 min. Figure 3.14 shows the modification of device

4.

Pipetting dye into
the sample
introduction zone

&

Allow dye to
flow within
the channels

Dye

Figure 3.13 Flow test for paper device 4. Red dye (100 puL) was pipetted into the sample introduction zone.
The dye was allowed to flow within the channels. A photo was taken each second for 60 seconds. The
ability of the device to achieve uniform flow was studied.
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Figure 3.14 Modification of paper device 4. 3 plL of Griess reagent was initially pipetted to the detection
zone. It was allowed to dry for 10 minutes. Then 100 uL of analyte (nitrite) was pipetted into the sample
introduction zone and was allowed to flow to the detection zone for 14 minutes. Finally, a photo was
taken for Image-J software ANALYSIS (method 2 in Section 2.5).

Device 5 modification

Paper device 5 is a simplified version of designs 3 and 4 since Device 5 has one channel and
hence has one direction flow. 3 uL of Griess reagent was added into the detection zone. Then it
was allowed to dry for 10 min. 50 pL of the standard was added then to the sample introduction
zone. After 14 minutes a photo was taken for Image-J analysis. The paper device 5 modification

is in Figure 3.15.

Pipetting 3 pL . .
Griess Pipetting 50 pL
of analyte
reagent Drvi
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||
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Detection Griess reagent
Sample  reduction  zone 8
zone zone

Figure 3.15 Modification of paper device 5. 3 pL of Griess reagent was initially pipetted to the detection
zone. It was allowed to dry for 10 minutes. Then 50 puL of analyte was pipetted into the sample
introduction zone and was allowed to flow to the detection zone for 14 minutes. Finally, a photo was
taken by phone (Samsung Galaxy S8) for Image-J software (method 2 in Section 2.5) analysis.

Device 6 modification

Device 6 was modified (Figure 3.16) by adding the detection reagent (5uL Griess reagent) in the
detection zones and allowed to dry for 10 minutes. The analyte (30 uL nitrite solution) was added
into the sample introduction zone and allowed to flow by opening the valve. Colour

development was allowed for 14 minutes. The phone was used for picture taking which was
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then analysed by image-J. N=3. Device 6 with valve provided one channel device with several

repeats while the channels are still separated (sample flow only in one direction).

Pipetting5 uL

Griess Pipetting 30 pL
reagent of analyte
valve { <
- = - e . 5
Drying
Detection 10 min
zone [f‘>

Sample reduction

zone zone Griess detection ® Nitriteanalyte
reagent
-
Analyte
transfer by
valve Waiting ~ Valve use

14 min

Photo taking @

Figure 3.16 Modification of paper device6. detection reagent (5uL Griess reagent) in the detection zones
and allowed to dry for 20 minutes. The analyte (30 pL nitrite solution) was added into the sample
introduction zone and allowed to flow by opening the valve and developing colour for 14 minutes. A
phone (Samsung Galaxy S8) was used for picture taking which was then analysed by image-J (method 2 in
Section 2.5). N=3.

Device 7 modification

Device 7 was also a device with a valve, and it is an improved form of device 6. The only
difference is the diameter of the detection zone which was reduced to 6 mm instead of 10 mm.
Device 7 allows the solution to move to a smaller area and hence enough solution is transferred
to fill the detection area. Device 7 was modified (Figure 3.17) by adding the detection reagent
(3 pL Griess reagent) in the detection zones and allowed to dry for 10 minutes. The analyte (30
UL nitrite solution) was added into the sample introduction zone and allowed to flow by opening
the valve and the colour was allowed to develop for 14 minutes. scanner was used for picture

taking which was then analysed by image-J. N=3.
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Figure 3.17 Modification of paper device 7. 3 uL Griess reagent) in the detection zones and allowed to dry
for 10 minutes. The analyte (30 pL nitrite solution) was added into the sample introduction zone and
allowed to flow by opening the valve and developing colour for 14 minutes. scanner was used for picture
taking which was then analysed by image-J (method 2 in Section 2.5). N=3.

Design 8 modification

Device 8 was modified (Figure 3.18) by adding the detection reagent (5 UL Griess reagent) in the
detection zones and allowed to dry for 10 minutes. The analyte (10 uL nitrite solution) was added
into the sample introduction zone and allowed to flow by opening the valve and developing
colour for 14 minutes. The phone was used for picture taking which was then analysed by image-

J. N=6.
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Figure 3.18 Device 8 was modified by adding the detection reagent (5 pL Griess reagent) in the detection
zones and allowed to dry for 10 minutes. The analyte (10 pL nitrite solution) was added into the sample
introduction zone and allowed to flow by opening the valve and developing colour for 14 minutes. A
phone (Samsung Galaxy S8) was used for picture taking which was then analysed by image-J (method 2 in
Section 2.5). N=6.

Device 9 Modification

Paper device 9 modification is clarified in Figure 3.19. 1.5 UL Griess reagent was initially added
to the 6 detection circles. The central circle is the negative control, and no chemicals were added
there. The device was allowed to dry for 10 minutes. 6 uL Nitrite standard was then added to
the same 6 circles and the central circle. The reaction was allowed to develop for 5 minutes.

After that, a photo was taken for analysis by Image-J software.

86



Pipetting Pipetting
Griess reagent standard/sample
1.5puL 6 uL

Waiting
5 min

via flatbed scanner or phone

Colour
developed

Figure 3.19 Device 9 modification. 1.5 pL Griess reagent was added to the 6 detection circles. The device
was dried for 10 minutes. 6 pL nitrite standard was added to the 6 detection circles and the central circle
(negative control). The reaction was allowed to develop for 5 minutes. A phone (Samsung Galaxy S8) or
scanner were used for image capture.

Device 10 modification

Device 10 has two zones, the detection and reduction zone as in Figure 3.20. 1.5 pL of Griess
reagent was pipetted into the circles in the detection zones. The device was allowed to dry for
10 minutes. After 10 minutes the device was folded. The circles in the detection zone should
match the circles in the reduction zone after folding. The folded device was laminated at 80 °C.
Small slits were made in the back side of the device (reduction zone) by a scalpel. The device
was dipped into a tray with standard/sample for 5 minutes. A photo was taken after 5 min of
reaction, and it was analysed by Image-J software (method 2). Several internal standards (pink,

yellow, blue and red) were used and compared during the analysis.
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Figure 3.20 Modification of paper device 10. (1) 1.5 pL Griess reagent was added to the detection zone
(all circles except the negative control). (2) The device was allowed to dry for 5 minutes. (3) A fold from
the centre of the device was made. (4) The folded device was laminated in a laminating punch three times
by a laminator at 80 °C. (5) Slits were made in all circles using a scalpel. (6) The device was dipped in
standard/sample (nitrite) for 5 minutes. (7) A photo was taken by a scanner or phone camera (Samsung
Galaxy S8), and it was analysed by Image-J software (method 2 in Section 2.5).

Device 11 modification

Device 11 has three zones, two detections and one reduction zone as in Figure 3.21. In this
section, the detection zone was only modified. 1.5 pL of solution 1 (6 mM NED) was pipetted
into the circles in the detection zone 1. 1.5 pL of solution 2 (50 mM sulphanilamide and 300 mM
citric acid) was pipetted into the circles in the detection zone 2. The device was allowed to dry
for 10 minutes. After 10 minutes the device was folded. The folded device was laminated at
80 °C. A small slit was made in the back side of the device (reduction zone) by a scalpel. The
device was dipped into a tray with standard/sample for 5 minutes. A photo was taken after 5

min of reaction, and it was analysed by Image-J software (method 2).
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Figure 3.21 Modification of paper device 11. (1) 1.5 uL of solution 1 (6 mM NED) was pipetted into the
circles in the detection zone 1. 1.5 pL of solution 2 (50 mM sulphanilamide and 300 mM citric acid) was
pipetted into the circles in the detection zone 2. In all circles except the negative control. (2) The device
was allowed to dry for 10 minutes. (3) A fold from the centre of the device was made. (4) The folded
device was laminated in laminating punch three times by a laminator at 80 °C. (5) Slits were made in all
circles using a scalpel. (6) The device was dipped in standard/sample (nitrite) for 5 minutes. (7) A photo
was taken by phone camera (Samsung Galaxy S8) or scanner, and it was analysed by Image-J software
(method 2 in Section 2.5).

3.2.5 Choice of the device design

The work described in this thesis aimed to create analytical devices that are useable by people
such as citizen scientists or farmers, without the need for significant training. As such it was
necessary to design devices that are simple and easy to use. As with any analytical device any
measurements need to be accurate and reproducible. To achieve these goals several paper

device designs were tested.

3.2.6 Optimization of PAD

Device 9 was optimized with the suitable amount of Griess reagent, amount of standard,
reaction time and concentration of Griess components. 60 and 100 uM nitrite standards were
used most of the time in the optimization. The device was treated in a similar way as in Figure
3.19. Initially different amount of Griess reagent was added to the device while other
parameters remained constant. Once the optimum quantity of Griess reagent was determined
and then the second parameter was optimized. The time of reaction was optimized by taking
measurements every minute for 14 minutes. The time at which the signal remains constant was

determined. Two methods in Image-J analysis were tested to determine the signal (colour
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intensity) and the best method was chosen. Three channels (red, green, and blue) in Image-J
software were used and the channel with the best result was chosen too. Four internal standards
were used. The signals from the four internal standards were determined and compared. All

parameters were optimized one by one as their order in Table 3.5.

Table 3.5 Time of colour development, amount of Griess reagent, amount of standard, concentration of
sulphanilamide, citric acid concentration and concentration of NED were the optimized parameters with
different studied ranges.60 and/or 100 uM nitrite standards were used during optimization.

Optimized parameter Studied range
Time for colour development 0-10 minutes
Amount of Griess reagent 0.5-2 pL
Amount of standard 4-8 uM
Concentration of sulphanilamide 20-60 mM
Concentration of NED 4-12. mM
Citric acid concentration 200-450 mM

Lamination effect

Device 9 (Figure 3.19) was not laminated and a pipette was used to introduce sample/ standard
to the device. It was compared to device 10 (Figure 3.20) which was laminated, and
sample/standard was introduced to the device by dipping it into a sample or standard solution.
This effect was studied at 0, 60 and 100 uM nitrite standard concentrations. The device was
changed from device 9 to device 10 for lamination purposes to avoid the scratch of the detection
layer when the scalpel was used to make sample entrance. In the next section device 10 was

changed to device 11 to separate Griess reagent into two layers of the device.

Separated Griess reagent components.

The Griess reagent was separated into two solutions as in Figure 3.21. These two solutions were
added to different detection zones in device 11. The separation of components aimed to
improve the intensity of the colour resulting from the reaction. The intensity from device 10

with non-separated Griess components (treated as in Figure 3.20) was compared to the signal
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from device 11 with separated Griess components (treated as in Figure 3.21). 0,60 and 120 uM

nitrite standards were used in the comparison.

Stability of the devices (separated and non-separated Griess reagents)

Device 10 and device 11 were tested for their stability over 4 days. The two devices were
prepared as mentioned in Figure 3.20 and Figure 3.21. Then they were stored in the freezer.
Each day a photo was taken of the two devices without any reaction with nitrite. After the photo
was taken, the devices were returned to the freezer and the next day photos were taken again
for the same device and so on for 4 days. The stability of devices 10 and 11 were compared then

by comparing the intensities from each alone in the 4 days.

3.2.7 Calibration curve: Scanner and phone

Paper device 11 (Figure 3.11) was used to obtain the calibration curve. The optimum conditions
were used, and the device was modified as in Figure 3.21. 0-150 uM standard solutions were
run. The limit of detection and limit of quantitation were calculated using Equation 2.5 and

Equation 2.6. The calibration line was determined using a scanner and phone.

3.2.8 Interference studies

Sodium, potassium, chloride, phosphate, acetate, manganese, sulfate, carbonate, iron (ll),
calcium, zinc and copper (ll) ions were studied for their interference with nitrite detection using
the reagents mentioned in Table 2.1. The interference was determined by analysis of 60 uM of
nitrite alone and then analysis a mixture of the interference with 60 uM of nitrite as in Figure
3.22. The concentration of the interference was varied until the lower concentration that caused

interference was found. Device 11 and images taken with a scanner were used for the detection.

Solution is 60 uM nitrite +

Solution is 60 uM nitrite
Interference

Figure 3.22 Interference studies for nitrite detection. The nitrite was detected alone as in the left of the
figure using device 11. The nitrite and specific concentration of interference were detected together as in
the right side of the figure. A scanner was used for the detection. 60 uM of nitrite was used in the analysis.
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3.2.9 pH effect studies

Device 11 was used for pH studies. Calibration lines for nitrite (0-90 uM) were determined at
different pH 5, 6, 7 and 8. The standards were prepared in 25 mL DIW. The pH of standards was
adjusted by 1% NaOH and 1% HCI. A 3510 pH meter (JENWAY) was used to measure the pH.

3.2.10 Soil sample treatment

Information about the soil sample

Three types of commercial compost were utilized in this study; John Innes No 1 (young plants
compost), John Innes No 2 (potting on compost) and John Innes No 3 (mature plants compost),
all were from wetland store via Westland store, Amazon. Soil samples were also studied
including commercial topsoil samples with no nutrient additions (topsoil 1) from Westland store,
Amazon and topsoil samples from Arable farmland (topsoil 2), Hull Yorkshire world, Hull

(Rooting zone, 0-15cm depth usually).

Nitrite extraction

8 g of soil was mixed with 100 mL of deionized water and allowed to be mixed for 2 minutes in
cafetiére, the extracted was then allowed to settle for 3 minutes (these parameters were chosen
to fit the nitrate extraction in Chapter 4). The extracted solution was then analysed by PAD for
nitrite detection. The same samples were extracted for nitrite by the addition of 8 grams of soil
with 100 mL of DIW in a shaker for 1 hour (these parameters were chosen to fit the nitrate
extraction in Chapter 4). The extract passed through a 0.25 um filter and was then analysed with

the IEC and UV-Vis.
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3.3 Result and Discussion

3.4 Conventional method for nitrite determination

3.4.1 UV-Vis

Colourimetric detection of nitrite by Griess reagent is widely used due to its simplicity 3. It
requires less instrumentation and is quick compared to other analytical techniques based on
electrochemical and biological processes 3*>3%7, Griess reagent reacts with nitrite to produce a
pink/red colour (Equation 2.1 in the experimental section). When carried out in solution this
colour change can be easily detected using UV-Vis spectroscopy. The more intense the colour
the higher the concentration of analyte. Studying the analysis of nitrite by UV-Vis
spectrophotometer is necessary in this study since it is important to base the initial experiments
of paper devices on the result from UV-Vis analysis. In the coming sections, the optimization of

several parameters for nitrite detection by Griess reagent is described.

Reaction Time optimization

Characterisation of reaction times is necessary to determine when the endpoint measurement
should be taken. Figure 3.23 shows reaction kinetics, which shows the absorbance from 20 uM
nitrite standard after reaction with Griess reagent each minute for 20 minutes. A range of 0-20
min time was studied based on previous studies which take 10 to 20 minutes as the reaction
time 3°13%83%9 3nd hence there was no need to go to a longer time. The absorbance was measured
at the maximum absorption wavelength of 540 nm as shown in Figure 3.24. Initially, the
absorbance increases with time since the reaction was not complete yet. Between 14 and 20
minutes the signal became stable ( ts.t=2.375, tit=2.776, P= 0.078, at a=0.05, n=3 for two-tailed
test between points at 14 and 20 min) and reached around 98% of maximum at this range. As a
result, 14 minutes was chosen as the optimum time for complete reaction between nitrite and

Griess reagent.
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Figure 3.23 Absorbance at 540nm versus time (min). Result from UV-Vis spectrophotometer. 20 uM nitrite
standard (10 mL standard+ 1 mL Griess reagent) was used. 14 min was chosen as the optimum time for
the colour development. 10, 330 and 50 mM of NED, citric acid and sulphanilamide were used respectively
in the Griess reagent.
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Figure 3.24 Absorbance versus wavelength (nm). This spectrum from 20uM nitrite standard (10mL
standard + 1 mL Griess reagent). The spectrum was taken after 14 minutes of colour development. The
maximum absorbance was at 540 nm. 10, 330 and 50 mM of NED, citric acid and sulphanilamide were
used respectively in the Griess reagent.

NED concentration optimization

NED, citric acid and sulphanilamide are used in Griess reagents. Each of them has its role. NED
was important in forming the coloured pink compound. NED concentration was optimized as in
Figure 3.25 which shows the absorbance versus the concentration of NED. Asthe concentration
of the NED increases the absorbance increases until it reaches a maximum at around 4-6 mM

(tstat=-1.061, t,t=2.776. P= 0.35, at a=0.05, n=3 for two-tailed test), then the absorbance
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decreases with further increase in the concentration of NED. These decreases may be due to the
excess amount of the NED causing a reversal of the reaction and a reduction in the formation of
the coloured compound. Also, NED may tend to compete with sulphanilamide for nitrite. 6 mM

was chosen to be the optimum.
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Figure 3.25 Absorbance versus the concentration of NED (mM). 20uM nitrite standard (10mL standard+1
mL Griess reagent) was used. The spectra were taken after 14 minutes of colour development. The
maximum absorbance was at 540 nm. 330 and 50 mM of citric acid and sulphanilamide were used
respectively in the Griess reagent. 6 mM was chosen to be the optimum.

Sulphanilamide concentration optimization

Sulphanilamide reacts with nitrite to form intermediate compounds as in Equation 2.1. This
intermediate reacts with NED to form the coloured pink compound. Sulphanilamide
concentration was optimized also as in Figure 3.26 which shows the absorbance versus the
concentration of sulphanilamide. At low concentrations, there was not enough sulphanilamide
and hence the absorbance was low. 50 mM of sulphanilamide was chosen as optimum since it
shows the highest absorbance. More than 50 mM of sulphanilamide started to decrease the

absorbance maybe due to the reverse reaction.
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Figure 3.26 Absorbance versus the concentration of sulphanilamide (mM). 20uM nitrite standard (10mL
standard+1 mL Griess reagent) was used. The spectrum was taken after 14 minutes of colour development.
The maximum absorbance was at 540 nm. 330 and 6 mM of citric acid and NED were used respectively in
the Griess reagent. 50 mM of sulphanilamide was chosen as the optimum.

Calibration line

A calibration curve was produced to allow for quantification of nitrite in a sample. The
calibration was plotted based on the optimum concentrations of the Griess reagent components;
6, 330 and 50 mM of NED, citric acid and sulphanilamide respectively. Figure 3.27 shows the
calibration line for nitrite from the UV-Vis spectrophotometer. The linear range was from 0 to
60 uM. Within this range, R?is 0.99 which indicates a good fit of the data points to a straight line.
This method showed a small relative standard deviation which was not more than 5%. The limit
of detection and quantification were 0.053 and 0.179 uM respectively (around 0.030 and 0.103
mg kg? respectively if 8 grams of soil and 100 mL of solvent is used) (Table 3.6). LoD and LoQ
were calculated as methods in Equation 2.5 and 2.6 in the experimental section. These values
are similar to those reported in the literature where spectrophotometric methods were used for
nitrite detection in various samples 36938 |n addition, the LoD and LoQ are both lower than the
maximum allowed level of contamination of nitrite in drinking water (21.7 uM /1mg L) 36
according to the US Environmental Protection Agency. When UV-Vis is compared to the level of
nitrite in soil, it shows also lower results for LoD and LoQ. The level of nitrite in soil rarely exceed
164 mg kg and most of the time is lower than 0.3 mg Kg* 337, The reproducibility of the
method was determined by repeating the calibration curve. The new calibration line fits the

previous line and hence this indicates the reproducibility of the method.
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Figure 3.27 Absorbance at 540nm versus concentration (LM). For each standard: 10 mL of it was mixed
with 1 mL of Griess reagent. Griess reagent consisted of NED, sulphanilamide and citric acid with
concentrations of 6 mM, 50 mM and 330mM.

Table 3.6 limit of detection (LoD) and limit of quantitation (LoQ) for nitrite detected by UV-Vis

spectrophotometer. LoD and LoQ were calculated using Equations 2.5 and 2.6.

linel line2 line 3 Average * SD
LOD (uM) 0.050 0.054 0.055 0.053 + 0.003
LoQ (um) 0.174 0.180 0.184 0.179 £ 0.005

3.4.2 lon Exchange Chromatography (IEC)

3.4.2.1 IEC optimization
lon exchange chromatography is a well-known method for ion separation and quantification.

For ion exchange chromatography there are several factors to optimise the work of the
instrument. However, this work focuses on optimisation of the flow rate and the concentration
of the eluent. There are several possible eluents which were used for the ion exchange column.
The one which was used in this work is potassium hydroxide since it is efficient for anion

separation according to some Dionex studies for anion separation 20112368,
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Flow rate optimization

The flow rate of the eluent was studied since it significantly influences the time of elution and
peak separation. The flow rate of the eluent was first optimized using a mixture of 600 uM
nitrate and nitrite standards. The soil sample John Innes 1 (prepared as in section 3.2.10 by
mixing 8 g of soil with 100 mL of deionized water in a shaker for 1 h, the extract was then filtered
for injection to IEC which was run as in section 3.2.2) was also monitored during each
optimization to observe the movement of other peaks (other than nitrate and nitrite) in soil to
ensure good separation and avoid overlap. Therefore, there were three repeats of the standard
and one soil sample run during the optimization as in Figure 3.28 which shows the peak height
(uS) versus the retention time (min). The chromatogram is for the soil sample (John Innes 1) and
a mixture of nitrate/nitrite standard. Nitrite peak eluted with a retention time of 5.6 min and
nitrate peak eluted with a retention time of 6.6 min. The soil sample has 4 peaks. Peak 3 of the
soil sample corresponded to nitrate when compared to standards. A nitrite peak was not
observed in the soil sample. There are other peaks in the soil peaks 1 and 2 which may be
chloride, bromide, or fluoride according to literature 2%112368 The |ast peak is peak 4 which may

correspond to phosphate or sulfate, based on previous literature 112368,
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Figure 3.28 Peak height (uS) versus retention time (min). 600 uM nitrate and nitrite standards and soil
sample John Innes 1 were used in the analysis. This analysis with 20mM KOH and 0.38 mL min! flow rate.
IEC was run with conditions as in section 3.2.2.

The flow rate of eluent was varied from 0.25 mL min™ to 0.60 mL min. Figure 3.29 shows the
retention time versus the flow rate for nitrate and nitrite peaks. As the flow rate increases the
nitrate and nitrite peaks eluted earlier. This is because the anions have less time to interact with
the column’s stationary phase. The lowest flow rate in the optimization was 0.25 mL min?, any
slower than this leads to an increase in the retention time to more than 6 minutes. We need to
reduce the time to avoid the long-time work of the instrument as long as good separation was

provided for the study purpose. Figure 3.30 shows the area of the peak versus the flow rate in
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mL min~, the area increased with the decrease in the flow rate since more time is given for the
ion to interact with the stationary phase and hence good separation results and a good quantity
of ion is eluted. The highest area was at 0.25 mL min. The resolution was calculated (using
equation 3.1) as in Figure 3.31 which shows the chromatogram when two peaks were separated.
Resolution describes the separation of the two peaks. The higher the resolution the better the
separation and the less the overlap between peaks. The width of the peaks and retention time
were used to calculate the resolution. Resolution at different flow rates were studied as in Figure
3.32. There was no clear trend. This means the flow rate does not significantly affect the
resolution or separation of peaks. Therefore, based on the results from Figure 3.29 to Figure
3.32, 0.30 mL min*was chosen as the optimum flow rate since it gave a good peak area and

good separation in a show elution time, of under 6 minutes.
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Figure 3.29 Retention time (min) versus the flow rate (mL min™). 600 pM nitrate and nitrite standards
were used in the analysis. This analysis was done with 20mM KOH eluent. IEC was run with conditions as
in section 3.2.2, unless it is an optimized parameter.
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Figure 3.30 Peak area (uS*min) versus flow rate (mL min'!). 600 uM nitrate and nitrite standards were
used in the analysis. This analysis was done with 20 mM KOH eluent. IEC was run with conditions as in

section 3.2.2, unless it is an optimized parameter.
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Figure 3.31 Example of resolution calculation for nitrate (RT 5.360) and nitrite (RT 4.453) peaks. 600 pM
nitrate and nitrite standards were used in the analysis. This analysis was done with 30 mM KOH eluent
and 0.25 mL min! flow rate. IEC was run with conditions as in section 3.2.2, unless it is an optimized

parameter.
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Figure 3.32 Resolution versus the flow rate (mL min't). 600 uM nitrite and nitrate standards were used in
the analysis. This analysis was done with 20mM KOH eluent. IEC was run with conditions as in section
3.2.2, unless it is an optimized parameter.

Eluent concentration optimization

Another factor that affects the ion separation in the column is the concentration of the eluent.
The concentration of eluent KOH (ranging from 15 to 45 mM) was optimised using mixture of
standards (600 uM nitrate and 600 uM nitrite standard) and a soil sample extract (John Innes 1
extracted as in section 3.2.10). Figure 3.33 shows the retention time in minutes versus
potassium hydroxide concentration (mM). Increasing the concentration of the eluent KOH leads
to decreases in the difference between the retention times of nitrate, nitrite and the peaks from
the soil extract. At concentrations above 30 mM KOH, individual peaks begin to merge ( Figure
3.34), particularly the peaks from the soil extract. Separation worked with concentrations as low
as 5mM, however, the best separation that satisfied the purpose of the study was reached at 15

mM eluent concentration.

Peak 2 (Figure 3.28), in the soil extract, appeared close to the nitrite peak which may cause
interference. Therefore, this peak was monitored in the soil extract and the peak was compared
to a standard nitrite peak. Figure 3.35 shows the retention time for the two peaks versus the
concentration of eluent. As the concentration increased the difference in the retention time
decreased, therefore, 15 mM is the concentration with the best separation. Figure 3.36 shows
the area of the peak for nitrate and nitrite versus the concentration of eluent. It was observed

that the area remained almost constant with the increase of the concentration of eluent which
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means that the quantity eluted remained the same regardless of the eluent concentration.

Finally, to ensure that the best separation was at 15 mM the resolution of the peaks was

calculated at different eluent concentrations (Figure 3.37). The resolution was stable from 15 to

25 mM, then it started to decrease. Therefore, based on Figure 3.33- Figure 3.37, 15 mM was

chosen as the optimum eluent concentration.
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Figure 3.33 Retention time (minutes) versus KOH concentration (mM). 600 uM nitrate and nitrite
standards were used in the analysis. This analysis was done with a 0.30 mL minflow rate.
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Figure 3.34 Peak height versus retention time(min). A mixture of standard (600 uM nitrate and 600 uM
nitrite standard) and a soil sample extract (John Innes 1 extracted as in section 3.2.10) were used in the
analysis. This analysis was done with 0.30 mL min™ flow rate and 30 mM KOH eluent concentration.
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Figure 3.35 Retention time (minutes) versus KOH concentration (mM). 600 uM nitrite standards and a soil
sample extract (John Innes 1 extracted as in section 3.2.10) were used in the analysis. This analysis was
done with a 0.30 mL minflow rate.
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Figure 3.36 Peak area(uS*min) versus KOH concentration (mM). a mixture of standard (600 UM nitrate
and 600 uM nitrite standard) were used in the analysis. This analysis was done with a 0.30 mL min! flow
rate.
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Figure 3.37 Resolution versus KOH (mM). A mixture of standard (600 UM nitrate and 600 UM nitrite
standard) were used in the analysis. Resolution of nitrate and nitrite peaks were calculated as in Figure
3.31. This analysis was done with a 0.30 flow rate (mL min%).

3.4.2.2 Calibration line for IEC method

The optimum conditions (0.30 mL min flow rate and 15 mM KOH eluent concentration) were
used to create a calibration curve (from 0-10000 uM of nitrate) for nitrite to determine the limit
of detection of the method and its reproducibility. The R? is 0.99 which indicates a good fit of
the data to a straight line. The reproducibility was determined by running the calibration curve
three times on three different days. The resulting calibration curve is shown in Figure 3.38. The
LoD is 5.17+0.47 uM (around 2.97 mg kg if 8 grams of soil and 100 mL of solvent are used) and
the LoQ is 17.45+1.55 uM as summarized in Table 3.7. LoD and LoQ were calculated as methods
in Equation 2.5 and 2.6 in the experimental section. This limit is higher than some of the results
reported in literature 113114369372 This may be due to the old column in the instrument.
Nevertheless, the limit of detection and quantitation is lower than the maximum toxic level of
nitrite in water (21.7 uM /1mg L) according to US Environmental Protection Agency 3%, LoD
and LoQ were also compared to the level of nitrite in soil. The level of nitrite in soil rarely exceeds
164 mg kg ! and most of the time nitrite level is lower than 0.3 mg Kg %37, The LoD and LoQ
from IEC are higher than the lower level of nitrite in soil. However, they are still lower than the
highest possible limit of nitrite in soil. In the future, the soil that has low nitrite levels can be
treated by the UV-Vis since it can deal with low-range nitrite concentrations as mentioned in the
previous section 3.4.1. IEC will be used for soil with high nitrite levels and to determine the
existence of any possible interference in the sample which are not visible by UV-Vis. In addition,

the IEC method is also needed in chapter 4 for nitrate analysis.
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Figure 3.38 The peak area(uS*min) versus the concentration of nitrite(uM).15 to 1000 uM of nitrite were
used.

Table 3.7 LOD and LOQ For three nitrite calibration lines in Figure 3.38. LoD and LoQ were calculated as
in Equation 2.5 and 2.6 in the experimental.

line 1 line2 Line 3 average
LOD(uM) 4.68 5.22 5.61 5.17+0.47
LOQ(uM) 15.62 17.41 18.71 17.25+1.55
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3.5 Paper microfluidic device for nitrite determination

3.5.1 Image-J software

There were two areas in the PADs the hydrophobic and hydrophilic area. Hydrophilic area
allowed the aqueous solution to pass through. The hydrophobic area did not allow the
absorbance of aqueous solution. This characteristic of the paper helped to restrict the
movement of the reagents and to control the reaction and detection. Green wax was used as a
hydrophobic area in this device. Green was chosen because it is the complementary colour to
the pink-red colour in the colour wheel 373, The developed colour for nitrite determination was
observed and detected by taking photos which were then analysed by Image-J software (Section

2.5). The more intense the colour the more the nitrite.
Choice of channel in image-J

Cameras on smartphones and scanners were used as devices to record the colours of the PADs.
Photographs were analysed using Image-J software. Image-J software helps to convert the
qualitative data (intensity of colour developed from the reaction) into quantitative data
(numbers) as in Figure 2.4. Stack RGB image type was chosen during the analysis. This image
type consisted of three channels, green, red and blue. The intensity of the colour was
determined using the three channels as in Figure 3.39 which shows the average pixel intensity
from the detection zone in the PAD from analysis of 0, 90, 120 and 150 uM of nitrite solutions
in the three channels of Image-J. The intensity of the red channel is low, and the values produced
from different concentrations are not appreciably different. The green channel, however,
showed higher intensity. When compared to red and blue channels the green channel gave the
highest average pixel intensity with more uniform colour intensity. The intensities increase with
increasing concentration. Figure 3.40 shows clearly how the colour from the green channel is
more uniform and clearer compared to the blue and red channels. Therefore, the green channel
was chosen as the optimum channel for this study. Device 10 was used for this study as an
example of intensity determination, for the rest of the devices studied in the coming sections

the intensity was always taken from the colour developed in the detection zone.
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Figure 3.39 Average pixel intensity for PAD analysis of nitrite solution (0, 90, 120 and 150 uM) versus the
colour of the channel (Green, blue and Red), n = 6.
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Figure 3.40 Result from image-J software when green, red and blue channels were used. The result from
PAD analysis of 0, 90, 120 and 150 puM nitrite standards.
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Calculation

The intensity of the detected colour was determined using two methods and the best method
was chosen. The pixel intensity was taken immediately from the software in method 1 (Equation
2.7) and the average of all points was finally determined for each standard or sample. This
method is still affected by errors due to the lighting variation of the surrounding environment.
Method 2 (Equation 2.8) was more efficient than method 1 because this kind of error was
considered. Consequently, method 2 was adopted in this work. The calculation of the intensities
using the two methods is shown below. This calculation is for one point in the device. The

average of all points in the device was then determined.

Example of calculation

Pixel intensity for 90 uM nitrite standard: 92, 92, 87, 91, 91, 90

Negative control pixel intensity: 52

Internal standard pixel intensity: 148

Internal standard

Negative control

Standard/ sample

Figure 3.41 Photo analysed by Image-J software. It illustrates the position of internal standard, negative
control and standard/ sample which were used as intensities for calculation in methods 1 and 2. This
photo was taken from the analysis of 90 uM of nitrite.

Method 1

Pixel intensity = intensity from standard or sample eq. 2.7

Pixel intensity = 92
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Method 2

pixel intensity from standard or sample

Relative intensity 2 = eq. 2.8

pixel intensity from internal standard

92
Relative intensity 2 = — = 0.622
elative intensity 148

3.5.2 The choice of the paper device

The shape of devices and how easy they are to use are very important points to consider since
the target users will be lay people, such as citizen scientists or farmers. Several designs for
devices were tested. PADs with detection and reduction zones were developed in this chapter.
The device which will be chosen finally will be used with both reduction and detection zones for

nitrate detection in Chapter 4.

3D device designs were tested (see Figure 3.1 and Figure 3.2). These devices consisted of two
layers, one for the detection and the second for reduction. Device 1 (Figure 3.1) consisted of
two zones in two different layers, the detection (4x13mm) and reduction (5mm diameter) zones.
Also, it consisted of a transfer channel (2x2.7 mm) which was necessary to transfer the solution
from the reduction zone to the detection zone. Device 1 required the analyte to first be reduced
in the reduction zone for a specific time and then transferred by a special channel into the
detection zone as in Figure 3.42 A. However, this design was not easy to use since it required
several steps which may be too complicated for a non-expert. In addition, the device showed
poor reproducibility as in Figure 3.43 due to poor transfer of the solution from the reduction
zone to the detection zone; some of the solution was lost during the folding of the device and
the absorption of the solution by the paper differed from one device to the next. Figure 3.43
shows the reproducibility of device 1 tested with a nitrite standard. Data shown in the red bars
result from the standard being pipetted directly into the reduction zone and then transferred to
the detection zone by folding the device, as shown in Figure 3.42 A. The blue bars resulted from
the standard being pipetted into the detection zone as in Figure 3.42 B. It was clear that avoiding
the two layers resulted in a more reproducible result. Device 2 (Figure 3.2) was an improved
form from design 1 to improve the reproducibility. Device 2 is the same as device 1 but with four
reaction zones within a single device. However, it was observed that preparing the device was

difficult the solutions frequently slipped between the paper when the PAD was folded.
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Figure 3.42 (A) Standard was pipetted into the reduction zone and then transferred to the detection zone
by folding. 0, 50 and 90 uM of nitrite were detected by Griess assay. 1 UM of Griess was used in the
detection zone and 20 pL of nitrite was added to the reduction zone and allowed to stand for around 1
minute. The device was folded then for detection. (B) Standard was pipetted immediately into the
detection zone. Figure 3.1 shows details about the device.
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Figure 3.43 Intensity versus concentration of nitrite (LM). The result from device 1. The red bars resulted
when the sample was pipetted into the reduction zone and then transferred to the detection zone by
folding. The blue bars resulted when the standard was pipetted immediately into the detection zone. The
relative standard deviation for the blue bars is < 5%. The relative standard deviation for red bars is=
10%, n = 3. The intensity was measured by method 2 in Section 2.5.

To reduce the complexity of the devices 2D devices were tested. Device 3 (Figure 3.3) consisted
of one sample introduction zone, 8 detection zones and 8 reduction zones. All circles were 8 mm
in diameter. The sample zone, reduction zones and detection zones were connected by channels
(3x4.9 mm). It was first necessary to make sure that the flow of the solution from the sample
introduction zone to the detection zones was uniform and equal in all channels. The design was
tested with a food dye. The dye was introduced to the sample introduction zone and was
allowed to flow within the device. Figure 3.44 shows the flow of the dye starting from the
solution introduction. It was clear that the flow was not uniform, and the dye reached the
detection zone of some channels quicker than others. For these reasons, the design was
adjusted to reduce the number of detection zones and replications of the reduction zones
similar to the Teppo et al. design, as in Figure 3.4 (device 4). The size of the sample introduction
zone was increased compared to the size of the detection and reduction zones to avoid the
accumulation of samples in the introduction zone. This design had three channels, without
reduction zones, for nitrite detection. And three channels with reduction zones for the detection
of nitrate. The flow of the solution in the device was tested again using the food dye ( Figure
3.45). The flow within this desigh was much more uniform, the dye reached completely all the

detection zones in 1 min after the addition of 100 uL of dye.
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Figure 3.44 Device 3 when 100 pL red food dye was pipetted into the sample introduction zone (A). A
photo was taken for 60 seconds. These are 4 of the photos taken from left to right (A, B, C and D) at
different times within the 60 seconds.

Figure 3.45 Device 4 when 100 uL red food dye was pipetted into the sample introduction zone (A). A
photo was taken for 60 seconds. These are 4 of the photos taken from left to right (A, B, C and D) at
different times within the 60 seconds.

Device 4 was used for nitrite detection (as in Figure 3.14). The detection solution (Griess reagent)
was added into the detection zone and allowed to dry for 10 minutes. The analyte (nitrite ion)
was then added into the sample introduction zone and allowed to flow and react for 14 minutes.
Several concentrations of nitrite were tested. Figure 3.46 shows the colour intensity increasing
with nitrite concentration. The variation in intensity and the standard deviation indicated the

devices suffer from a lack of reproducibility.
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Figure 3.46 Intensity versus nitrite concentration (LM). Device 4 was used, and the device was modified
(Figure 3.14). N=6.

Device 4 was re-designed to reduce the complexity of the system and increase its reproducibility.
Design 5 (Figure 3.5) consisted of one channel, one sample introduction zone (8 mm diameter),
one reduction zone (8 mm diameter) and one detection zone (8 mm diameter). The device was
modified (Figure 3.15) by adding the detection solution (Griess reagent) into the detection zone
and allowing it to dry for 10 minutes. The analyte, nitrite solution was then added to the sample
introduction zone and allowed to flow and develop colour for 14 minutes. The device was run
three times for each concentration. Figure 3.47 shows the intensity of the developed colour
versus the concentration of nitrite. Device 5 controlled the flow of the solution much better than
Device 4 since the flow of the introduced solution was in one direction. And consequently, it
produced a better calibration curve. Device 4 and device 5 have R of 0.7358 and 0.9013

respectively.
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Figure 3.47 Intensity versus nitrite concentration (UM). Device 5 was used, and the device was modified
(Figure 3.15. N=3.

Device 4 requires practice to be able to handle, device 5 is much easier to work with since it has
only one detection zone and one direction for the flow of the solution, unlike device 4. The
problem now with device 5 is that has just one reaction zone. Therefore, one channel device
with several reaction zones, allowing for reproduced measurements within one device was
needed. To enable this a valve was introduced to the device instead of the central circle in
device 5 and hence the valve allowed the flow in one direction. Device 6 (Figure 3.6) includes a
valve, 4 sample introduction zones and 4 detection zones. Sample introduction zones and
detection zones are both 10 mm in diameter. Figure 3.48 shows the intensity from device 6
versus the concentration of nitrite after treatment of the PAD as in Figure 3.16. The relative
standard deviation is still higher than 5% and the linearity is not perfect; R? =0.944. This is maybe
due to the equal size of the detection and sample introduction zone because not enough analyte
moved from the sample introduction zone to the detection zone to fill the detection zone with
analyte within the 14 minutes and some of it was lost due to evaporation or within the valve
movement. Therefore, the detection zone diameter was reduced to 6mm as in Figure 3.7, device
7 allowed the solution to move to a smaller area and hence enough solution was transferred.
The same experiment that was applied in design 6 was applied also in device 7 (Figure 3.17) and

the results are in Figure 3.49. The variation was still similar and hence the problem was not with
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the size of the detection zone. The use of valves based on researcher observations requires more
practice to get a reproducible result. The last option which is the easiest is the use of circles only
with no channels as in device 8 ( Figure 3.8). The PAD was modified for nitrite detection (Figure
3.18) in a similar way by adding the detection reagent into the circle and allowing it to dry. This
time the analyte was added directly to the detection zone circle. Figure 3.50 shows the
calibration line with much better linearity (R? 0.964) and less standard deviation from the first
run because the problem of flow control was avoided. In addition, dealing with device 8 will be

much easier for non-experts compared to any other complicated device.

Complicated designs are common in the literature, and in the lab and after of few practices, it is
easy for a researcher to use any of these designs or those described here. However, this work
aims to design a device that can be used with little or no practice by a citizen scientist or other
interested lay person. Consequently, Design 8 with circular zones will be further studied and
discussed in the following sections. Table 3.8 summarizes the comparison between the device
1,4,5, 6,7 and 8. It compares devices in terms of the simplicity of to handle, the way the sample
was introduced to the PAD and data on the calibration curve. The collected data shows that
device 8 was the easiest to use. In addition, the sample introduction was simple, as the whole
device could be dipped into a test solution. Also, device 8 produced a high-quality calibration

range and good R2.
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Figure 3.48 Intensity versus nitrite concentration (LM). Device 6 was used, and the device was modified
(Figure 3.16. N=3.
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Figure 3.49 Intensity versus nitrite concentration (UM). Design 7 was used, and the device was modified
(Figure 3.17). N=3.
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Figure 3.50 Intensity versus nitrite concentration. Design 8 was used, and the device was modified (Figure
3.18). N=6.
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Table 3.8 Comparison between devices 1, 4, 5, 6, 7 and 8 in terms of the simplicity to handle, way of
sample introduction and calibration line from one time run.

exactly in the
centre, it may
not reach all
detection

zones

solution does
not move
smoothly

within  the

channel

Device How easy to | Possible Calibration | Slope of | R? of
use the PAD | Sample range (UM | calibration(pM- | calibration
(based on | introduction 1)
observation) )
Device 1 Needs Pipetting, - - -
training,
folding of
layers is
required
Device 4 Complicated, | Pipetting, 0-100 0.0012 0.7358
and needs | can be
training, if the | dipped but
solution is not | after
pipetted lamination
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Device How easy to | Possible Calibration | Slope of | R? of
use the PAD | Sample range (UM | calibration(uM- | calibration
(based on | introduction 1)
observation) )
Device 5 Easy, but with | pipetting, 0-60 0.0048 0.9013
only one | can be
repeat dipped but
after
lamination
solution does
not move
smoothly
within  the
channel
Device 6 Needs Pipetting 0-60 0.0031 0.9243
training, valve | only
needs to be
handled
carefully to
avoid solution
loss
Device 7 Needs Pipetting 0-60 0.0029 0.8659
training, valve | only

needs to be
handled

carefully to
avoid solution

loss
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and handle

from first use

dipping after

lamination,

Device How easy to | Possible Calibration | Slope of | R? of
use the PAD | Sample range (WM | calibration(uM- | calibration
(based on | introduction 1)
observation) )

Device 8 Easy to use | Pipetting and | 0-200 0.0021 0.9639

liqguid goes

directly to

the zone

3.5.3 Lightening and internal standard effect

The designed paper microfluidic device 9 (Figure 3.9) consisted of circles with 6 mm diameter
and hence very small amount of reagent was required compared to a reaction in a test tube.
Device 9 was modified as in Figure 3.19. After the reaction between the standard and Griess
reagent, a photo was taken for the device to determine the colour intensity or the signal. This
photo was then analysed by Image-) software which produces the intensity of light as a
guantitative number as mentioned in the previous section. The photo was taken by a scanner or
phone. When the phone is used the surrounding light and the way the photo was taken may
have a significant effect on the intensity from time to time or from day to day. In addition, the
intensity of light within the same photo may have an effect too. For example, a good-quality
photograph can be seen in Figure 3.51 the intensity of light across the device is constant.
Therefore, the intensity measurement taken from each circle on the device can be trusted since
it was not affected by variations in lighting. Figure 3.52 shows a poor-quality photograph, the
signal across the device varies dramatically. This means the measurement from that photograph

cannot be used.
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Figure 3.51 Gray value (intensity) versus distance (pixels) along the device photo which was taken by
Samsung phone in laboratory lightening. This intensity graph resulted from the distance along the black
line. The signal or the intensity of light was the same all over the device.
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Figure 3.52 Gray value (intensity) versus distance (pixels) along the device photo which was taken by
Samsung phone in laboratory lightening. This intensity graph resulted from the distance along the black
line. The signal or the intensity of light was different from left to right of the device.

An internal standard was also used to compensate for the lighting variation effect. In normal
analytical analysis which was performed in bulk aqueous solutions an internal standard is usually
used. The internal standard is a substance which has similar properties as the analyte, and it

should not interfere with the analyte detection. In this experiment, colour was used as an
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internal standard to account for the variation of lighting that can affect the colour detected. The
internal standard circle is affected by the lighting in the same way as the detected pink colour.
Several colours are possible to be used as internal standard. Pink, yellow, red and blue were
used as in Figure 3.53. Yellow internal standard caused shorter linear ranges than other internal
standards but also it gave higher slop. However, it was not shown as an internal standard since
the developed detection colour is pink and hence the two colours may not be influenced in the
same way by the surrounding light. Pink, blue and red internal standards showed in general
similar intensities. The colour developed in the analysis was pink, therefore, pink was chosen as
the internal standard. The internal standard can remove the errors which happened due to light

within the photo itself.
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Figure 3.53 Intensity versus nitrite concentration (LM) when pink. Yellow, red and blue internal standards
were used. The relative standard deviation was less than 5% for each point and n=6. Device 9 (Figure 3.9)
was used for this experiment (modified as in Figure 3.19), colour development was allowed for 14 minutes,
and Phone was used for photo capture and analysed by image-J (The intensity was measured by method
2 in Section 2.5).

3.5.4 Optimization of time and amount of reagent

The paper microfluidic device was optimized for the amount of standard, reaction time and
Griess reagent amount as in Figure 3.54, Figure 3.55 and Figure 3.56 respectively. As the amount
of standard increased the signal increased too (Figure 3.54) which is logical since more amount
of nitrite was needed to react with the Griess reagent on the paper. After 6 uL of standard, the

signal started to be constant which means Griess reagent reacted completely with the standard.
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Therefore, 6 uL was chosen as the optimum standard/sample volume. The maximum volume of
standard which was tried in this experiment was 8 L since more than this volume required more

time to dry and it was a lot for a 6 mm circle.
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Figure 3.54 Intensity versus standard volume (pL). 1 pL Griess reagent was deposited into device 9
(modified as in Figure 3.19) and allowed to dry for 10 min. The Griess reagent components concentrations
were 50mM SA, 10mM NED and 330 mM citric acid. 60 uM nitrite standard was added (volume of analyte
was varied) to the modified device and the Colour development time was 14 min. pink colour was used
as an internal standard and the photo was taken by phone and analysed by image-J (The intensity was
measured by method 2 in Section 2.5). The optimum standard volume was 6 L. n=6.

Once nitrite reacted with Griess reagent the colour started to develop, and the time of colour
development or time of reaction represents a key point to get accurate and precise results on
paper microfluidic device. Therefore, a UV-Vis spectrophotometer was used to determine the
optimum time for the colour development as in section 3.4.1. The time was determined to be
14 minutes and it was used initially as a reaction time in a paper device. The colour development
on the paper itself was also measured with time (Figure 3.55). The signal raised gradually with
time since still there is an analyte to react with the detection reagent. After 4 minutes it became
stable, and the analyte reacted completely with the detection reagent. 5 minutes seemed to be

the optimum time to capture the photo for analysis.

122



Omin 2min 4min 6min 8 min 10min 12 min 14 min
100000000
0.55 4
> 2N S S S S
T 0.5 - }
g _
2045 3
&
o 04 4
e
[
— 0.35 -
0.3 | | | | | | | 1
0 2 4 6 8 10 12 14 16
Time / min

Figure 3.55 Intensity versus time (minutes). 1 uL Griess reagent was pipetted into the detection zone in
device 9. It was allowed to Dry 10 min. The Griess reagent components concentrations were 50mM SA,
10mM NED and 330 mM citric acid. 6 pL of 60 uM nitrite standard was added to the detection zone. Pink
colour was used as internal standard, and the phone was used for photo taking. A photo was taken for
14 minutes each 2 minutes. The photo was analysed by image-J (The intensity was measured by method
2 in Section 2.5). The optimum time for colour development was 5 minutes. (n=6).

The amount of the Griess reagent in the detection zone has also an effect on the sensitivity of
the device. The amount of Griess reagent was optimized in the 0-2.5 L range (Figure 3.56). High
volume is considered a lot for a 6 mm diameter circle, and it took a longer time to dry. A very
small volume was not enough for a complete reaction. The signal increased with increasing the
amount of Griess reagent until it became approximately constant after the addition of 1 pL of
the detection reagent. 1.5 pL is the optimum volume of Griess reagent. Table 3.9 summarizes

all the optimized parameters and their optimum values.
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Figure 3.56 Intensity versus Griess reagent volume (uL). 60 uM standard was used. Griess reagent (volume
varied) was added to the detection zone in device 9, and it was allowed to dry for 10 min. The Griess
reagent components concentrations were 50mM SA, 10mM NED and 330 mM citric acid. Pink colour was
used as internal standard, and the phone was used for photo taking. The photo was taken after 5 minutes.
The photo was analysed by image-J (The intensity was measured by method 2 in Section 2.5). The

optimum Griess volume is 1.5 pL. (n=6).

Table 3.9 The optimum value for Standard/sample volume, Reaction time and Griess reagent volume. 60
MM nitrite standard and device design 9 were used during optimization.

Optimized parameter

Optimum value

Standard/sample volume 6 uL
Reaction time 5 minutes
Griess reagent volume 1.5pL
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3.5.5 Optimization of Griess reagent component

Griess reagent consisted of three components, acid (citric acid), sulphanilamide and NED. Each
component had its use in the reaction, for example, the acid was important to catalyse the
intermediate reaction which resulted in formation of diazonium salt. In this reaction, nitrite
standard (60 puM or 100 uM) reacted with sulphanilamide to produce diazonium salt
(intermediate) which then reacted with NED to produce azo dye with pink- red colour. The three
components of Griess reagent were optimized in the paper device and the optimum
concentration of each was determined. NED, sulphanilamide and citric acid were optimized as
in Figure 3.57, Figure 3.58 and Figure 3.59 respectively. The three components were mixed to
make Griess reagent (1.5 pL) which was then added into the PAD (device 9) and allowed to dry.
The dry PAD was then ready for nitrite analysis by adding nitrite (6 uL) to the device. Finally, the
colour change was observed. In Figure 3.57 as the concentration of NED increased the colour
intensity increased too until it reached a maximum at around 6 mM and then the intensity
decreased. At small concentrations there was not enough amount of NED to react with the
intermediate (diazonium salt) which was why the signal increased gradually with the increase in
the concentration. On the other hand, the signal decreased at higher concentrations because
NED may tend to compete with sulphanilamide for reaction with the nitrite. Overall, 6 mM of

NED was the optimum concentration.
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Figure 3.57 Intensity versus NED concentration (mM). 60 uM standard was used. 1.5 pL Griess reagent
was added to the detection zone in device 9 (modified as in Figure 3.19), and it was allowed to dry for 10
min. The Griess reagent components concentrations were 50 mM SA, XX mM NED and 330 mM citric acid.
The pink colour was used as the internal standard and phone was used for photo taking after 5 min of
addition of 60 uM nitrite standard. The photo was analysed by image-J (The intensity was measured by
method 2 in Section 2.5). The optimum concentration of NED was chosen to be 6 mM.
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Sulphanilamide concentration was optimized too as in Figure 3.58 and for the purpose of validity,
the concentration was optimized at two different concentrations of nitrite, 60 and 100 uM. The
higher the concentration the more the signal or the intensity of the colour since more
sulphanilamide was available to react with nitrite. In general, the intensity raised as the
concentration increased until it reached maximum and then showed a small decline and this is
maybe due to the back reaction which led to the dissociation of the diazonium intermediate. 50
mM of sulphanilamide was chosen to be the optimum concentration since both 60 and 100 uM

of nitrite solutions gave the same result.
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Figure 3.58 Intensity versus concentration of sulphanilamide SA (mM). 1.5 uL Griess reagent was added
to the detection zone in device 9 (modified as in Figure 3.19), and it was allowed to dry for 10 min. The
Griess reagent components concentrations were XX mM SA, 6 mM NED and 330 mM citric acid. The pink
colour was used as the internal standard and phone was used for photo taking after 5 min of addition of
60 or 100 uM nitrite standard. The photo was analysed by image-J (The intensity was measured by method
2 in Section 2.5). The optimum concentration of sulphanilamide was chosen to be 50 mM.

The third component of the Griess reagent was citric acid which was used to catalyse the
reaction. There are several acids which were used in the literature as components for Griess
reagents like phosphoric acid and hydrochloric acid 337>, However, both are strong and
aggressive acids and hence they were not used in this experiment. Citric acid was chosen as a
non-aggressive option which was not reactive with a paper device. The pH had a significant
effect on the reaction as is clear in Figure 3.59, at high pH (small concentration of acid) the signal
was low since there was not enough acid to catalyse the reaction. Furthermore, a very high
amount of acid can suppress the reaction. 300 mM was the optimum concentration of citric acid.

The optimum values for Griess components are summarized in Table 3.10.
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Figure 3.59 Intensity versus concentration of citric acid (mM). 1.5 pL Griess reagent was added to the
detection zone in device 9 (modified as in Figure 3.19), and it was allowed to dry for 10 min. The Griess
reagent components concentrations were 50 mM SA, 6 mM NED and XX mM citric acid. The pink colour
was used as the internal standard and the phone was used for photo taking after 5 min of addition of 60
or 100 uM nitrite standard the photo was taken. The photo was analysed by image-J (The intensity was
measured by method 2 in Section 2.5). The optimum concentration of citric acid was chosen to be 300
mM.

Table 3.10 The optimized components of Griess reagent (NED, sulphanilamide, and citric acid) and their
optimum values. 60 and 100 uM of nitrite standard were used during optimization. The optimization was
applied in device design 9 (n=6).

Optimized component Optimum value
NED 6 mM
Sulphanilamide 50 mM

Citric acid 300 mM

3.5.6 Lamination and dipping for sample introduction.

Device 9 was previously used for optimization work where the device was not laminated, and
the standard was added by pipette into the reaction zone. Then the idea of lamination came.
Lamination of the device is needed since the device finally is used by non-experts. In addition,
lamination should increase the lifetime of the device. Lamination protects the reagents in the
device from interaction with air and hence from degradation. Figure 3.60 shows the two

methods, with and without lamination. The device was prepared using conditions in Table 3.9
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and Table 3.10. In the device which was not laminated (Figure 3.60 A), the nitrite solution (60
KM) was pipetted into the zones for the reaction to happen. However, the device which was
laminated (Figure 3.60 B) was dipped into the nitrite solution (60 uM). The two methods were
compared and the result is in Figure 3.61. The intensity was determined for three nitrite
concentrations in both laminated and non-laminated devices. The two methods show similar
results with a small increase in the intensity for a laminated device which means that the
detection solution in the detection zone was not affected by the heat of lamination at 80 °C. At
zero nitrite (blank) concentration, the non-laminated device showed a small increase in intensity
than the laminated device. This is maybe due to the high chance of interaction between air and

detection reagents in the non-laminated device.

Pipetting nitrite standard

Ki° (o)
Qg

Dipping in nitrite
standard

Front side Back side

Figure 3.60 The detection of 60 UM nitrite ion in non-laminated and laminated devices. (A) non-laminated
device 9 (modified as in Figure 3.19) where the nitrite standard was pipetted during detection. (B)
laminated device 10 (modified as in Figure 3.20) where the device was dipped into the nitrite standard.
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Figure 3.61 Intensity versus concentration of nitrite ion (uM) for laminated device 10 (modified as in Figure
3.20) and non-laminated device 9 (modified as in Figure 3.19).

3.5.7 Improving the device by separating of Griess component

The Griess reagent consists of three components as mentioned previously, NED, sulphanilamide
and citric acid. The three components were working together to produce the pink-red colour for
nitrite detection as in Equation 2.1 in the experimental part. The previous experiments were
performed when the three components were mixed in solution before the addition into the
detection zone as in Figure 3.62 A. However, mixing the three components increases the chance
and the possibility of the interaction between them especially in the presence of air. In addition,
sulphanilamide should react first with nitrite. The two components NED and sulphanilamide may
compete to react with nitrite when they are in the same solution. Therefore, the components of
the Griess reagent were separated. Two solutions of Griess reagent were prepared as in Figure
3.62 B. The two solutions were added to two different zones in the device 11. In zone 1 NED
solution was added. In zone 2 a mixture of sulphanilamide and citric acid was added. Zone 3 was
left empty for nitrate detection purposes (chapter 4). The device was folded and laminated as
normal and used for nitrite detection. The comparison between the two devices (devices 10 and
11) was clear as in Figure 3.63. The figure shows intensities for nitrite standards (0,60, 120 uM).
There was no significant difference between devices with separated and non-separated Griess
reagent components. Both devices showed similar intensities except for the blank which shows
a reduction in the intensity when the Griess reagent component separated into two layers. This
led in the reduction in the slope by around 40% (exactly 39.6%) and hence an increase in the

sensitivity.
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Figure 3.62 (A) Device 10 which was prepared from Griess reagent with mixed components (NED,
sulphanilamide and citric acid). (B) Device 11 which was prepared from separated Griess components.
NES solution and (sulphanilamide+ citric acid) solution. Conditions from Table 3.9 and Table 3.10 were
followed. The devices were laminated and dipped in the solution. A scanner was used for detection.
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Figure 3.63 Intensity versus nitrite concentration (LM). The devices in Figure 3.63 were used. The two
devices show similar results except for the blank. The scanner was used for photo taking and the photo
was analysed by image-J (The intensity was measured by method 2 in Section 2.5).

The device with separated Griess components seemed to work well according to Figure 3.63.
This was explained by studying the stability of the two devices according to Figure 3.64. The
Griess components were added to the devices as in Figure 3.62 A and B. The devices then were
laminated and left in the freezer for 4 days. Without any reaction, a photo was taken of the two
laminated devices. It was noticed that the device with non-separated Griess components (device
10) produced higher signal than device with separated Griess components (devicell) (Figure
3.64) and this explain the improve in the sensitivity which was described in Figure 3.63. The
intensity decreased by around 70% when the Griess reagent components were separated. In
addition, there was a small increase with days in the intensity of devices with non-separated
Griess components compared to device with separated Griess components. Device 11 seemed
to be more stable than device 10 for the 4 days. This is maybe because during device preparation
the mixed components were more affected by air than when they were separated. Also, during

storage, the mixed components had more chance to interaction with each other.
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Figure 3.64 Intensity versus the day. This is the result from devices 10 (n=6) and 11 (n=6) with non-
separated and separated Griess components respectively. Devices 10 and 11 were prepared as in Figure
3.20 and Figure 3.21 respectively but without any reaction with analyte nitrite the device was scanned
each day. Device 11 seemed to be more stable.

3.5.8 Calibration by Scanner

A scanner was initially used to capture a photo for analysis. The use of a scanner was effective
since it was not associated with the surrounding light effect. The calibration curve for nitrite was
necessary to determine the concentration of analyte in the sample. It was plotted using device
11. Nitrite standard concentrations between 0-180 uM were tested. It was clear that linearity
was lost after 90 uM of nitrite as seen in Figure 3.65. The reproducibility of the PADs was
determined by taking measurements over three different months as in Figure 3.66. The three
lines appear close, however, an ANOVA test of the three data sets indicated that F >F itical, (€.8.,
at point 10 uM, F=6.34, Fcritica= 3.68, P= 0.010, ANOVA test). Therefore, it was concluded that
the PADs are not quantitative, and it can be said that they are semi-quantitative data since
approximate concentration can be determined (not- exact). The average LoD, R? and slope of
the three lines are not more than 16%RSD (Table 3.11) and hence this indicates the agreement
of the calibration lines. R% is around 0.9909+0.0065. Most of the points pass through the line and
all of them with relative standard deviation of less than 5%. The limit of detection was around

0.67£0.11 uM as in Table 3.11.
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Figure 3.65 Intensity versus concentration of nitrite (UM). Laminated device design 11 was used (n=6).
Dipping was applied. A scanner was used for detection. The line lost its linearity after 90 uM nitrite
concentration. The photo was analysed by image-J (The intensity was measured by method 2 in Section
2.5).
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Figure 3.66 Intensity versus concentration of nitrite ion (uM). Laminated device design 11 was used (n=6).
Dipping was applied. A scanner was used for detection. The photo was analysed by image-J (The intensity
was measured by method 2 in Section 2.5). The three lines from three different days.
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Table 3.11 LoD, slope and R? for nitrite detection by the PAD when a scanner was used as a detection
method. LoD was calculated as in Equation 2.5 in the experimental.

%RSD of
Line 1 Line 2 Line 3 average average
LoD (uM) 0.67 0.78 0.56 0.67+0.11 16.34
slope 0.0051 0.0047 0.0049 0.0049+0.0002 | 4.08
R2 0.9838 0.9966 0.9924 0.9909+0.0065 | 0-68

3.5.9 Calibration by phone

Since a scanner is not portable it is not practical in the field. Nowadays most people rely on
smartphones in their daily life. The use of the smart phone was necessary to ensure an easily
accessible method of detection which is accessible to most people. In this experiment, a phone
camera was also used to capture a photo which was then analysed by Image-J software and the
intensity of the PAD signal was calculated. Then calibration lines were determined (Figure 3.67).
Most of the points pass through the straight line, R? 0.9664+0.0188. The limit of detection was
0.81+0.06 uM (around LoD 0.466 mg kg if 8 grams of soil and 100 mL of solvent is used). LoD
from the phone experiment was comparable to the result from the scanner as described in the
previous section. Using this method, the limit of detection and quantitation is lower than the
maximum toxic level of nitrite in water (21.7 uM /1mg L according to the US Environmental
Protection Agency) 3%°. However, when this is compared to the level of nitrite in soil, the LOD is
also lower than the maximum level of nitrite in soil and close to the minimum level of nitrite in
soil 3¢63%7 The level of nitrite in soil rarely exceeds 164 mg kg "t and most of the time is lower
than 0.3 mg Kg* 3357, Figure 3.67 also summarizes the reproducibility of the PAD when the
phone was used. The three lines are close, however, when the ANOVA test was used to compare
each three pointsin the three curves, F >F .itical. Therefore, it was concluded that the result which
was generated from these curves is not quantitative and it can be said again that it is semi
guantitative data since the average LoD and slope of the three lines not more than 13 %RSD as

in Table 3.12.
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Figure 3.67 Intensity versus concentration of nitrite ion (uM). Laminated device 11 was used (n=6).
Dipping was applied. A phone was used for detection. The photo was analysed by image-J (The intensity
was measured by method 2 in Section 2.5).

Table 3.12 LoD, R2 and slope of curves in Figure 3.67. Laminated device 11 (n=6) was used for the analysis.
LoD was calculated as in Equation 2.5 experimental.

%SD of
Line1 Line 2 Line 3 average average
LOD (uM) 0.84 0.84 0.73 0.81+0.06 7.31
R2 0.9644 0.9487 0.9861 0.966410.0188 1.94
slope 0.0031 0.0026 0.0028 0.0028+0.0003 8.88

3.5.10 Interferences

Soil contains other cations and anions other than nitrate and nitrite. These components may
have the ability to interfere with the detection of nitrite either by competing with nitrite to reach
the Griess reagent first or by reaction of interference with nitrite itself to prohibit it from
reaching the Griess reagent. Several possible interferences (Ca%*, Na*, K*, Fe?*, Cu®*, Zn%, Mn?%,
COs2, PO43, CI, SO42) for nitrite detection were studied as in Figure 3.22 (There are other
interferences which may cause interference and are not studied in this work due to shortage of
time). Nitrite 60 UM was used in the study. Each time a specific concentration of the interference
was mixed with 60 uM of nitrite. The concentration of interference was increased and decrease
until the highest concentration where no interference was reached, and that concentration was
called the tolerance level of the interference. Figure 3.68 summarizes the tolerance level for all

the interferences. The t-test was used to compare two means and to decide if they are equal or
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not within the standard deviation, and the t-test shows no interference for all mentioned
concentrations of interference (t state< t critical, two-tailed test). The tolerance level was compared
to the level of these interferences in the environmental soil sample. In this study, the levels from
different studies were used for comparison as in Table 3.13 which shows the level of each
interference in some studies for soil samples. Most of the time iron, copper, zinc and manganese
exist in environment soil at low levels; less than 5 mg L. Hence, they are not going to interfere
with this PAD when compared to their tolerance level. Also, the other cations and anions that
may exist in soil such as sodium, potassium, calcium, chloride, sulphate, and phosphate, exist

most of the time at levels lowers than their tolerance level.
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Figure 3.68 Intensity versus interference tolerance concentration in (mg L). 60 uM/2.7 mg L of nitrite
was mixed with the interference [Ca%* (0.5 g L), Na* (5 gL?), K* (30 g L'}), 2" (0.2 g L), Cu?* (1 g LY), Zn?*
(0.2 g L), Mn?* (4 g L), COs2 (0.1gL?), POs3(5gLY), Cl(3gL?), SOs2 (10 g L'Y)] in the same solution.
Device 11 was used.

Table 3.13 The level of some of cations and anions in environmental soil samples based on some studies.
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lon mg L Mass: Volume Mg kg? reference
Mn? 27.7 0.25:10 1108 376
4.225 0.25:10 169 376
1.888 0.004:2.5 1180 377
Fe? 1.51-4.89 25:250 15.1-48.9 378
65.4 2:100 3270 379
0.190 1:25 4.75 380
Cu? 0.201, 0.133 - - 381
Zn* 0.128, 0.023 - - 381
0.0067-0.1175 2:20 0.067-1.175 382
PO,* 0.148 2.5:50 2.96 383
1.27-3.05 - - 384
Ca* 7.54-110.15 20:80 30.16-440.6 385
9.46-45.69 10:100 94.6-456.9 386
9.7-18.8 10:200 194-376 387
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lon mg L Mass: Volume Mg kg? reference
504> 2.45-3.654 20:100 12.28-18.27 388
0.2-1.6 5:25 1-8 389
K* 22.8-182 20:100 114-910 388
5.7-7 2.5:25 57-70 39
Mg 0.85-9.85 10:200 17-197 37
Na* 1.9-2.52 10:200 38-50.4 387
1.00-1.43 10:200 20-28.6 387
cr 6-300 1:50 300-15000 391
1.6 5:40 13 392
7.8 5:40 62 392
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3.5.11 pH effect

Griess reagent is pH sensitive. It works at a low pH much better compared to a high pH. Acetic
acid was used as a component in the Griess reagent to keep the solution acidic. The pH of the
deionized water is around 5.3. At this pH, the calibration line of nitrate was determined, and the
other nitrite studies were performed. However, in this study, we are aiming to use soil samples
where the pH may be higher than 5.3. Therefore, the effect of the pH on the calibration line was
studied. Even though the pH of the soil can be from 3 to 10 3%, the studied pH range was from
5 to 8 because at around this range, most of the soil nutrients exist and it is the best range for
plant growth 3% and most of the UK soil are in this range 3. In addition, the soils that will be
studied in this study are within this pH range. The calibration line was run using nitrite solutions
of different pH, ranging from 5 to 8 as in Figure 3.69. This figure shows the intensity of the PAD
versus the concentration of nitrite solution. ANOVA test was used to compare between different
pH at the same concentration. The intensities were similar at different pH for 0, 10, 30, and 60
UM concentrations (e.g., at 10 uM of nitrate: F=1.681, Fcritica=3.098, P= 0.20, a 0.05, n=6). It was
observed that the pH change does not affect the small concentration of nitrite from 0 to 60 uM.
However, at higher concentrations of nitrite above and 60 uM, the result was affected. It is
expected that soil samples treated to have very small amounts of nitrite and hence this variation

at high concentration has no influence.

HpHS pH6 pH7 pH8

T
I I I

2040 o B 1
(%]
[
3030 - —_—
£ T

0.20 - I x

0.10 -

000 - T T T T T 1

0 10 30 60 a0

[nitrite] / uM

Figure 3.69 Intensity versus nitrate concentration (uM) at different H. Device 11 was used and treated as
in Figure 3.21.
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3.6 Comparison between PAD, UV-Vis and IEC and literature

Nitrite was also analysed by UV-Vis spectrophotometer and IEC, the result was compared to the
result from paper device. Table 3.14 shows a comparison between paper device, IEC and UV-Vis
spectrophotometer results from this work. In general, UV-Vis gave a narrower detection range
for nitrite than the paper device. Whereas IEC showed a wide detection range. The detection
range of the paper device was 0-90 uM, whereas 0- 50 uM was the detection range of nitrite
when the spectrophotometer was used. The limit of detections of nitrite using UV-Vis
spectrophotometer, IEC and paper microfluidic scanner and phone were 0.053 = 0.003,
5.17+0.47,0.67£0.11 and 0.81+0.06 uM respectively. UV-Vis is more sensitive than the IEC and
PAD, however, it can be exposed to more interference than IEC where all ions can be separated
in the column before detection. Therefore, UV-Vis will be used for nitrite determination
especially if the soil has a low level of nitrite. When the nitrite level is high, and more

interferences are expected in the sample then IEC is used.

The developed PAD was also compared to the existing nitrite PAD in literature as in Table 3.15
which shows the sample analysis, device type, number of layers in the device, LOD, detection
range, reaction time and sample introduction method for each nitrite PAD which already exist
in literature. The developed method shows good sensitivity in terms of LOD compared to most
other methods and this is mainly due to the step of separation of Griess reagent components as
it was mentioned in Figure 3.64, this step reduced the auto colour development which may lead
to the reduction in the sensitivity by around 40%. In other studies, Griess reagent components
were all mixed in one zone/layer, consequently, they are more exposed to interact with each
other. Moreover, other PADs are made from one layer of paper, and some are based on flow
channels which is complicated for field use as studied in section 3.5.2. The developed PAD has
three layers of paper. The sample moves through layers before reaching the detection zone. The
number of layers makes the PAD ready for soil sample analysis since multi-layers work as filters
for the extracted solution before it reaches the detection layer. Consequently, other PADs in
literature are not ready for soil sample analysis in the field since the detection zone can be
contaminated by the soil if it is not filtered before analysis. In this study also dipping system for
sample introduction was adopted compared to most of other study which make it easier in the

field to introduce the sample than if the sample is pipetted.
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Table 3.14 LoD and linear range for scanner detection, phone detection, UV-Vis and IEC. Laminated device
11 (n=6) was used for the analysis

Detection method LoD (pM) linear range (LM)
Scanner PAD 0.671+0.11 0-90

phone PAD 0.81+0.06 0-90

UV-Vis 0.053 £ 0.003 0-50

IEC 5.17+0.47 30-1000

Table 3.15 Comparison between different PAD studies for nitrite detection.

Sample/ | Number | method | Components | Linear | LoD Reaction | Sample Reference

device of of detection | range | (mg L | time introduction

shape layers reagent (mgL |1 (min)

Y)

Water 1 Griess Mixed Inone | 4-85 | 0.52 15 pipetting 299
reagent | layer

channels

Water 1 Tetrazine | Mixed Inone | 0.23- | 0.0598 | 5 pipetting 300
base layer 23

channels

Saliva 1 Griess Mixed Inone | 0.92- [ 0.345 |5 pipetting 301
reagent | layer 7.36

channels

Saliva 1 Griess Mixed Inone | 0-4.6 | 0.258 | 10 pipetting 302
reagent | layer

channels

Water 1 Griess Mixed In one | 0.1- 0.1 15 pipetting 303
reagent layer 10

circles
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Sample/ | Number | method | Components | Linear | LoD Reaction | Sample Reference
device of of detection | range | (mg L | time introduction
shape layers reagent (mgL |1 (min)
1)
Waster 1 Basic Mixed Inone | 0.05- | - 30 immersing 304
Fuchsine | layer 9.2
squares
Water 1 Griess Mixed In one | 0.23— | 0.03 12 pipetting 305
reagent | layer 2.26
Channels
water 1 Griess Mixed In one | 3.5- - 2 pipetting 306
reagent | layer 115
Food 1 Mixed In one | 0.5- 0.1 5 pipetting 293
layer 40
channels
Saliva 1 Griess Mixed In one | 0.46- | 0.46 15 pipetting 307
reagent | layer 46
channels
Food 1 Griess Mixed Inone | 1-100 |1 5 pipetting 308
reagent | layer
squares
Food 1 Griess Mixed Inone | 1-250 | 1.1 15 pipetting 309
reagent | layer
circles
Soil 3 Griess Separated 0-4.1 |0.031 |5 dipping This work
(scanner) reagent into two (0.67
layers uM)
circles
Soil 3 Griess Separated 0-4.1 |0.037 |5 dipping This work
(phone) reagent | into two (0.81
layers uM)
circles

142




3.7 Nitrite in soil sample

Nitrite was determined in the soil sample using the developed PAD. The result from the PAD was
validated by UV-Vis and IEC.5 soil samples were analysed, 3 were commercial compost samples
(JohnInnes 1, 2 and 3) and two were real topsoil samples. The nitrite was initially extracted from
the soil by mixing 8 grams of soil in 100 mL of water in a cafetiére for 2 minutes and then allowed
to settle for 3 minutes (these parameters were chosen to fit the nitrate extraction in Chapter 4).
The extract was analysed by device 11 (modified as in Figure 3.21) which was dipped into the
extracted solution for 5 min. the photo was taken then and analysed by image-J. The result for
nitrite content is in Figure 3.70 which shows mg kg™ of nitrite in the five soil samples from UV-
Vis and PAD. The soil samples contain no nitrite or less than 1 mg kg (0.080 mg L™/ 1.7 uM) of
nitrite. IEC was used also to double-check the existence of nitrite since this method is less
exposed to interference. The result is in Figure 3.71 which shows the nitrite peak from standard
and no equivalent nitrite peak from soil. This was expected since both PAD and UV-Vis showed

also no or very small nitrite content for all soils. The IEC result for the rest of the soils is in

Appendix B.
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Figure 3.70 Nitrite content mg kg* versus the type of soil. 3 commercial composts samples (John Innes 1,
2 and 3) and two real topsoil samples were used. The nitrite was extracted from the soil by mixing 8 grams
of soil in 100 mL of water in a cafetiere for 2 minutes and then allowed to settle for 3 minutes and readout
was taken by PAD. Then the 8 grams of the same sample were mixed in a shaker for 1 hour and the readout
was taken by UV-Vis and IEC.
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Figure 3.71 Peak height (uS) versus retention time (min). 600 uM nitrate and nitrite standards
and soil Sample (John Innes 1) were used in the analysis (8 grams soil in 100 mL of DIW mixed
in a shaker for 1 hour). This analysis with 20mM KOH and 0.38 mL min flow rate. There is no
peak for nitrite in the soil sample.
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3.8 Discussion and Conclusion
Nitrate is one of the soil nutrients which is required for plants to grow healthily. It is applied in

soil using fertilizer 374

. Fertilizer management is crucial, therefore, soil nutrients regular
monitoring in the field is required. Griess reagent is commonly used for colorimetric detection
61,349-351 However, nitrate must first be reduced to nitrite and then detected as nitrite and hence
nitrate and nitrite by this reaction are detected together in soil. Therefore, this chapter aimed
to develop PAD which is simple for lay people to use for in situ nitrite determination in soil. The

simplicity and sensitivity of the PAD are two issues which were studied here.

The main challenge with develop field use device is the simplicity of the device while
maintaining its sensitivity. Developing easy to use device means reduction in the steps which
should be performed by user and reduction of steps within the device. In this study, a PAD with
a circle (device 9) was chosen from several complicated designs either with flow channels or
with valves (devices 1, 2, 3, 4, 5, 6, 7). The result was based on the first-time handling of each
PAD. The aim was to find a design that can be used with little or no practice and hence be easy
to use by non-experts. At the same time, the design should be sensitive enough to be useful in
the field. The multiple steps of the reaction (detection and reduction) should happen in the PAD.
This was why the study started with a complicated device that can provide several areas for the
multiple reaction steps to achieve better sensitivity. However, handling such complicated
devices was not as easy as expected from the first use. The devices were compared in terms of
the simplicity to handle, the way the sample was introduced to the PAD and data on the
calibration curve. The collected data showed that devices with circular reaction zones only and

no valves or channels were easier to use with good calibration from first-time use.

The circular zones in the PAD helped for easy sample addition by dipping while the PAD was
laminated. The solution enters immediately into the detection zone. This is significantly easier
than other systems (Table 3.15) which require users to pipette a sample into a reaction zone or
channels. Furthermore, the reaction time was studied, and it was found to be 5 minutes which
is short for field use. The design ended up with a small PAD (28.5 mm x 28.5 mm) with three
layers. The PAD is small, portable, easy to use, disposable, use-friendly, inexpensive (price < £ 1,

price of the device was calculated in appendix H) and can be used in resource-limited setting.

Other than the simplicity of the device its sensitivity for soil sample analysis is another challenge.
Therefore, The PAD was optimized for the Griess reagent components (330 mM citric acid, 50
mM sulphanilamide and 6 mM NED) which are more stable if they were separated into two
layers of the PAD. Most of the previous studies (Table 3.15) always mix all reagents in one layer.

Separation of the Griess reagent reduces the auto-colour development by around 70% hence
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the degradation of the reagents and their interaction when they are mixed. After this separation,
the sensitivity of the PAD increased by around 40% (based on the slop of the calibration line).
The LoDs of nitrite by the PAD were 0.39+0.06 and 0.46+0.03 mg kg* with the use of a scanner
and phone respectively. The developed PAD was more sensitive and with lower LoD compared
to most of the LoDs published previously (Table 3.15). This makes the PAD usable for nitrite
detection in soil since nitrite in soil exists in small or neglected concentrations, around 0.3 mg
Kg1 366357 Moreover, the PAD was supported by three layers and hence this makes it ready for
soil sample analysis compared to other PAD in literature since the layers provide the filtration
for slurry (organic matter). Soil samples were analysed by PAD for nitrite content. The method
was validated by UV-Vis and IEC. In general, the PAD, UV-Vis and IEC show no or less than 1 mg

kg ! nitrite content for all soil types.

In conclusion, three three-layer device which is easy to use by non-expert and can detect nitrite
in soil within 5 minutes after dipping the PAD into the extracted solution was developed. This

PAD will be used to develop nitrate PAD in Chapter 4.

146



Chapter 4 Nitrate determination

4.1 Introduction

As mentioned in Chapter 3 nitrate is one of the nutrients which is required by plants in large
amounts and needs to be monitored regularly by farmers 3%. In conventional methods Filtration
of the soil particles is required. The sample needs to be transported from the field to the specific
laboratory. Then after some time, the result of the analysis is returned to the farmer. This
process is expensive and time-consuming especially for farmers who mainly rely on their crops
to gain their income especially farmers in low- and middle-income countries where agriculture
is main source of income 2, In the field qualitative nitrate strips are used 2°. However, the
determination of nitrate is based on the visual observation which is usually not clear. There is
also a portable UV-Vis detector (palintest) which can give quantitative data for nitrate in soil 4.

However, this method is expensive and still requires the use of toxic chemicals.

Therefore, in this study, we aim to develop a method for nitrate extraction and detection in the
field by an easy method which is easy to handle by farmers for regular nitrate monitoring
without the help of an expert. As mentioned in Chapter 3, a paper-based sensor represents a
good alternative for nitrate detection since it can provide simplicity, low price and portability.
There are some recently published paper-based sensors for nitrate detection 290-293:295.296,298,310,311
however, none of them is ready for soil sample analysis in the field. In addition, some of them

are still complicated to be used by lay people. Furthermore, extraction of the nutrients from soil

is required before detection. In the field, there were several available techniques like hand

420 421

shaking followed by use of filter paper **°, syringe connected to filter extraction and
automatic extraction mounted with full extraction-detection unit *?2, However, most of these
methods are complicated and still require the use of sophisticated devices and the use of filters,

sieves, and chemicals. Therefore, a simple extraction method is required for farmer’s daily use.

Here, a simple-to-use cafetiére-based extraction method was combined with a colorimetric
paper-based sensor with smartphone readout. Initially, the extraction of the nitrate by the
cafetiere was optimized for the best mass, volume, and extraction time and compared to the
conventional extraction by shaker. Then, the PAD described in Chapter 3 was developed and
used for nitrate analysis. This included the addition of a reduction step from nitrate to nitrite
with zinc as a reducing agent. The reaction time was optimized, and a range of zinc introduction
approaches were studied. The developed method was also studied for the effect of interference
and pH change. Finally, the developed workflow with extraction and detection was applied to
soil samples. IEC (ion exchange chromatography) and CRM (certified reference material) were

used for the method validation.
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4.2 Experimental

4.2.1 lon exchange chromatography

lon exchange chromatography instrument (Dionex-1CS-2000) with Dionex lonPac™ AS16 (RFIC™,
2 x 250mm) separator column, Dionex ASRS 300 (2 mm) suppressor column and DS6 heated
conductivity cell were used as conventional method for nitrate determination. Optimization was
done as in Table 4.1. 15 KOH was used as eluent at 0.3 ml min* flow rate. A mixture of nitrate
and nitrite was used for the analysis to avoid any interference from nitrite since they are eluted
simultaneously. 30-1000 uM mixture standard of nitrite and nitrate was run to determine the
calibration line for nitrate. The analysis was done in 6 minutes where nitrate peak was eluted at

5.1 minutes. other columns were used as in Appendix A.

Table 4.1 Optimized parameter for nitrite detection. 600 uM of nitrate was used for optimization.

parameter Value (optimized range)

FLOW RATE 0.30mL min™ (0.2-0.6 30mL min™)
KOH concentration 15 mM (15-45 mM)

Volume pump 20 uL

Pump pressure 1000-4000 psi

4.2.2 Designed devices.
Device 10

This device (Figure 4.1) consisted of separate reduction and detection zones, which come into
contact with each other when the device is folded, thus forming a 3-dimensional device. The
dimensions and the number of circles of the two zones same as device 9. Different colours for
internal standard were utilised for the purpose of comparison. The reduction zone had no

internal standard.
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Figure 4.1 Paper device 10 (57x28.5 mm) with two zones, reduction and detection zones. Each zone had
7 circles which had 6 mm diameter. The detection zone consisted of 4 internal standards, yellow, pink,
red and blue. The device was adopted for detection of nitrite and nitrate (n=6).

Device 11

Device 11 (Figure 4.2) was a modified form of device 10. It had similar dimensions for detection
and reduction zones. However, device 11 had two detection zones compare to device 10 which
had one detection zone. The device was folded to a form three-dimension device. Once the

device was folded the three zones should match each other.

Internal

standard

‘. @ ..‘ .. & Negative
® control

0 ®
m Reduction Detection Detection

zone zone zone

Figure 4.2 Paper device 11 (85.5x28.5 mm) with three zones, 1 reduction and 2 detection zones. Each
zone had 7 circles which had 6 mm diameter. The device was adopted for detection of nitrite and nitrate
in the future (n=6).

Device 12
Device 12 (Figure 4.3) was a modified form of device 11. It had similar dimensions for detection
and reduction zones. However, device 12 had an empty zone in compared. The empty layer is

located between the reduction zone and the detection zone to reduce any possible interaction

between chemicals in the two zones.

149



Internal
standard

Negative
control

Reduction Detection Detection
zone zone zone

Figure 4.3 Paper device 12 (85.5x28.5 mm) with four zones, 1 reduction and 2 detection zones and 1
empty zone. Each zone had 7 circles which had 6 mm diameter. The device was adopted for detection of
nitrate in the future (n=6).

4.2.3 Device modification

Device 10 modification

The paper device for nitrate detection (device 10) was modified the same way as device for
nitrite detection. However, this time zinc was added to the reduction zone as in Figure 4.4. 50
mg mL? zinc solution was first homogenised in test tube by vortex for 30 seconds. Then 6 pL of
the solution was added into all circles in the reduction zone. It was allowed to dry for 10-20
minutes at room temperature to ensure water evaporation. The device then was treated the
same way as the device for nitrite detection (Figure 4.4). However, finally instead of dipping the

device in nitrite solution the device was dipped in nitrate solution.
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Figure 4.4 Paper device 10 modification for nitrate detection. Zinc solution was vortex for 30 seconds
before addition into the detection zone. 6 pL of Zinc solution was pipetted to all circles in the reduction
zone. It was then allowed to dry for 10-20 minutes. After drying 1.5 uL Griess reagent was added to the
detection zone (all circles except the negative control). The device was allowed to dry for 10 minutes. A
fold from the centre of the device was made. The folded device was laminated in laminating punch three
times by laminator at 80 °C. Slits were made in all circles using scalpel. The device was dipped in
standard/sample (nitrate) for 14 minutes or standard/sample was introduced by pipetting and followed
by 14 min colour development. A photo was taken by phone camera (Samsung Galaxy S8), and it was
analysed by Image-J (method 2) and pink colour was used as internal standard.

Design 11 and 12 modifications

Device 11 (Figure 4.5) and 12 (Figure 4.6) for nitrate detection were modified the same way. The
difference between the two designs is that design 12 has empty layer and design 11 has no
empty layer. The purpose of the empty layer is to separate reagents and reduce their interaction.
The empty layer in design 12 separate the reduction zone and the detection zone 2. The device
was modified by addition of zinc first in the reduction zone, zinc was added by immersing the
reduction zone into solution of zinc (50mg mL?) which is under stirring (600 rpm) for 1 second.
The device then was dried in the oven for 20 minutes at 40 °C. 1.5 pL of detection solutions 1 (6
mM NED) and 2 (50 mM sulphanilamide and 300 mM citric acid) was pipetted into detection
zone 1 and 2 respectively. The device was then air dry under a box for 15 minutes. Box was used
to provide dark environment and reduce degradation of chemicals due to light. After drying the

device was fold and laminated. A slit was made in the back side of the device. The device was
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ready to be dipped into the sample/solution for 14 minutes. Photo was finally taken by phone

or scanner for image-J analysis.

6 uL (50mg mL1)
Zinc solution Pipetting solution 2 Pipetting

addition after 30 (3 L) solution 1 (1.5 uL)
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Figure 4.5 Paper device 11 modification for nitrate detection. Zinc solution was vortex for 30 seconds
before addition into the detection zone. 6 uL of Zinc solution was pipetted to all circles in the reduction
zone. It was then allowed to dry in oven for 20 minutes at 40°C. After drying 1.5 uL Griess reagents was
added to the detection zone 1 and 2 (all circles except the negative control). The device was allowed to
dry for 15 minutes. The device was folded. The folded device was laminated in laminating punch by
laminator at 80 °C. Slits were made in all circles using scalpel. The device was dipped in standard/sample
(nitrate) for 14 minutes. A photo was taken by phone camera (Samsung Galaxy S8) or scanner, and it was
analysed by Image-J (method 2) and pink colour was used as internal standard.
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Figure 4.6 Paper device (11 and 12) modification for nitrate detection. The zinc solution was into the
reduction zone by immersion. Zinc solution was added to all circles in the reduction zone. It was then
allowed to dry in the oven for 20 minutes at 40°C. After drying 1.5 uL Griess reagents were added to the
detection zone 1 and 2 (all circles except the negative control). The device was allowed to dry for 15
minutes. The device was folded. The folded device was laminated in laminating punch by a laminator at
80 °C. Slits were made in all circles using a scalpel. The device was dipped in standard/sample (nitrate) for
8 minutes. A photo was taken by phone camera (Samsung Galaxy S8) or scanner, and it was analysed by
Image-J (method 2) and pink colour was used as internal standard. vice modification
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4.2.4 Reducing Agent Optimization

The major difference between nitrate and nitrite detection is the use of zinc solution as reducing
agent. The device 10, 11 and 12 was optimized for the best amount of zinc suspensions which
was added to the reduction zone (0-8 pL). The homogeneity of the zinc solution and its effect in
the result was also investigated. Pipetting after hand shaking, pipetting after vortex, pipetting
while stirring and immersing while stirring were used for zinc suspensions addition into paper

device. The optimized parameters are summarized in Table 4.2.

Table 4.2 Optimized volume range and homogenization method for zinc suspensions added in the paper
device (10, 11 and 12) where 500 and 1000 uM nitrate standard was used in the optimization.

Optimized parameter Ranges/options
Amount of zinc solution 0-8 uL
Method of homogenization Pipetting after Handshaking (1minute)

Pipetting after vortex (30 seconds)

pipetting while stirring

immersing while stirring

4.2.5 Calibration curve
0-1000 puM of nitrate standards were used to run the calibration curve. Paper device 12 was
modified as mentioned in Figure 4.6. Limit of detection, limit of quantitation. Phone and scanner

were compared.

4.2.6 Interference studies

Sodium, Potassium, chloride, phosphate, Manganese (ll), sulphate, carbonate, Iron (II), Calcium.
Zinc, and Cupper (IlI) ions were studied for their interference for nitrate detection. The
interference was determined by analysis of 600 uM of nitrate alone and then analysis of a
mixture of the interferent with 600 uM of nitrate as in Figure 4.7. The concentration of the
interference was lowered and raised until the lower concentration that caused interference was
found. PAD design 12 and a scanner were used for the detection. The intensity from the two

detections was compared. The change in the intensity indicates interference.
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Solution is 600 uM nitrate +

Solution is 600 uM nitrate
Interference

Figure 4.7 Interference studies for nitrate detection. The nitrate was detected alone as in right of figure
using device 12. The nitrate and specific concentration of interference was detected together as in the
right side of the figure. Scanner was used for the detection. Method 2 was used for the calculation. 600
UM of Nitrate was used in the analysis.

4.2.7 pH effect

Device 12 was used for pH studies. Calibration lines for Nitrate (0-800 uM) were determined at
different pH, 4, 5,7 and 8, 10. The nitrate standards was prepared in 25 uL DIW. The pH was
adjusted by 1% NaOH and 1% HCL. 3510 pH meter (JENWAY) was used to measure the pH.

4.2.8 Stability studies

The stability of device 12 which was modified as in Figure 4.6 Error! Reference source not found.
was determined over time (54 days) at different storing conditions, out at room temperature
(21 °C) in the light, out at room temperature (21 °C) in the dark, and in the freezer (-4 °C) in the

dark. 0 and 600 uM of nitrate were used for the study.

4.2.9 Soil treatment

Soil samples

Three types of commercial compost were utilized in this study; John Innes No 1 (young plants
compost), John Innes No 2 (potting on compost) and John Innes No 3 (mature plants compost),
all were from wetland store via Westland store, amazon. Real soil samples were also studied
including commercial topsoil samples with no nutrient addition (topsoil 1) from Westland store,
amazon and topsoil samples from Arable farmland (topsoil 2), Hull Yorkshire, Hull (Rooting zone,

0-15cm depth). Soil CRM (Product no.: SQC013-30G) was purchased from Sigma Aldrich.
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Devices for extraction

Cafetiere

Cafetiere (French Press Coffee Maker, 1 L, Bodum) was used to extract analyte (nitrate) from
soil sample with the help of deionized water. The device consisted of a cup, spiral plate, filter
plate, cross plate and plastic led which was attached to a piston. The device parts are in Figure
4.8. Piston was used to press the soil down the cup. Spiral plate filtered very large particles. Filter

plate filtered smaller particles. The cross plate was used to hold the other two plates.

Cafetiere

> Piston

> Plastic lid

> Glasscup

Plates /

Spiral plate

filter plate

‘(«-—-3?’-)—-{) cross plate

Figure 4.8 Cafetiere (volume, 1L) coffee maker parts. Is consisted of a glass cup, plastic lid which was
connected to piston and 3 plates. The plates are spiral plate, filter plate and cross plate. Spiral plate filter
very large particles. Filter plate filtered smaller particles. The cross plate was used to hold the other two
plates.

AeroPress

AeroPress (black, 0.5 L. plastic, AeroPress brand) consisted of a piston and a plastic cup which
was attached to filter where a filter paper (TKC81R24, AeroPress brand) can be used. Figure 4.9

shows the parts of the AeroPress.
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Figure 4.9 AeroPress parts. It consisted of a plastic cup to add the sample, piston which was used to press
against the sample and filter. The filter can be attached to filter paper.

Paper cup

Paper cup (0.5 L) consisted of the cup itself and the plastic lid. The open in the plastic lid was

covered with tape for the purpose of shaking. Figure 4.10 shows the paper device.

Coffee Paper cup

Plastic lid €

Tape in the‘open of
Lid

Paper cup €

Figure 4.10 Coffee paper cup (0.5 L) with aplastic lid. Tape was used to cover the open of lid for the
purpose of shaking.
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The work of extraction devices

Cafetiere

Soil sample was added into the cafetiere cup (1 L). 100 mL deionized water (DIW) was then
added into the sample. The cup was covered by the plastic lid. The plastic led was attached to
the piston and the three plates (spiral, filter and cross). The piston then was pressed against the
soil water mixture. The soil particles moved down in the cup and the water with analyte was
expected to move up. The soil extract was then added to petri dish. The extract in tray was

analysed by device 12. Figure 4.11 shows the process of extraction in cafetiere.

8 g soil addition to 100 mL Deionized Mixing 2 min
cafetiere cup water addition

Addition of soil Settling time

Soil extract extract into tray 3 min

Figure 4.11 Steps for analyte extraction from soil by cafetiere. Soil sample was added into the cup.
Deionized water was added to the soil. Piston (attached to plates and lid) was pressed against water &
soil mixture. A time of 3 min was given for extraction. Then soil extract was transferred into a petri dish
for detection of analyte. Device design 12 was used for analysis of soil extract.

AeroPress

8 g of the sample was added to the cup of AeroPress after fitting the filter and filter paper. 100
mL of deionized water was then added. The extraction was allowed for three minutes. During
these three minutes drops of solution filled into the petri dish with time. The Piston was pressed
once the three minutes was over. Parameters were chosen randomly based on the initial experiment

to estimate the amount of nitrate, the most important, they are the same with the three extraction devices.
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The final extract was analysed by device 12. Figure 4.12 shows the complete process of

extraction.

Additionof 8 g T 4 ~ &) (After 3 minutes)
soil sample Additionof 100 mL ~ — &/ Soil extract pressing

'.I J deionized water J to tray Soil extract
y o =~

Figure 4.12 Extraction of nitrite from by AeroPress. 8 g of the sample was added to the cup of AeroPress.
100 mL deionized water was them added. The extraction was allowed for three minutes. Soil extract was
added into try for analysis by device 12.

Paper cup

8 g of soil sample was added to the paper cup. 100 mL of Deionized water was added then. The
cup was covered with a plastic lid. The opening of the plastic lid was covered by tape. The cup
was shaken for 2 minutes, and it was allowed to stand for 3 minutes to separate soil particles
from the water. The extract was then added to a petri dish for analysis by device 12. The

extraction process is in Figure 4.13.

‘ ¥ T o 0
‘ Additionof 8 g Addition of 100 mL ¢,

soil sample deionized water

= !
s 2
Shaking for 2 minutes Addition of soil Soil extract
and standing for 3 extract to a tray
minutes

Figure 4.13 Paper cup device for nitrite extraction from soil. 8 g of soil sample was added to the paper cup.
100 mL of Deionized water was added then. The cup was covered with a plastic lid. The open of the plastic
lid was covered by tape. The cup was shaken for 2 minutes, and it was allowed to stand for 3 minutes. The
soil extract was analysed by device 12.
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Test for the efficiency of extraction devices

8 g of sample was extracted with 100 mL of deionized water using the three methods of
extraction. A blank device (device 12, the last chosen optimized device) without any
modification was laminated and dipped into each of the extracts and deionized water. The
resulting intensity of PAD from each extract was compared to the intensity of PAD dipped in

deionized water.

Optimization of cafetiere extraction

The use of cafetiere as extraction method was optimized for the mass of soil, volume of solvent
and the number or times of pushes. John Innes nol soil was used for the optimization purpose.
The starting volume was 100 mL with one push and 3 minutes of waiting (steps as in Figure 4.11).
The mass of soil was optimized in the range of 3-9 g of soil. This was followed by optimization of
the extraction solvent (DIW) 100-200 mL. The number of pushes was then optimized in the range
1-6 pushes. The time of pushes instead of number of pushes was optimized from 0-3 minutes.
After the pushes there will be 3 minutes for the soil to settle to ensure good separation. The

optimized parameter as in Table 4.3 .

Table 4.3 Cafetiere optimized parameter (mass, volume, push time)

Optimized parameter Range
Mass 398
Volume of DIW 100-200 mL
Number of pushes 1-6 push
Time of push 0-3 minutes

Soil analysis with cafetiere extraction

8 g of soil was added to the cafetiere, and this was followed by the addition of 100 mL of DIW.
The cafetiere was pushed up and down for 2 minutes. The soil was then allowed to settle for 3
minutes. 25 mL of the extracted solution was analysed by PAD (phone/scanner) and 10 mL was
analysed by IEC after filtration with a 0.22um filter. Also, a Spoon was used to measure the mass
of soil instead of the use of balance since the spoon is much easier to use by people or in the
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field. 4 spoons were equivalent to 8 grams. The tap water and mineral water were tested as a

solvent instead of DIW. Table 4.4 summarizes some of the studied parameters.

Table 4.4 studied conditions for the Way of measuring the mass, type of solvent and detection method.

Parameter The comparison

Way of measuring the mass Spoon, balance

Type of solvent DIW, tap water, mineral water
Detection method IEC, PAD scanner, PAD phone

Soil analysis by conventional extraction

John Innes 1, 2 and 3 were analysed by conventional extraction 43423, 8 g of soil in 100 mL of
DIW was Shaked in the shaker for 1 hour, the soil then was centrifuged at 4500 rpm. 25 mL of
the extracted was analysed by the PAD and 10 mL of it was analysed by IEC (after filtration with
0.22um filter).

Soil organic matter content

3 g of soil was weighed in a crucible which was pre-weighed. The soil was placed in the furnace
at 300 C for 30 min. After ignition, the soil was allowed to cool in a desiccator for 5 minutes. the
weight of the crucible and the soil were then determined. The % organic matter was then

calculated as in equation 4.1.

weight loss during ignition

%organic matter = X 100% eq.4.1

mass of soil

4.2.10 Palintest Commercial kit for soil nitrate detection

The water was initially added to the sample container. The blue scoop was used to add one
scoop of N powder. This is followed by adding two white scoops of soil. The mixture was mixed
for 1 minute. The extract was filtered then. 10 mL of the extract was transferred to the test tube.
1 tablets of Nitricol N tablets were dissolved and crushed into the solution. The mixture was
stood for 10 minutes for colour development. N test was then chosen in the photometer to

determine Nin mg L™
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4.3 Result and Discussion

4.4 Conventional method for nitrate detection

441 UV-Vis

Nitrate detection was based into two steps as in Equation 2.1 and 2.2. The first step is reduction
of nitrate to nitrite by reducing agent (zinc was used in this study). The second step is the
detection of nitrite by Griess reagent as in Section 3.4.1. The optimization of the detection step
was done already in Section 3.4.1. The reduction step was optimized by changing the mass of
reducing agent, pH of the solution and the method of zinc filtration after reduction as in

Appendix C. However, the method was not promising.

Problem with detection of nitrate by UV-Vis

The zinc particles are too small (<10 um) to be filtered and any remaining zinc may interact with
the acid in the Griess reagent leading to reduction in the absorbance. The particles size was
changed to bigger size; however, this reduces the efficiency of the reduction. In addition, the
standard deviation is high and there are some variations from experiment to experiment or from

day to day. Therefore, IEC was used instead for nitrate detection.

4.4.2 lon exchange chromatography

4.4.2.1 Optimization
Optimization was the same as in Section 3.4.2 for nitrite since they were optimized together.

4.4.2.2 Calibration line
The optimum conditions were used to run the calibration line for nitrate to determine the limit

of detection of the method and its reproducibility. The calibration line was determined for
several concentrations as in Figure 4.14. it was found to be in the range of 30-10000 uM nitrate.
At around 10000 uM of nitrate the peak started to show a bit of bend and hence 10,000 uM of
nitrate was the last point in the calibration line. The R? was around 0.99 and this indicated the
fitness of the point to the line. The LoD was around 2.63+0.14 uM (0.163 mg L) and LoQ was
around 8.78+0.48 uM (0.544 mg L). LoD and LoQ were calculated as in Equation 2.5 and 2.6
respectively. The method was reproducible as in Figure 4.14 which shows the peak area versus
the concentration of nitrate in uM for three calibration lines. Table 4.5 summarized LoD and LoQ
for the three calibration lines with RSD less than 6%. The method was reproducible; however, it
was calibrated with each run to avoid any variation which may happen in the calibration curve

424 3nd lower than

from day to day. The result was similar to some of the result in the literature
some %%, However, the limit of detection of the optimized method meets the requirement since

the aim is to detect nitrate in soil and the good level of nitrate in soil is mainly around 92.93 mg
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kgt 348426427 Below 44 mg kg ! fertiliser is required to be applied 343426427  this value is higher

than the LOD (2.63+0.14 uM (0.163 mg LY)), if 8 g of soil and 100 mL of soil is used.

y = 0.0253x + 0.5541
£ 250 - :
£
G 200 - e
~ y =0.0262x + 0.1814
o 150 A 2 _
S P R2=1
(g
+ 100 -
© y = 0.0258x + 0.4195
o 50 1 R2 = 0.9997
0 =y — 1 1 1 1 1
0 2000 4000 6000 8000 10000
[Nitrate] / uM

Figure 4.14 The peak area versus the concentration of nitrate in uM. The lines from IEC were run at three
different days of the month.

Table 4.5 LoD, LoQ, R2 and slope for calibration lines of nitrate from IEC. LoD and LoQ were calculated as
using Equation 2.5 and 2.6.

linel line 2 line3 average RSD (%)
LoD (uM) 2.50 2.61 2.79 2.63+0.14 5.51
LoQ (uM) 8.34 8.704 9.29 8.78+0.48 5.51
R? 0.9995 1.0000 0.9997 0.9997+0.0003 | 0.03
slope 0.0253 0.0262 0.0258 0.025+0005 1.75
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4.5 Paper microfluidic device for nitrate determination

The same device, which was used to analyse nitrite in chapter 3, it was also used to analysed
nitrate. At this stage the reduction of nitrate to nitrite was needed. Zinc powder (< 10 pm
particles size) was used for this purpose. This size of zinc particle was used based on previous
study 2°°. The aim was to deposit these particles in the paper device in small amount, pL amount.
The smaller the particle the higher the surface area and the more the interaction of the reagent
with the surface. As result, reduction efficiency of nitrate to nitrite is expected to be significant

and hence small zinc particles were used in this experiment.

4.5.1 Reduction time optimization

Reaction time control was necessary to direct the reaction, increase the sensitivity and ensure
reproducibility. Therefore, the reduction time of nitrate was first studied. After the addition of
the reagents into the device and without lamination the nitrate was added to the reduction zone.
It was allowed to be reduced for a specific time. Then it was detected in the detection zone by
folding the paper. The reduction time was controlled by opening and closing the folded paper
according to the time needed. The colour then was allowed to develop to total time of 5 min
since 5min was the optimum time for colour development according to Table 3.9. The steps for

reduction time optimization as in Figure 4.15.

Detection Reduction
zone zone

: The device
Nitrate was Thedevice was opened to
addedto was folded ensureno
reduction zone fors more
and allowed to minutes for reduction by
stand for detection zinc. Photo

specific

. ; was taken for
reduction time

analysis

Figure 4.15 Steps for reduction time optimization in device 10. 1000 uM nitrate standard was used. 2 uL
zinc (50 mg mL) was added to the reduction zone. 1.5 plL of Griess reagent was added to the detection
zone. After drying, the paper was folded and 7 pL of the standard was pipetted to the reduction zone. The
reduction time was controlled by folding the paper according to the time needed. Then the colour was
allowed to develop for total time of 5 minutes

163



The result of the reduction time study was as in Figure 4.16 and the optimum reduction time
seems to be after 4 minutes. The result suffered from high relative standard deviation higher
than 5% and fluctuation in the signal was observed. This was maybe because the folded device
was opened to take the photo for the analysis and some of the colour was lost in the reduction
zones (Figure 4.15 C) and hence this step was not same each time experiment was done.
Therefore, the device 10 (modified as in Figure 4.4) was laminated and reduction and detection
were performed together at the same time. In addition, the amount of zinc was increased from
2 pL to 4 plL to ensure good and clear reduction. The sample was introduced this time by dipping
same as in the previous chapter 3. The result in Figure 4.17 shows significant decrease in the
standard deviation. The intensity remains constant from 5 to 14minutes. Consequently, 5
minutes is the total optimum time for reduction and detection. However, to avoid any change
in reaction time that might happen during optimization, 14 minute was used as reaction time

since it is within the stable range.
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Figure 4.16 Intensity versus time of reduction (minutes). 1000 uM nitrate standard was used. 2 uL zinc (50
mg mL?) was added to the reduction zone. 1.5 ulL of Griess reagent was added to the detection zone.
After drying, the paper was folded and 7 pL of standard was pipetted to the reduction zone. The reduction
time was controlled by folding the paper according to the time needed. Then the colour was allowed to
develop to total time of 5 minutes. The optimum reduction time seems to be 4 minutes. device 10 was
used in this study. Photo was taken using Samsung phon. The photo was analysed using Image-J software
(method 2).
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Figure 4.17 Intensity versus time (min). 1000 uM nitrate standard was used. The laminated device was
dipped into the standard solution. The device has 1.5 pL Griess reagent in the detection zone and 4 plL
Zinc suspensions (50 mg mL) in the reduction zone. The Photo was taken each minute for 14 minutes. 5
minutes is the best time to get a stable signal. device 10 (modified as in Figure 4.4) was used in this study.
Photo was taken using Samsung phon. The photo was analysed using Image-J software (method 2).

4.5.2 Reducing Agent Optimization
There are several reducing agent that was used on paper device for reduction of nitrate to nitrite

like vanadium chloride 2°>3**

, enzymatic reagent 2%, and zinc 29029329310 Thjs study focus in zinc
reducing agent since it is fast and easy to work with compared to other options. Zinc addition to
the PAD is challenging especially for our developed PAD since all the reaction zones above each
other including the zine, where also the detection colour develops. Zinc has dark black colour
which can participate in the intensity if it is too dark. Most of publish work relied on pipetting
the zinc solution into the specific zone 290.291,293,29%8310 however, some of these PADs 299291293 ha(d
separated area for the reduction zone which was not aligned above the detection zone and this
make it possible to add zinc with its dark colour without influencing the intensity of colour in the
detection zone. Table 4.6 summarize the PAD information about reduction area and reducing
agent, reducing agent addition and the reduction efficiency. In another study another layer was
added to the PAD 2%, the layer was called Zinculose and it was embedded zinc particles in cotton
layer. This was practical to keep the zinc embedded within the reduction area of the device and
it provided 27% reduction efficiency. However, this is still required a lot of work and preparation
of the material which then will be added to the PAD. In addition, still the same problem exist
which is still it is unknown how much zinc is there. It is impossible to know how much zinc
papricles were added into the paper since it was added as solution where it is unknown exactly

how much it was transferred. In Ferreira et al. work each well in the PAD was added to zinc
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solution and this followed by weighing of the well before and after the zinc addition 2°. This is

not practical and require time. This method means that the well should be weighed until

acceptable weight range is achieved. Here several approaches were studied for zinc addition

into the PAD (addition by pipetting and addition by immersion), in addition to the PAD

restructure based on the adopted method.

Table 4.6 PAD information about reduction area and reducing agent, reducing agent addition and the

reduction efficiency.

sample Reduction area Reducing agent / its | Reduction reference
addition efficiency %

Water  two | Separated from the | Zinc/pipetting 20 290

layers detection area

Food Separated  from  the | Zinc/pipetting - 21

channels detection area

Water  two | Separated from the | Zinc / External layer | 27 295

sides detection area (Zinculose)

saliva Aligned with the detection | Zinc / External layer of zinc | - 296
area (weighed before and after)

food Aligned with the detection | Vanadium/pipetting - 293
area

Food Separated  from  the | Zinc/pipetting - 292

channels detection area

Urine circles | Aligned with the detection | Enzymatic - 298
area reagent/pipetting

Water circles | Aligned with the detection | Zinc/pipetting - 310
area

Water Aligned with the detection | Vanadium/pipetting 27 31
area

circles
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4.5.2.1 Zinc addition by pipetting after vortex and handshaking
The amount of zinc added to the reduction zone was crucial step to design an effective device.

High amount of zinc may lead to over reduction of nitrite to less oxidation state like ammonium
428 However, small amount of zinc is not enough for reduction of nitrate to nitrite. Optimum
amount of zinc was determined by varying the amount of zinc which was added to the reduction
zone as in Figure 4.18. Overall, as the amount of zinc increased the intensity increased until it
reached maximum and then started to decrease again. The intensity was compared to the molar
ratio. The optimum zinc volume was 2 pL with 0.0046 molar ratio (NOs/Zn). The optimum molar
ratio further low than the normal ratio which is 2 according to Equation 2.2 and this mean more
zinc was added in practical work compared than needed from calculation. This indicates that not

all the zinc participated in the reduction and this what other literature showed too 2.

# Intensity molar ratio
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Figure 4.18 Intensity and molar ratio versus the amount of zinc (pL). 1000 uM nitrate was used. Two side
paper device design 10 was used (modified as in Figure 4.4/ pipetting sample introduction). In one side
1.5 uL of the detection reagent was added (Griess reagent) (10 min drying) and in the second side specific
volume of zinc was added (50 mg mL?) (10 min drying). Then 7 pL of nitrate standard was added to the
reduction zone. 5min was taken for reduction and colour development. Finally, photo was taken using
Samsung phon. The photo was analysed using Image-J software (method 2).

Therefore, the calibration curve for nitrate was plotted when the optimum zinc amount (2 pL)
was used. Figure 4.19 shows the calibration curve for nitrate. It was clear that the linearity was
missing, the curve seemed to be linear up to 400 uM of nitrate and this indicated that there was
not enough amount of zinc to reduce nitrate at higher concentration higher than 400 uM. The
reason for this inconvenient result maybe the homogeneity of zinc solution. Small zinc particles

have the tendency to stack in the wall of container during the solution preparation and hence
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not the right amount was added to PAD. Also, there is possibility for coagulation of the particles
to happen. Consequently, the amount of zinc added to each device or even each circle was not
the same. Figure 4.20 shows device when 6 pL of zinc was added to the reduction zones. The
zinc deposition was not homogeneous and clearly the amount of zinc in the circles is different

even though same amount of zinc was added.
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Figure 4.19 Intensity versus concentration of nitrate (uM). Device 10 was used in this study (modified as
in Figure 4.4 / pipetting sample introduction). Photo was taken using Samsung phon. The photo was
analysed using Image-J software (method 2).
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to each circle of
reduction zone

Figure 4.20 Circles in the reduction zone after the addition of 6 uL of zinc by pipette.
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The homogeneity of zinc particles was improved by vigorous hand shaking and vortex. Figure
4.21 shows the optimization of the amount of zinc when the zinc solution was shaken by hand
for 1 minutes. The trend was totally different than Figure 4.18. The intensity increased with the
increase of zinc until it became constant and finally decreased at high amount of zinc. The
gradual increase at the beginning may be because there was not enough zinc to react with
analyte. The constant range means there was enough zinc to react with analyte. Finally, the
decrease in the signal maybe because some of produced nitrite was also reduced to lower
oxidation state. This result means (constant range of zinc) that the hand shaking has significant
effect on the result since it reduced the coagulation of zinc particles and increased the
homogeneity of the solution compared to Figure 4.18. The optimization was done twice to
ensure the reproducibility. In addition, at this stage dipping system had introduced her for
sample introduction instead of pipetting. The device was laminated, and this helped to keep the
zinc particles within the device and reduce their removal from the device during sample addition.
Dipping made the process of sample addition easy and ensure that the sample inter the wells at
the same time since pipetting means adding the sample to wells well by well. This helped to

reduce variation in result.
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Figure 4.21 Intensity | versus amount of zinc (uL). 1000 uM nitrate standard was used. 1.5 pL Griess
reagent was added to the detection zone (10 minutes drying). The zinc was added to the reduction zone
after 1 minute of handshaking (10 minutes of drying). The laminated device was dipped in the solution
and a photo was taken after 14 minutes. The experiment was performed on two different days to
determine how stable was the result. The results from day one and two showed some variation. Device
10 was used in this study (modified as in Figure 4.4/ dipping sample introduction). The photo was taken
using a Samsung phon. The photo was analysed using Image-J software (method 2)
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Vortex was also used to improve the homogeneity of the solution and the result as in Figure
4.22. The zinc was added to the device after 30 seconds of vortex. The reproducibility of the
result was checked by doing the experiment twice (Figure 4.22). Figure 4.23 shows photos which
were a result from Figure 4.22. 4 uL and less of zinc gave less homogeneous colour due to the
non-homogeneous distribution of the zinc in the reduction zone. Therefore, volume 4 uL and
less of zinc solution was not used as optimum. Volume 5, 6 and 7 uL of zinc gave homogeneous
colour in the detection zone because of homogeneous distribution of zinc in the reduction zone
after the vortex. 6 UL was chosen to be the optimum volume because it was in between the two
volumes where at more or less than these two volumes a variation in the signal may occur. Hand
shaking and vortex showed similar trend and similar intensities, therefore for easy use vortex

was used since it is easier. Table 4.7 summarize the optimum conditions for nitrate detection.
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Figure 4.22 Intensity versus amount of zinc (uL). 1000 uM nitrate standard was used. 1.5 pL Griess reagent
was added to the detection zone (10 minutes drying). The zinc was added to the reduction zone after 30s
of vortex (10 minutes drying). The laminated device was immersed in the solution and photo was taken
after 14 min. The experiment was performed in two different days to determine how stable was the result.
Device 10 was used in this study (modified as Figure 4.4). Photo was taken using Samsung phon. The photo
was analysed using Image-J software (method 2).
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Figure 4.23 These photos are result from Figure 4.22. 4 uL and less gave less homogeneous colour due to
the non-homogeneous distribution of the zinc in the reduction zone. Therefore, volume 4 uL and less was
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not used as optimum volume. Volume 5, 6 and 7 plL of zinc gave homogeneous colour in the detection
zone because of homogeneous distribution of zinc in the reduction zone. 6 puL was chosen to be the
optimum volume.

Table 4.7 Optimum zinc amount, shaking method and reduction-detection time. 1000 uM nitrate was
used during the optimization. Device 10 was used in this study. Photo was taken using Samsung phon. The
photo was analysed using Image-J software (method 2).

Parameter Optimum value
Zinc amount 6 uL

Shaking method Vortex
Reduction and detection time 5 to 14 minutes

Change two layers to three layers device before further optimization of reduction agent.

The device which was finally used for nitrite detection consisted of three layers (device 11)
where the detection reagents were separated to enhance the stability. Three three-layer device
was also used for nitrate detection to reduce the dark colour effect (by increasing the number
of layers) which was caused by zinc and enhance the stability by the separation of Griess reagent
components (as mentioned in chapter 3, Section 3.5.7). The reduction zone was kept the same.
The two devices with two and three layers for nitrate detection were compared in Figure 4.24.
Device design 10 (modified as in Figure 4.4)and 11 (modified as in Figure 4.5) were used. The
figure shows the intensity versus the type of the device used in the analysis. The signal stayed
constant for the 1000 uM of nitrate. However, 0 uM of nitrate showed a lower signal when a
three-layer device was used. The intensity from the blank was reduced by around 21 %. This can
be explained as before for nitrite (chapter 3, Section 3.5.7) by the auto colour development
when the detection reagents are all mixed. In addition, this reduction can be explained by the
reduction in the black colour of zinc itself when the number of layers was increased. Reduction
in the intensity of the blank may lead in the future to improve the steepness of the calibration
line which means the increase in the slope and hence the improvement of the limit of detection
of the method. Three layers device (design 11) will be used from now on for the analysis of

nitrate.
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Figure 4.24 Intensity versus the number of layers in the device. 0 and 1000 uM of nitrate standards were
used. Device design 10 (modified as Figure 4.4) and 11 (modified as in Figure 4.5) were used. The photo
was analysed using Image-J software (method 2).

Drying condition of the reducing agent zine

The zinc suspension takes too long time to dry completerly when it is added to whatman paper.
Previously it was dired for aroon 10-20 minurs, however, the paper was still wet and this can
cause interaction between reagent after long time storing. Therfore, after addition of zinc
suspenstion the device was dried at different temperature for 20 minutes to determine which
temperature can give the best drying that does not destroy the paper or oxidized zinc itself.
Figure 4.25 shows intensity versus temperature when three different concentration of nitrate
were used in the study, 0, 600 and 1000 puM. The effect of temperature varation was not
signifcant. Howevere, as the temperature increasre the intensity decrease especailly at 80 °C
temperature. This means that the zinc maybe oxidized due to the high temperature and hence
very high temperature is not good option for drying. 40 °C seems to be good option sinc the

intensity was similar to the intensity when experiment was perform at room temperature.
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Figure 4.25 Intensity versus temperature °C. 0, 600 and 1000 pM of nitrate standards were used. Device
design 11 was used (modified as in Figure 4.5). Scanner was used for photo capture. The photo was
analysed using Image-J software (method 2). 25, 40, 60 and 80 °C temperature were studyed for zinc
drying on the paper. 40 °C was choosen as optimum to avoid any oxidation for zinc at high temperature.

4.5.2.2 zinc addition by immersion

Pipetting was one method of adding zinc as it was mentioned previously as in Figure 4.21 and
Figure 4.22. Solution was first vortexed and then 6 uL of the suspension was pipetted to the
reduction zone. The problem with this method the accumulation of dark zinc in the PAD. If this
dark colour is not constant, then this can affect the sensitivity and the confidentiality of the
method. Two other methods for zinc addition were added, the pipetting while stirring and
immersion while stirring. Figure 4.26 shows the intensity versus concentration of nitrate when
different method of zinc addition was tested. For immersion method, the reduction layer of the
device was immersed into the zinc suspension which is under stirring at 600 rpm as in Figure
4.27. stirring provide homogenous solution of zinc during the addition into the device. The
immersion may destroy the device. Therefore, immersion was performed for different time as
in Figure 4.28. 1, 30 and 60 seconds were tested. As the time increase as the device was
destroyed more. 1 second of immersion was chosen to be the optimum time since it gave good
intensity, and the device was not destroyed by the zinc. Adding zinc by this way offer advantages
compare to pipetting the zinc, it reduced the dark colour of zinc accumulation in the device. The
dark colour can affect finally the intensity of colour for nitrate detection especially for blank
since it changes from time to time when zinc was added. Figure 4.29 showed PADs where zinc
was added by pipetting and immersion. Immersion reduces the accumulation of zinc. The
intensity of blank was reduced by around 22 %. In addition, immersion helped to deposit zinc in
the two side of the device. The reproducibility of the immersion method was determined by

doing 10 repeats for the same device with zinc immersing method as Figure 4.30. Even though
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by immersion the amount of zinc added was unknown, the means of repeats were the same

within the standard according to ANOVA test (F=1.21, Fiitica=2.07, P= 0.31, a=0.05, n=6).
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Figure 4.26 Intensity versus nitrate concentration (uM). Zinc was added to the reduction zone by pipetting
and immersion. Device 11 (modified as in Figure 4.5) was used. 600 and 1000 uM of nitrate standards
were used for the analysis. Scanner was used for photo capture. The photo was analysed using Image-J
software (method 2).

Immersing the reduction
Stirring of 50mg/mL wells for 1 sec into the
zinc solution solution

The device after
Immersing

Figure 4.27 Step by step method for zinc addition into the reduction zone. Zinc was stirred 50 mg mL™* of
zinc was stirred in beaker. The reduction zone in the device was immersed into the stirred solution (under
stirring at 600 rpm) for a second and removed immediately. The modification of device 11 (modified as in
Figure 4.6).
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Figure 4.28 Intensity versus time of immersion (min). 1000 uM of nitrate standards were used for the
analysis. Device 11 (modified as in Figure 4.6) was used. Scanner was used for photo capture. The photo
was analysed using Image-J software (method 2).
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Figure 4.29 Intensity from blank versus the method of zinc addition. Pipetting and immersion were used
to add zinc to the device. The variation in the dark colour leads to variation in the intensities. Intensity
reduced by 21.50%.

0.90 1
0.80
0.70
3 0.60 -
[1+]
™~ 0.50 -
>
=
2 0.40 -
)]
)
£ 0.30 -
0.20 A
0.10 A
0.00 -
1 2 3 4 5 6 7 8 9 10
Device

176



Figure 4.30 Intensity versus the number of devices. This experiment was done to determine immersion
reproducibility. 600 uM of nitrate standards were used for the analysis. Device 12 was used. Scanner was
used for photo capture. The photo was analysed using Image-J software (method 2). The means were the
same within the standard according to ANOVA test (F=1.21, Fcitica=2.07, a=0.05, n=6).

4.5.3 Reaction time determination

After several optimization the time of reaction was determine as in Figure 4.31 which Shows
intensity versus time for 0, 600 and 800 uM nitrate. Photo was taken each minute for 12 minutes.
Scanner was used for the detection; therefore, the device was dipped into the solution for 30
second and then moved into the scanner to take a scan for the device with time over the 12
minutes and hence some variation in the intensity may happened compared to if the device is
dipped for the whole 8 or 14 minutes. 8 minutes is the optimum time for nitrate detection. The
intensity was stable from 8 to 12 minutes using ANOVA test (F=1.56, Fcritica=2.53, P=0.20, a=0.05,
n=6). The study did not go for longer time since our aim is not to test how long the colour can

stay. The aim is to have stable result with short time work that works for lay people like farmer.
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Figure 4.31 Intensity versus the time of detection of nitrate (minutes). 0, 600 and 800 uM were used as
standards. Device design 11 was used (modified as in Figure 4.6). Scanner was used for photo capture.
The photo was analysed using Image-J software (method 2). The optimum time for nitrate detection was
8 minutes.

4.5.4 Improvement of reaction by addition of an empty layer

Zinc can react with the acid to produce H; gas and zinc salt (e.g., Zn+2HCI— H+ZnCl,). In the
detection zone one component of Griess reagent is citric acid. Once the layers overlapped and
sample was added there was possibility of interaction between zinc and the acid. So, some of
the zinc is not available to reduce the nitrate to nitrite since it is consumed by the acid in the
detection zone. In addition, the acid was used for producing the pink colour and zinc leads to

eliminate some of it. Therefore, if there is a barrier that can separate the detection zones and
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reduction zone the efficiency of the device may be enhanced as suggested by Ferreira et al. 2%,
Additional empty paper layer was added into the device. This layer is empty with no reagents, it
was used to separate the detection and reduction layers. Figure 4.32 Shows intensity versus
concentration of nitrate when two types of devices (design 11 and 12) were used with and
without empty layers. The empty layer showed significant enhancement in the intensity of the
standards. This happened due to the more available zinc for reduction step. Therefore, empty

layer will be used for the device. The recent device consists of four layers.
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Figure 4.32 Intensity versus nitrate concentration (UM) when device 11 (with no empty layer) and device
12 (with empty layer) were used for nitrate detection. 0, 600 and 800 uM nitrate standards were used in
this study. Scanner was used for photo capture. The photo was analysed using Image-J software (method
2).

4.5.5 Reduction efficiency

The reduction efficiency was determined by comparing the intensity from nitrate and nitrite
detected by the same PAD. The intensity of the two analytes should be the same if the nitrate
is reduced totally to nitrite according to Equation 2.2 in the experimental. Figure 4.33 Shows

the intensity from nitrate and nitrite. The intensity from the two PADs were different which

means that nitrate was not reduced totally to nitrite. The reduction % was calculated by
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comparing the two intensities from nitrite and nitrate and it was found to be 53.61 +0.78%.

This % was calculated using one same concentration for both nitrate and nitrite.

0.80 -

0.70 -
z 0.60 -
~ 0.50 -
0.40 -
0.30
0.20
0.10
0.00

Intensity

nitrate nitrite

analyte

Figure 4.33 Intensity versus analyte type nitrate (90 uM) and nitrite (90 uM). Device 12 was in the
analysis. A scanner was used for detection. The photo was analysed using Image-J software (method 2).

4.5.6 Calibration line with scanner

Calibration line was determined from 0 to 1000 uM and was found to be as in Figure 4.34. The
detection range was found to be from 0 up to 800 uM. The calibration line shows good linearity
with R? close to one and this indicates the fitness of the points to the straight line. The limit of
detection and quantification was determined as in Table 4.8. The LoD and LoQ were
34.97+3.41uM (2.2 mg L'?) and 121.6149.02 uM (7.5 mg L) respectively. LoD and LoQ were
calculated as in Equation 2.5 and 2.6 respectively. The limit of detection of the optimized
method meets the requirement based on environmental level3%8426427348,426427 = The
reproducibility of the calibration line was checked and determined in three different days and
was found as in Figure 4.35. ANOVA test used to determine the difference between points in
the calibration line and it showed that the means are equal within the standard deviation (e.g.,
at 200 uM (F= 0.16, Feitica=3.68, a=0.05, P= 0.088, n=6, ANOVA test)). However, since the LoQ
was higher than the aimed level of nitrate in soil it can be said that the developed PAD is more

semiquantitative rather than quantitative.
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Figure 4.34 Intensity versus nitrate concentration (uM). Calibration line was determined from 0 to 1000
UM, device design 12 (modified as in Figure 4.6) and scanner was used for detection. The photo was
analysed using Image-J software (method 2). The linear range was found to be from 0 up to 800 uM.

Table 4.8 LoD, LoQ, R2 and slope for nitrate calibration lines. device design 12 and scanner were used.
The photo was analysed using Image-J software (method 2). LoD and LoQ were calculated using Equation

2.5 and 2.6.
line1 line 2 line 3 Average % RSD OF
AVERAGE
LOD (uM) 38.85 3251 33.54 34.97+3.41 9.74
LOQ (uM) 129.51 123.53 111.79 121.61+9.02 7.41
R2 0.9939 0.9918 0.9953 0.9937+0.0018 0.18
slope 0.0007 0.0006 0.0006 0.0006 9.116057
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Figure 4.35 Intensity versus nitrate concentration (uM). device design 12(modified as in Figure 4.6) and
the scanner was used for detection. The result was determined three times in three different days. The
photo was analysed using Image-J software (method 2).

4.5.7 Phone versus scanner

Calibration line was run using phone and the result as in Figure 4.36 which show intensity versus
nitrate concentration. The line shows good linearity with around 0.99 R2 The method is
reproducible when the calibration line was repeated in two different weeks. Points in the
calibration lines were compared by t-test which shows that means are equal within standard
deviation (e.g at 400 M, tstat= 2.10, teritica= 2.23, P=0.062, o= 0.05. n=6, two tailed test). The result
was compared to result from scanner as in Figure 4.37. At very low and very high concentration
the difference was significant due to the reflection of light on the surface of the paper when the
paper is white or too pink (e.g., at 800 UM, tea=4.41, teritica=2.23, P= 0.0013, a= 0.05, n=6, two
tailed test). This variation leads to small change in the limit of detection of the method. When
phone was used the limits of detection and quantification were 44.32+3.58 uM (2.75mg L) and
150.36+15.43 uM (9.32 mg L) respectively. The limit of detection is still lower than the lower
level of nitrate at which fertiliser needs to be applied. The use of phone was important since

finally in the field phone will be used to collect the data from the lay people (e.g., farmer).

181



0.8 -
0.7 - !
> 06 - gi
g 05 - ..‘;=i“‘””:“;;::::: y =0.0004x + 0.375
204 T R?=0.9939
203 4 y = 0.0004x + 0.3863
E 0o 4 R2=0.9986
0.1 -
0 I I 1 1 1
0 200 400 600 800 1000
[Nitrate] / puM

Figure 4.36 Intensity versus nitrate concentration (uM). device design 12 (modified as in Figure 4.6) and
the phone was used for detection. The photo was analysed using Image-J software (method 2). The lines
were from two different days.
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Figure 4.37 Intensity versus nitrate concentration (LM). device design 12 (modified as in Figure 4.6) was
used for detection. Phone and scanner were compared. The photo was analysed using Image-J software
(method 2). . At very low and very high concentration the difference was significant due to the reflection
of light on the surface of the paper when the paper is white or too pink (e.g., at 800 uM, tswa=4.41,
teritical=2.23, a= 0.05, n=6, two tailed test).

4.5.8 Interference studies

Interference for nitrate was studied based on the interference result for nitrite (Section 3.5.10).

The maximum tolerance concentration which caused no interference for nitrite was used as a
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start to study the interference for nitrate. 600 uM of nitrate was mixed with the interference in
the same solution. The PAD was dipped into the solution for 8 min and a scanner was used for
the photo capture. Several interferences [Ca?*, Na*, K*, Fe?*, Cu®*, Zn?*, Mn?*, COs%, PO, 3, CI', SO4
2] were chosen for study based on their availability in water and soil. There are other
interference which may interfere and were nit studied here due to the shortage of time. The
result is in Figure 4.38 which shows the tolerance concentration for some anions and cations
which may exist in soil and water. T-test was used to compare the means of intensities when
interference exists and does not exist in the solution (e.g., Ca%, tsta=0.19, teritica=2.23, P= 0.86,
a=0.05, n=6, two-tailed test) and it shows that the two means are not significantly different for
all interference in the specified concentrations. Copper and iron cause interference at a very low
level around 1 mg L. This is maybe because these two cations tend to inhibit nitrate from
reaching the PAD. Table 4.9 shows the level of some of the possible interferences in soil based
on some studies. The tolerance level is higher than the concentration of most interference in
soil. Except for iron which sometimes shows higher level in soil than the tolerance level which is

1 mg L. This information will be mentioned when the PAD is released to the user.
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Figure 4.38 Intensity versus interference ion concentration mg L™X. 600 uM/37 mg L™ of nitrate was mixed
with the interference [Ca%* (0.5 g L), Na* (5 g L?), K (5 g L'Y), Fe?* (1 mg LY), Cu®* (Img L?), Zn?* (0.2 g L
1), Mn?* (2 g L), COs2 (0.08 g LY), PO (2 g LY), CI" (3 g L), SO42 (10 g L)] in the same solution. The PAD
was dipped into the solution for 8 min and a scanner was used for the photo capture. device design 12
(modified as in Figure 4.6) was used for detection. The photo was analysed using Image-J software
(method 2).
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Table 4.9 The level of cations and anions in soil based on previous studies.

ion mg L Mass: Volume Mg kg? reference
Mn? 27.7 0.25:10 1108 376
4.225 0.25:10 169 376
1.888 0.004:2.5 1180 377
Fe? 1.51-4.89 25:250 15.1-48.9 378
65.4 2:100 3270 379
0.190 1:25 4.75 380
Cu? 0.201, 0.133 - - 381
Zn* 0.128, 0.023 - - 381
0.0067-0.1175 2:20 0.067-1.175 382
PO,* 0.148 2.5:50 2.96 383
1.27-3.05 - - 384
Ca* 7.54-110.15 20:80 30.16-440.6 385
9.46-45.69 10:100 94.6-456.9 386
9.7-18.8 10:200 194-376 387
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ion mg L Mass: Volume Mg kg? reference
S0.* 2.45-3.654 20:100 12.28-18.27 388
0.2-1.6 5:25 1-8 389
K* 22.8-182 20:100 114-910 388
5.7-7 2.5:25 57-70 39
Mg 0.85-9.85 10:200 17-197 37
Na* 1.9-2.52 10:200 38-50.4 387
1.00-1.43 10:200 20-28.6 387
cr 6-300 1:50 300-15000 391
1.6 5:40 13 392
7.8 5:40 62 392

4.5.9 pH effect on nitrate detection

There are two steps for nitrate determination and according to literature reduction step is more
efficient in neutral and basic condition while the detection step is more efficient in acidic
condition 3%, Therefore, pH effect on nitrate detection was determined in the range 4 to 10 as
in Figure 4.39. ANOVA test was used to compared between intensities at different pH and at
same studied concentration of nitrate. PH 5 to 10 show that means were the same for all pH in
different nitrate studied concentrations (e.g., at 400 uM of nitrate, pH 5-10, F= 1.48, Fcritica=3.10,
P= 0.25, a0.05, n=6, ANOVA). The effect of the PH was significant at pH lower than pH 5
especially at high concentration of nitrate. This is maybe due to the ability of the zinc to interact
with H* to form H, and hence zinc was consumed. This means there was less zinc available for
reduction of nitrate to nitrite and this is why the effect was more significant at high

concentration. There was no significant difference in the result at pH range 5-10 and this where
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around most of soil nutrients exists and within this range is the best range for plant growth 3%

and a range within this range most of the UK soil**°.
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Figure 4.39 Intensity versus nitrate concentration (uLM). PH effect on nitrate detection was done in the
range of 4 to 10. device design 12 was used for detection. Phone and scanner were compared. The photo
was analysed using Image-J software (method 2).

4.5.10 Stability studies

Stability of the device is another important factor to investigate since the device finally should
be released to the use of lay people like farmer and hence farmer should know exactly how to
store the device before use. For example, storage at room temperature may cause the
degradation of the reagent stored within the paper device. The stability of device 12 which was
modified as in Figure 4.6 was determined over time at different storing conditions, out at room
temperature (21 °C) in the light, out in room temperature (21 °C) in the dark, and in the freezer
(-4 °C) in dark. 0 (blank) and 600 uM of nitrate were used for the study. Figure 4.40 showed the
intensity of the colour versus nitrate concentration for a device which was stored at room
temperature under light effect. A decrease in the intensity of colour was observed over weeks
for 600 uM nitrate standards, however, an increase was observed for the blank. This was
expected since the light leaded to degradation of the reagent in the device and cause auto-
colour development. The second week the device is still stable. The effect was significant in the
third week. Figure 4.41 shows auto-colour development from device which was not reacted with
anything. A photo was taken of the device over days for 26 days. clearly after day 3 the device
automatically develops a colour due to the exposure to light. Therefore, the device was stable

for only three days at room temperature (21 °C) in the light.
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Figure 4.40 Intensity versus nitrate concentration (uM). 0 and 600 uM of nitrate were used for the study.
Stability was studied at room temperature (21 °C) in the light. Device 12 was used.
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Figure 4.41 Intensity versus day. device with no reaction with standard or blank was used for the study (It
is same device, it was kept in the room for 26 days and each day a photo was taken for the same device).
Auto-colur development was measured. Stability was studied at room temperature (21 °C) in the light.
Device 12 was used.

The second condition which was studied is stability at room temperature, but this time device
stored in dark box away from light. The device was kept in drawer in a dark box. The intensity
was then determined over time for 54 days around 8 weeks (2 months). Figure 4.42 shows the
intensity versus nitrate concentration when device with no reaction, device reacted with blank,
and device reacted with 600 uM of nitrate were used. AS it is clear there was no significant auto

colour development up to day 17, mainly the intensity was below 0.1, whereas in light (as in
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Figure 4.41) the auto-colour development intensity was above 0.1 from day 4. The blank signal
was also constant with some variation up to day 17, after this blank start to show some increase
in the intensity. T-test was used to compare intensity from day 1 and the day of at which stability
studied (e.g., tstat=1.92, teritica=2.23, P= 0.08, a= 0.05, n=6, two tailed test). Even though the 600
MM nitrate standard showed significant change in the signal after day 40 (tstat=-0.34, teritical=2.23,
P=0.74, a= 0.05, n=6, two tailed test), the blank signal change earlier and hence the stability
was based on the change in the blank signal. Therefore, the device was stable for 17 days

(around 2 weeks) at room temperature (21 °C) in the dark.
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Figure 4.42 Intensity versus nitrate concentration (uM). 0 and 600 UM of nitrate were used for the study.
Stability was studied at room temperature (21 °C) in the dark. Device 12 was used. Empty means a device
with no reaction with the analyte.

The third condition to study the stability is at the freezer (-4 °C) in dark. The result as in Figure
4.43 which shows the intensity versus nitrate concentration when device with no reaction,
device reacted with blank, and device reacted with 600 uM of nitrate were used. The empty and
blank device shows stability up to 54 days (day land day 54, ts:=0.94, tcritica=2.23, P= 0.37, a=
0.05, n=6, two-tailed test), whereas the 600 uM nitrate device showed decrease in the intensity
in day 54 ( day 1 and day 54, tsat=5.18, teritica=2.23, P= 0.00041, a= 0.05, n=6, two-tailed test)and
stay stable in day 53 ( day 1 and day 53, tstt=1.40, toitica=2.23, P= 0.19, a= 0.05, n=6, two-tailed
test). However, there are still some fluctuations during the days, this can be explained by the
error (e.g., loss of reagent due to improper pipetting) that can occur when big batch of PADs are
prepared in the same day. Based on these it was assumed that device in freezer was stable for

around 53 days around 8 weeks.

In conclusion, the device was stable for only three days at room temperature (21 °C) in the light,
for 17 days (around 2 weeks) at room temperature (21 °C) in the dark and for around 53 days

around 8 weeks. This information should be mentioned with the PAD when is sold for user.
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Figure 4.43 Intensity versus nitrate concentration (uM). 0 and 600 uM of nitrate were used for the study.
Stability was studied at freezer temperature (-4 °C) in the dark. Device 12 was used. Empty means a device
with no reaction with the analyte.

4.6 Comparison between PAD and IEC and literature

Paper device was compared to conventional method in term of LoD, LoQ and the detection
range as in Table 4.10. Result from IEC was more sensitive than the PAD and it has wider
detection range. However, the PAD detection is still applicable for detection of nitrate in soil
when few grams of soil and mL of water are used for the extraction as mentioned in section

4.5.6. IEC method and the PAD both are going to be used for nitrate detection in soil.

The PAD from this work was compared to other studies as in Table 4.11. Some of the published
PADs have higher LoD and some have lower. The reaction time for most of the PAD including
the developed PAD in this study is between 5 to 20 minutes. None of the previous studies focus
on the study of soil samples, most of them concentrate on the water and food samples. In
addition, some of these devices were difficult to use and they are not ready to be used in the
field. Jayawardare et al. and Charbaiji et al. devices 2°*%° require a slide of the layer by the user
between the detection and reduction zone. Teepoo et al., Thongkam et al. and Ratnarathorn et

al. devices 2923

require the flow of the sample within channels. The developed PAD focuses on
the deposition of reagents at multiple layers which can be aligned above each other to avoid the
complexity of the device during use. Also, most published PADs were based on pipetting for
sample addition whereas the developed design allowed dipping system for sample introduction

and hence easier use in the field.

The addition of zinc as a reducing agent was also an issue of discussion. Zinc addition to the PAD

is challenging especially for our developed PAD since all the reaction zones above each other
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including the zine, where also the detection colour develops. Zinc has a dark black colour which
can participate in the intensity if it is too dark. Most of publish work relayed on pipetting the zinc
solution into the specific as summarized in section 4.5.2. In this study the zinc was added by
immersion of a hole device into the solution while the solution was under stirring, consequently,
avoiding the accumulation of the zinc in the PAD. Adding zinc in this way offers advantages
compared to pipetting the zinc, it reduces the dark colour of zinc accumulation in the device.
The dark colour can affect finally the intensity of colour for nitrate detection especially for blank
since it changes from time to time when zinc is added. Immersion reduces the accumulation of
zinc and hence the intensity of the blank was reduced by around 22 %. In addition, immersion
helped to deposit zinc in the two sides of the device. Even though by immersion the amount of

zinc added was unknown, the method is reproducible (section 4.5.2.2), practical, and simple.

Table 4.10 LoD, LoQ and detection range for nitrate detection from PAD and IEC.

scanner (PAD) phone (PAD) IEC
LOD (uM) | 34.97+3.41 44.32+3.58 2.3340.63
LOQ (uM) | 121.6149.02 150.36%15.43 7.78+2.10
Range 0-800 0-800 30-1000
(LM)

Table 4.11 Comparison between different PAD studies for nitrate detection.
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sample Linear | LOD (mgL?) Reaction | Zinc Reduction Sample reference
range time addition efficiency % | introduction
(mg L (min)
1)
water 3.1- 1.18 5 Pipetting | 20 pipetting 290
62
food 10-50 | 3.60 12 Pipetting | - pipetting 291
water 0-50 | 0.53 10 External 27 pipetting 295
layer
(Zinculose)
saliva 200- | 4.96 - External - pipetting 296
1200 layer  of
zinc
(weighed
before and
after)
food 0.5- 0.4 10 - - pipetting 293
40
food 0.4- 0.4 10 Pipetting | - pipetting 292
20
urine 8.68- | 2.8 20 - - pipetting 298
62
water 1-10 | 0.87 15 Pipetting | - pipetting 310
water 0-40 | 3.35 60 - 27 dipping 1
Soil 0-50 2.2 8 Dipping dipping This work
(scanner) | (O- (34.97£3.41uM) (while
800 stirring
uM) solution)
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sample Linear | LOD (mgL?) Reaction | Zinc Reduction Sample reference
range time addition efficiency % | introduction
(mg L (min)
1)
Soil 0-50 2.7 8 Dipping dipping This work
(phone) | (O- (while
(44.32+3.58 o
800 stirring
HM) .
uM) solution)

4.7 Soil sample treatment

Extraction was necessary to extract nitrate ion from soil. In chemistry laboratory several tools
are available to perform the extraction with the help of different kind of solvent 1>!1¢ | For
example, mixing device can be used to mix the soil with solvent to ensure good extraction of
analyte. Later, the soil can be separated from the extract either by centrifuge or filtration by
vacuum. In the field this equipment is not easily available. Therefore, there is a strong need for

simple extraction method which can be performed by non-chemist like farmers.

4.7.1 Device for extraction

Three devices were compared for their ability to extract nitrate ion analyte from soil samples.
Cafetiere (shape of equipment in Figure 4.8 and modified as Figure 4.11), AeroPress (shape of
equipment in Figure 4.9 and modified as in Figure 4.12) and paper cup (shape of equipment in
Figure 4.10 and modified as in Figure 4.13) were compared in this section. The soil extract from
the three devices was compared by using device 12 without any modification (blank device). No
reagents were added to device 12. The device was laminated and dipped into the extracts. The
result was as in Figure 4.44. The intensities from the blank device of cafetiere and AeroPress
were close to the intensity from deionized water (F= 1.11, Fcritica=3.68, P=0.35, a=0.05, n=6,
ANOVA test). This means the colour of sample was not significant. However, the paper cup
showed very high intensity for the blank device. This was maybe because unlike cafetiere and
AeroPress there was no filtration system in the paper cup device. AeroPress was more difficult
to use compared to cafetiere since it requires applying pressure to get the solution out. In
addition, using AeroPress mixing was not possible. Therefore, cafetiere was used in this study.
Cafeteria was suggested as an easy option for analyte soil extraction. It consists of a cup, spiral
plate, filter plate, cross plate and plastic led with piston as in Figure 4.8. The process of extraction

was as in Figure 4.11. The soil was added to the cup and DIW was added as a solvent. The plates
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were fitted into the led. The three plates are important for separating the soil particles from the
extract. The piston then was pressed against the mixture of soil and water. Consequently, the
soil particles move down, and the nitrite moves up from soil to water. After a specific time of
extraction, some of the extract was poured into a tray. The soil extract was then analysed by the

paper device.
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Figure 4.44 Intensity from a blank device 12 (n=6) which was used to analysed Deionized water, cafetiere
soil extract (Figure 4.11), AeroPress soil extract (Figure 4.12) and paper cup soil extract (Figure 4.13). The
extract from each device was shown above the bar. Scanner was used for detection and method 2 was
used for intensity calculation. Repeats n=6 from one PAD.
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4.7.2 Cafetiere extraction optimization

Mass of soil

One important parameter to study is the amount of soil the farmer can use in the cafeteria. Too
much soil can destroy the cafetiere and the small amount can be difficult to treat in the cafetiere.
The mass of soil needs to be studied carefully. 3 to 9 grams of soil were studies and ion
chromatography were used for the optimization since it is a known conventional method for
nitrate detection. Specific gram of soil (3-9 g) was taken into the cafetiere with 100 mL of water
and the piston was pushed down and the soil was allowed to settle down for three minutes.
Then a 10 mL of the soil was filtered and analysed by IEC. Figure 4.45 shows the concentration
of nitrate in soil in mg kg* versus the amount of soil in gram. The nitrate concentration should
be the same since it is calculated per 1 kg of soil. However, at low mass like 3, 4 and 5 g the
concentration is very hight with high standard deviation. This is maybe the small amount is not
enough compared to the amount of water which is 100 mL at which the equilibrium between
nitrate in soil and in water was not the same each time and that is why maybe the standard
deviation was high. 6-9 g gave result with no significant difference according ANOVA TEST (F=
0.78, Fcritica=4.06, P=0.54, a=0.05, n=3, ANOVA test). After 7 g the standard deviation start to be
low, and this is maybe because the amount of soil starts to be enough for the amount of water

(solvent). Therefore, 8 g was chosen to be the optimum mass for the extraction.
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Figure 4.45 Nitrate concentration (mg kg™!) versus the mass of soil (g). the extraction was done as in Figure
4.11. John Innes nol was studied and detection of nitrate was done by IEC. Repeats n=3.
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The volume of water solvent

Another parameter for the extraction is the volume of the solvent. There were several solvents
which were used by researcher like calcium chloride, sodium carbonate and the most common
is potassium chloride *%. In this study deionised water was used since water is easier to be
provided by the lay people (e.g., farmer) compared to other solvent. Volume from 100 to 200
mL of deionized water was used in this study. The cafetiere can occupied 500 mL of water and
60 mL as minimum since lower than 60 mL will be below the mesh level. The 8 g of soil was first
added to the cafetiere, and volume of water was then added (100-200 mL), the piston was
pushed down, and 3 minutes was allowed for soil settlement. Figure 4.46 result and it shows
the concentration of nitrate in mg kg of nitrate versus the volume of water in mL the
concentration of nitrate sounds to be similar (with no significant difference) at different volume
using ANOVA test result (F= 1.78, Fcritica=3.11, P=0.19, a=0.05, n=3, ANOVA test). Therefore, 100
mL of water was chosen as optimum volume for the extraction since very high volume can cause

dilution of the of soil sample with very low concentration of nitrate.
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Figure 4.46 Nitrate concentration (mg kg?) versus the volume of deionized water (mL). the extraction was
done as in Figure 4.11. John Innes nol was studied and detection of nitrate was done by IEC. Repeats n=3.

Number and time of pushing.

Mixing of the soil and the solvent is a critical step to reach a good equilibrium for nitrate between

soil and the solvent(water). In usual lab work a shaker was used to achieve this purpose. Here
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the piston of the cafetiere was moved up and done to do the shaking. The soil (8g) was added
to the cafetiere, and 100 mL of the water was then added, and the piston was pushed down for
specific time (from 1 push up to 6 push). The result as in Figure 4.47 which shows the
concentration of nitrate in mg kg? versus the number of pushes. As the number of pushes
increased the concentration of nitrate increased, however, after two pushes the concentration

start to be constant up to 6 pushes. 2 pushes seem to be the optimum number of pushes.

O I I I I I I 1
1 2 3 4 5 6

Number of push

Figure 4.47 Nitrate concentration mg kg versus the number of pushes. the extraction was done as in
Figure 4.11. John Innes nol was studied and detection of nitrate was done by IEC. Repeats n=3.

Other than the number of pushes the time of pushes was tried. The pushing was done
continuously for specific time from 0 to 3 minutes where at zero minutes 2 push was done since
it was the optimum as in Figure 4.47. Figure 4.48 shows nitrate concentration in mg kg versus
the time of pushes. The result stays same from 1 to 3 minutes (with no significant difference)
according to ANOVA test (F= 4.13, Fcritica=5.13, P=0.074, a=0.05, n=3, ANOVA test). 1 minutes
pushing time seems to be enough to reach a good equilibrium of nitrate between soil and water.
However, 2 minutes was chosen as optimum to avoid any decrease in the signal that may result
if the person who is doing the pushing is tired and slow down the pushing a bit. Table 4.12

summarized the optimized parameter for cafetiere extraction of nitrate from soil.
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Figure 4.48 Nitrate concentration mg kg versus the time of pushes(min). the extraction was done as in
Figure 4.11. John Innes nol was studied and detection of nitrate was done by IEC. Repeats n=3.

Table 4.12 summary of optimized parameter for cafetiere extraction of nitrate from soil.

Optimized parameter Study range Optimum
Mass of soil 39¢g 8¢g
Volume of water 100-200 mL 100 mL
Time of pushing 0-3 minutes 2 minutes

4.7.3 Efficiency of extraction

The cafetiere extraction cannot be trusted unless it is compared extraction which is usually
perfumed in scientific laboratory. Shaker was used for this purpose. The extraction was done
twice for soil samples, one by the cafetiere and the second by the shaker. Same mass of soil and
volume of deionized water was used in both extractions to keep the same effect of the amount
and quantities which are used. For cafetiere extraction the optimum condition was used. 100
mL of deionized water was added to 8 gram of soil in the cafetiere, and the piston was pushed
up and done for 2 minutes and then the soil was allowed to settle for 3 minutes. For the

conventional extraction 8 gram of soil and 100 mL of water were added into 250 mL bottle and
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it allowed to be shaken in the shaker for 1 hour. Other conventional method in the literature are
using other more efficient extraction solvent and some of them do the shaking for shorter time
than 1 hour 1516, |n this experiment 1 hour was chosen to ensure a good extract ion by water
solvent. Figure 4.49 shows the result from ion exchange chromatography for soil one when the
two extractions where performed. The two extractions gave similar result with no significant
difference (tstar=--0.17, tcriica=2.78, P=0.87, a= 0.05, n=3, two tailed test) for nitrate
concentrations which is around 780 mg kg, hence this indicates the efficiency of the cafetiere

compare to the shaking device.

Another point which needs to be determine is the efficiency of the normal extraction itself. This
was done by doing several conventional extractions for the same soil sample. After doing the
first extraction the water was removed totally from the soil and the soil sample was dried in
room overnight. Then the second extraction was done for the same dried sample by adding to
it 100 mL of water. The result from the three extractions as in Figure 4.50. Around 90 % of nitrate
in the soil was extracted by extraction 1 and the rest 10% was extracted in extraction 2.
Therefore, the cafetiere was also able to extract around 90 % (93.49 £2.06%) of the nitrate from
soil since it gave the same result as mentioned previously in Figure 4.49. Figure 4.51 show the
nitrate concentration in three types of soil when conventional and cafetiere extraction where
used. The result from the two soil, John Innesl (tstat=--0.17, teritica=2.78, P=0.87, a= 0.05, n=3,
two tailed test) and John Innes 2 (tsa=0.94, teritica=2.78, P=0.40, a= 0.05, n=3, two tailed test)
shows similarity for conventional and cafetiere extraction using t-test. This indicates good
efficiency of the cafetiere extraction method. However, John Innes 3 shows 7 % difference
between conventional and cafetiére extraction and this is happened maybe due to error during
the experiment like sample loss or different days of doing the experiment. However still 7% is

not a huge difference.
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Figure 4.49 Nitrate concentration mg kg lversus the type of extraction. For cafetiere extraction: 8 gram of
soil in the cafetiere and the piston was pushed up and done for 2 minutes and then the soil was allowed
to settle for 3 minutes. For the conventional extraction: 8 grams of soil and 100 ml of water were added
into 250 mL bottle, and it allowed to be shaken in the shaker for 1 hour. John Innes nol was used.
Detection was by IEC. Repeats n=3.
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Figure 4.50 Nitrate concentration mg kg versus the number of extractions. For the conventional
extraction: 8 grams of soil and 100 ml of water were added into 250 mL bottle, and it allowed to be shaken
in the shaker for 1 hour. Jhon Innes nol was used. Detection was by IEC. Repeats n=3.
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Figure 4.51 Nitrate concentration mg kg™ versus the type of soil. For cafetiere extraction: 8 gram of soil in
the cafetiere and the piston was pushed up and done for 2 minutes and then the soil was allowed to settle
for 3 minutes. For the conventional extraction: 8 grams of soil and 100 ml of water were added into 250
mL bottle, and it allowed to be shaken in the shaker for 1 hour. John Innes nol, 2 and 3 were used.
Detection was by IEC. Repeats n=3.

4.7.4 Efficiency of PAD detection

The optimization and the previous comparison in the previous sections were done by ion
exchange chromatography. To determine the PAD efficiency nitrate detection by the PAD was
compared to ion chromatography. Both the developed cafetiere extraction and uPAD detection
were used to analysed soil sample as describe in Figure 4.52 . After the extraction some of the

extracted solution was analysed by PAD and some by IEC. IEC was used to validate the result
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from the developed pPAD. The result was as in Figure 4.52 where three compost soil samples
(John Innes 1,2,3) and two real topsoils were analysed. uPAD agree with IEC with no significant
difference using t-test (e.g. John Innes soil 1, tsat=1.09, teritica=2.78, P=0.34, a= 0.05, n=3, two
tailed test). Compare to commercial compost the topsoil sample has less nitrate and this is
expected since the real soil sample has no nutrients additives. Compost and real soil sample
were tested for organic matter content as Figure 4.53 . Up to 25% organic matter did not cause
coloration in the paper fibre as in Figure 4.54 Which compare a blank uPAD which was immersed

for 8 minutes in DIW, extract of John Innes 1,2,3 and extract of top soil 1, 2.
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Figure 4.52 Nitrate concentration mg kg™ versus the type of soil. For cafetiere extraction: 8 gram of soil
in the cafetiere and the piston was pushed up and done for 2 minutes and then the soil was allowed to
settle for 3 minutes. John Innes nol, 2 and 3 and to topsoil samples were used. Detection was by IEC and
PAD. Repeats n=3 PAD.
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Figure 4.53 % of mass loss versus the type of soil. organic matter % in John Innes No 1,2,3 soil and topsoil
1, 2. % calculated as in equation 4.1. Repeats n=3.
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Figure 4.54 Intensity versus type of soil. Intensity from blank PAD 12 (with no reagents) after dipping for
8 min in DI water, John Innes No 1,2,3 soil and topsoil 1,2.

4.7.5 Spiking soil sample

The three types of soil were spiked with 310 mg kg of nitrate. The spiking was done to
determine the ability of the method to recover the added nitrate. The soil was allowed to dry
over night after spiking. Figure 4.55 shows the nitrate concentration before and after removing
the spike (310 mg kg?). The analysis readout was done by the PAD. Figure 4.56 compare the

spiked soil (after removing the spike effect) and the soil which is not spiked. The result is not

202



significantly different using t test (e.g., John Innes soil 2, tsat=1.39, teritica=2.78, P=0.24, a= 0.05,

n=3, two tailed test) and this make sense.
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Figure 4.55 nitrate concentration mg kg™ versus the type of soil. Result before and after spiking the soil
sample. For cafetiere extraction: 8 gram of soil in the cafetiere and the piston was pushed up and done
for 2 minutes and then the soil was allowed to settle for 3 minutes. Jhon Innes nol, 2 and 3 were used.
Detection was by PAD. Repeats n=3.
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Figure 4.56 Nitrate concentration mg kg versus the type of soil. Result of spiked (after removing the
spike effect) and non-spiked soil sample. For cafetiere extraction: 8 gram of soil in the cafetiere and the
piston was pushed up and done for 2 minutes and then the soil was allowed to settle for 3 minutes. Jhon
Innes nol, 2 and 3 were used. Detection was by PAD. Repeats n=3.
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4.7.6 Field accessibility

4.7.6.1 Spoon versus balance
The aim of this work is to design method which is easy to be used by the lay people (e.g., farmers)

themselves. The use of cafetiere for extraction and the PAD for detection make this process easy.
Cafetiere can be bought and used easily by farmer by only moving the piston and adding the soil
and water to it. The PAD can be easily used by only dipping it into the solution. There is another
thing which need to be improved yet the use of balance to measure the mass of soil since the
farmer cannot provide balance in the field. Therefore, the use of spoon was suggested since
other kits relay on scoops too. Instead of using the balance a specific number of spoons were
used. The mass of soil which was used in this study is 8 g. 8 gram was equivalent to 4 spoons (2
mL spoon) of soil. Repeats were done to measure the soil by taking 4 spoons of soil three times
each 30 minutes as in Figure 4.57. 30 minutes was taken between measurements to make sure
that the result was not consistent only due to getting use to the way of taking soil. The result
was compared using ANOVA test and showed no significant difference between tries. Therefore,
John Innes no 1, 2 and 3 soil were analysed by the PAD and spoon instead of Balance. 4 spoons
of soil in the cafetiere with 100 mL DIW and the piston was pushed up and done for 2 minutes
and then the soil was allowed to settle for 3 minutes. The result as in Figure 4.58 which shows
nitrate concentration versus the type of soil when balance and spoon were used to measure the
mass of soil. The result from spoon and balance is similar and agree when t-test was used for
comparison (e.g., John Innes soil 1, tsat=-2.04, teitica=2.78, o= 0.05, P=0.11, n=3, two tailed test).
The spoon may vary from place to place in term of shape. The farmer will be advice first to use
the balance and determine how many spoons is equivalent to 8 gram or the spoon can be

provided for farmers.
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Figure 4.57 Mass of soil versus the number of repeats. measuring of 8 g mass of John Innes No 1 three
times each 30 seconds using 4 spoons of soil and analytical balance, the average of masses (n=3) showed

no significant difference.
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Figure 4.58 Nitrate concentration mg kg™ versus the type of soil. For cafetiere extraction: 8 gram or 4
spoons of soil in the cafetiere with 100 mL DIW and the piston was pushed up and done for 2 minutes and
then the soil was allowed to settle for 3 minutes. John Innes nol, 2 and 3 were used. Detection was by

PAD. Repeats n=3.

205



4.7.6.2 Type of solvent
The solvent which was used for extraction is deionized water. However, in the field it is difficult

to provide deionized water especially in the non-developed countries. Therefore, two other
solvents were suggested to be studies, mineral and tap water. Mineral water is easy to be used
since its nitrate content is already written in the bottle which is around 3.5 mg L. This amount
is very small, especially if the soil has high amount of nitrate. However, in case of small amount
of nitrate the farmer can subtract the 3.5 mg L™ from the concentration that they will get finally.
However, the use of tap water is a bit complicated because of two reasons, the first reason is
that the exact amount of nitrate in tap water is unknown, and the farmers must measure the
nitrate content in tap water separately and then remove this effect from the soil which was
extracted by tap water. The second reason is that tap water has a lot of interference that may
interfere with the result. Figure 4.59 shows nitrate concentration in DIW, mineral and tap water
when PAD and IEC were used for detection. Mineral water showed similar result from PAD and
IEC which is the same as the result from the mineral water bottle around 3.5 mg L. However,
the tap water shows lower result from the PAD readout compared to IEC, this is maybe due to
the interference from the tap water which leads to the reduction of the colour. The
concentration from the PAD is around 20 % less than that from IEC. If this % is constant, then
this can be solved by some calculation. Figure 4.60 shows concentration of nitrate from soil John
Innes no 1 when tap and deionized water were used. This concentration is after removing the
effect of Tap water. The tap water nitrate concentration was determined alone using separate
PAD. The difference between the result from tap and DIW is around 18% reduction when tap
water was used. This make sense since the reduction in intensity was around 20% from Figure
4.59. The problem with tap water is that this effect or reduction in signal will not be the same
for all tap water, tap water from different area. Figure 4.61 show the result from the three soils
when mineral and DIW were used. Soil John Innes no 2 shows some variation with significant
difference between use of DIW and mineral water (e.g., John Innes soil 2, tst=-2.91, teritica=2.78,
P=0.044, a= 0.05, n=3, two tailed test) which was not expected. This was maybe due to the
experimental error during sample preparation or due to doing experiments in different days

since nutrients content in soil may change with time.
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Figure 4.59 Nitrate concentration mg L™ versus the type of water. DIW, Tap and mineral (HIGHLAND
SPRING) water were analysed. Detection was by PAD and IEC. Repeats n=3.
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Figure 4.60 Nitrate concentration mg kg* versus the type of water. Tap water was used as extraction
solvent. For cafetiere extraction: 8 gram of soil in the cafetiere with 100 mL of water and the piston was
pushed up and done for 2 minutes and then the soil was allowed to settle for 3 minutes. John Innes nol
was used. Detection was by PAD. Repeats n=3.
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Figure 4.61 Nitrate concentration mg kg™ versus the type of soil. Minera and DIW water were used as
extraction solvent. For cafetiere extraction: 8 gram of soil in the cafetiere with 100 mL of water and the
piston was pushed up and done for 2 minutes and then the soil was allowed to settle for 3 minutes. John
Innes nol, 2 and 3 were used. Detection was by PAD. Repeats n=3.

4.7.6.3 Phone versus scanner

Another concern to make the process easier for the farmer is the use of portable device to do
the detection. Smart phone is a good option to do this as mentioned previously. Therefore, the
concentration from the five types of soil was also determine using photo from the phone instead
of the use of scanner. The result is as in Figure 4.62 which shows the concentration of nitrate in
the three soils by phone and scanner. The two methods show consistent result with no
significant difference for all soil samples using t test (e.g., John Innes soil 1, tst.t=1.09, teritica=2.78,
P=0.34, a= 0.05, n=3, two tailed test). Therefore, phone is an efficient method for the detection.

Table 4.13 summarized soil experiment for nitrate detection in soil.
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Figure 4.62 Nitrate concentration mg kg versus the type of soil. Phone and scanner were compared for
detection. 8 gram of soil in the cafetiere with 100 ml of water and the piston was pushed up and done for
2 minutes and then the soil was allowed to settle for 3 minutes. Jhon Innes nol, 2 and 3 and topsoil 1 and
2 were used. Detection was by PAD (phone and scanner). Repeats n=3.
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Table 4.13 Summary of soil experiments for nitrate detection by PAD and IEC where two extraction
method were compared (cafetiere and conventional extraction). Spoon and balance were compared for
measuring the amount of soil. Soil was spiked to determine the recovery. DIW were compared with
Mineral water. John Innes nol, 2 and 3 and topsoil 1 and 2 were used.

Detection IEC PAD (SCANNER) PAD(PHONE)
method

extraction Cafetiére Conventional Cafetiére conventional Cafetiere
method

John Innes 785.72+17.34 787.96+13.85 | 836.75+79.32 714.52+26.30 | 814.44+127.70
nol

John Innes 706.56177.42 855.83+39.16

no 1 SPOON

John Innes 894.91+19.66 842.36+28.64

nol

MINERAL

WATER

John Innes 1011.29+19.78 1107.01+158.89

no 1 +SPIKE

John Innes 701.29+19.78 797.01+158.89

no 1-SPIKE

John Innes 1387.73+128.30 | 1304.49+84.06 | 1233.97+145.04 | 1420.36+47.06 | 1297.99+173.65
no 2

John Innes 1440.97+108.87 1265.71+126.64

no 2 SPOON

John Innes 1421.78+11.77 1584.02+149.50

no 2

MINERAL

SOIL2+ SPIKE | 1825.92+87.16 1681.10+£90.81
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Detection

method

IEC

PAD (SCANNER)

PAD(PHONE)

John Innes

no 2-SPIKE

1515.92+87.16

1371.10+90.81

John Innes

no3

1613.70+53.50

1738.33+23.67

1535.13+172.19

1502.74+52.09

1406.31+171.53

John Innes

no 3 SPOON

1848.28+117.81

1786.32+124.99

John Innes
no 3
MINERAL
WATER

1826.62+27.44

1629.56+197.97

John Innes

no 3+ SPIKE

1621.24£158.53

1841.68+195.65

John Innes

no 3-SPIKE

1311.24+158.53

1531.68+195.65

Topsoil 1
(spoon +
mineral

water)

279.60+45.53

301.39+15.01

329.07+£11.33

Topsoil 2
(spoon +
mineral

water)

290.48+5.38

290.53+38.95

325.59+67.66
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4.7.7 Validation of workflow by CRM

Certified reference material was used to double validate our method either for IEC or the PAD
when the cafetiere was used for the extraction. Figure 4.63 shows the nitrate content in CRM
which was extracted by cafetiere and analysed by IEC and PAD (scanner). The two result was
compared to the true value which was given by the sealer. The CRM contains approximately 200
mg kg? of nitrate. This finally helped to trust both our extraction by cafetiére and detection by

the developed PAD.

TRUE VALUNE IEC PAD (scanner)
method of analysis

Figure 4.63 Nitrate content (mg kg™) versus the method of analysis. nitrate content in CRM which was
extracted by cafetiere and analysed by IEC and PAD (scanner). Repeats n=3.

4.7.8 Comparison with field method (Palintest)

Palintest is one of the commercial tests which was used for soil nutrient determination included
nitrate. The Palintest content as in Figure 4.64. The chemicals were bought separately. Some of
the chemicals were toxic as mentioned by the seller. Filtration is required finally to separate the
soil. The developed workflow was compared to the Palintest as in Figure 4.65 which shows the
content of nitrate versus the type of soil when two analysis method was used (our workflow and
the palintest). John Innes 1, 2, 3 and topsoil 1, 2 and CRM were studied by the two methods. The
Palintest overestimate the nitrate by around 90% more for all samples. This may be due to the

interferences that interfere during the extraction and detection. This also may be due to the
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reading meter itself since it was not new and borrowed from different lab. Also, maybe a
systematic error occurs due to doing any of the steps by the same wrong way since it was first
time for researcher to use palintest. Since the effect was the same in the soil samples and CRM,
we expect that there is something wrong with the method. Especially that our workflow agreed
with the CRM as mentioned in section 4.7.7. This method is expensive *'° and difficult to provide
by low-income countries. It also required multi steps to be performed by the user and this is why

error happened. Multi step work means more possibility of error to occur.

Content of
palintest bag

chemicals Filtration set up

Figure 4.64 Palintest is commercial tests which was used for soil nutrient determination included nitrate.
chemicals were bought separately. Filtration was required.
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Figure 4.65 The content of nitrate (mg kg™) versus the type of soil when two analysis method was used
(our workflow and the palintest). John Innes 1, 2, 3 and topsoil 1, 2 and CRM were studied by the two
methods. Repeats n=3.
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4.8 Discussion and Conclusion
Regular monitoring of nitrate in the field is required. The available in field methods are costly
and needs time. We successfully developed simple workflow which was based on two steps,

extraction by cafetiere and detection by paper-based sensor which was based on phone readout.

Extraction of the soil nutrients in the field is challenging due to the difficulty of the availability
of the equipment, the multi steps of extraction and the requirement of non-user-friendly
reagent use to perform the extraction. In this study three devices (Cafetiere, AeroPress and
paper cup) were compared for their simplicity in extraction and their ability to filter the soil
slurry from the extracted solution. AeroPress was hard to use since it required applying pressure
to filter the sample. Also mixing with was not possible. The paper cup contains no filtration
system even though it was easy to use. In comparison cafetiére was easy to use and extract
shows same intensity to the DIW intensity. The cafetiere was easiest to use since plunger provide
method for mixing. In addition, the end of the plunger was attached to meshes which helped in
the filtration. Using cafetiere it was found that 8 g of soil, 100 mL of water solvent and 2-minute
mixing in the cafetiére provided good nitrate extraction with no significant difference when
compared with shaker The extraction efficiency of cafetiere was found to be around 90%. 90%
of nitrate was extracted from the first extraction and 10% of nitrate was extracted in the second

extraction.

Other than using easily available equipment (cafetiére) other parameter was considered since
balance and DIW are not available in the field. The extraction method was further improved to
fit the field needs by the replacement of the weighing machine with the use of the spoon to add
the soil sample. The use of 4 spoons of soil was equivalent to 8 g of soil. In field for long term
use the farmer should be advised to check how many spoons are equivalent to 8 grams of soil
since spoon may vary. In addition, mineral water was an alternative with no significant
difference to DIW for nitrate extraction. Mineral water is easy to be provided from shop
compared to the DIW, consequently, it can be easily provided in the field by lay people. In
general, 5 minutes extraction step was developed and simplified for the field use. Compared to
other field extraction methods Which required hand shaking followed by use of filter paper %%,
syringe connected to filter extraction %! and automatic extraction mounted with full extraction-
detection unit #?2, the developed extraction is simple, short, used existing equipment, require
no chemicals and require no filtration. These features make it good alternative method that can

be used in the field.

For the detection step the PAD from chapter three was developed for nitrate detection by

adding a layer for deposition of zinc reducing agent. The developed PAD focus on deposition of
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reagent at multi layers which can be aligned above each other to avoid the complexity of the
device during use as mentioned in chapter 3. Zinc addition was challenging since pipetting zinc
leads to accumulation of zinc and the development of dark colour that contribute to the intensity,
therefore, zinc was added by immersion of the reduction layer into zinc solution (under stirring)
for 1 second (to avoid the destroying the PAD). Adding zinc by this way offer advantages
compare to pipetting the zinc, it reduced the dark colour of zinc accumulation in the device. The
intensity of blank was reduced by around 22 %. In addition, immersion helped to deposit zinc in
the two side of the device. Even though by immersion the amount of zinc added was unknown,
addition of zinc by immersion introduced an easy used method which is reproducibly as well as
efficient. The blank signal was reduced by total of 43% because of the reduction of zinc dark
colour due to the addition of zinc by immersion (22% of reduction) and also due to the
availability of the several layers (21% of reduction). The reduction in the blank signal means
improvement in the sensitivity of the device. The reduction efficiency of the method was found
to be 53.61 +0.78%. Based on this reduction efficiency The time of the analysis was found to be
8 minutes of dipping the PAD into the solution/sample. The PAD was able to detect up to around
27.10+2.64 mg kg™ and 34.35+2.77 mg kg* of nitrate in soil by scanner and phone respectively
and this is lower than the lower level of nitrate (44 mg kg 3*8426427) below which fertilizer need

to be applied by farmer.

The PAD was found to be robust in the presence of interferences. The heavy metals like Zn?* and
Mn?* interfere at concentration higher than 100 mg L™ and their level in soil is lower than this
level (Table 4.9). Anions and cations like CI, SO4%, PO4*, K*, Na*, Ca** showed also high tolerance
level which most of them do not exist in soil at this high concentration (Table 4.9). The tolerance
of the PAD to the pH change was from pH 5 to 10, within this range is the best range for plant
growth 394, The device expiry date was also important to determine to inform user about the
lifetime of the device, The device was stable for 17 days (around 2 weeks) at room temperature
(22 °C) in the dark and for around 53 days around 8 weeks in the freezer (-4 °C). This information

is important to be mentioned with the PAD when is sale for user.

Compared to other studies (Table 4.11) the developed PAD focus on soil sample analysis. None
of the previous studies focus on the study of soil sample, most of them concentrate in the water
and food samples. The multi layers provide filtration system for the PAD which enable to filter
the soil particles before reaching the detection zone. The developed PAD design allowed dipping
system for sample introduction and hence easier use in the field. When same Soil samples were
analysed the PAD and IEC showed no significant difference. Soil CRM was also used to validate
PAD, IEC and cafetiére extraction. The true value from sealer agreed with no significant

difference with result from these methods. The developed work was also compared to the
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existed palintest kit (commercia kit) which require the use of several chemicals and several steps
work. The palintest overestimated the content of nitrate. This might happen due to several steps
of the work that maybe lead to systematic error. The developed PAD offers advantages due to

the use of non-toxic and user-friendly chemicals in micro amount and due to its simplicity.

This chapter demonstrated fast (13 min), easy, robust and reliable potential approach to enable
farmers to monitor soil nitrates on-site in a timely manner via cafetiere-based extraction (within
Smnutes, 90% extraction efficiency) combined with a PAD readout (within 8 minutes). Future
work will include studying robustness of workflow with lay people towards readout at

environmentally relevant levels for farmland.
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Chapter 5 Nitrate workflow with volunteers

5.1 Introduction

Monitoring of the nutrients in soils is vital to achieve good crop yield 3%. Understanding the
nutrient levels influences the quantities of fertilisers needed which then links to the cost of food
production. Farmers in low-income countries do not always have access to cheap analytical tools
that will allow them to continually monitor nutrient levels**°, hence they may not be properly

informed about the levels of fertilizers needed for optimum crop yield.

Nutrients vary geographically and over the course of the year ¥4, consequently regular
monitoring is needed. Lab based monitoring requires multiple steps and logistics which may be
problematic in low-income countries 1%108116.119,122,123,370372,414431 | 91y hased analysis can also
take significant time for the information to come back to farmer. In addition, it may be

prohibitively expensive especially if a large area requires monitoring.

An alternative is soil nutrient sensors deployed directly into the field. These typically use optical
or electrochemical (electrodes) approaches and some of them are portable #3243, These sensors
can be sensitive to the part per billion (ppb) level; however, they are still expensive, require
maintenance and require expertise to use. There are some commercial field methods for nitrate
determination as mentioned in chapter 4, however, each of these methods has its drawbacks
26419435 Some of them are not quantitative and based on visual observations, such as common
nitrate kits ?°. Some require the use of the chemical like palintest *° and some are still

prohibitively expensive 3 for widespread use low-income countries.

There are also some published PADs for nitrate determination 299-293,29529,298,310311 " Y wever,
there are no paper based sensors which are ready for soil analysis and combine simplicity, the
use of non-toxic chemicals and the portability such as the sensor described in Chapter 4.
Furthermore, the previously published PADs have only been tested in laboratory settings by the
research team. None were tested by lay people who have zero prior laboratory experience.

Consequently, these nitrate PAD are not ready to be released to the field.

This chapter aims to test the developed nitrate sensors with volunteers. This step was necessary
to determine the simplicity of the workflow and variation that may occur due to different people
running the same experiment. Quantitative and qualitative data were collected from volunteers.
The workflow consists of two steps; extraction of nutrients from soil with a common, kitchen
cafeteria, followed by detection of nitrate with the paper-based sensor described in chapter 4.
Each of these steps were evaluated separately by volunteers. 30 volunteers participated in the

workflow. In addition, results from volunteers were compared to results from researcher.
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5.2 Work steps and soil collection

The workflow for nitrate detection in the soil was optimized as in Chapter 4. The optimization
was done to suit the field conditions. Therefore, a smartphone camera was used instead of a
flatbed scanner, a spoon was used instead of the balance to measure out the soil sample and
deionized water was replaced with mineral water as the extraction solvent. In addition, a
cafetiere was used for the extraction instead of the conventional shaker. All of these
modifications were designed to make the analysis method of nitrate possible in the field by
untrained lay people, such as farmers in low-income countries. In this chapter, the workflow for
nitrate determination was tested with some volunteers in the lab. Feedback from volunteers
will be used to improve the system which should finally be pulled to the farmers for field work.

The tested workflow is summarised in Figure 5.1

extraction with paper-based smartphone
cafetiere sensor readout
E - A

Figure 5.1 Overall workflow for nitrate analysis in soil. Step 1; extraction of nitrate from soil by cafetiere.
Step 2 is the detection of nitrate with the aid of the PAD and a smart phone camera.

Instruction sheet

Initially to make the process easy instruction sheets was made to clearly show the steps of the
workflow (Figure 5.2). The sheet was designed to be easy to be read and hence simple words
were used to describe the steps. The sheet is divided into two boxes. The box at the top
describes the extraction step and the box at the bottom describes the detection step. The
volunteers were first asked to place 4 spoons of soil into the cafetiere, then add 100 mL of
mineral water to the cafetiere. This is followed by mixing using the plunger for two minutes.
Then the mixture is left for 3 minutes to allow the soil settle from the water. Finally, some of the
solution should be poured into a separate container to be used in the detection step. For the
detection, the volunteers are asked to ensure that the slits in the back of the PAD are open. Then
the PAD should be dipped into the solution. After 8 minutes volunteers are asked to take two

photos for the PAD, one with use of a black box and the second one without the use of the box.
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The use of box helps to reduce the surrounding light effect. The use of box was clarified in Figure
5.3. The box contain hole on the top, this whole is used to put the phone camera and then to

capture the image of PAD.
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Figure 5.2 Steps for the analysis of nitrate in the field. take 4 spoons of soil into the cafetiere and then add 100 mL of mineral water to the soil. Then use the plunger to mix for two
minutes. The mixture should be left for 3 minutes to allow the soil to settle from the water. Finally, some of the solution should be added into the provided container and it is ready
to be used. For the detection, the farmer is asked to ensure that the back side of the PAD is opened. Then the PAD should be dipped into the solution. The dipping should be for 8
minutes. After 8 minutes take two photos for the PAD, one with use of box and the second one without the use of the box.
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Close box with hole Pu the PAD below the Put the phone camera on
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open bottom phone light go in through the hole

Figure 5.3 Steps for using the box for image capture. The box is closed with hole on the top and open
bottom. The PAD is put below the box. The phone camera is attached to the hole of the box and image
was then captured of the PAD.

Locations for soil collection

Five soil samples were collected from 5 different locations across the University of Hull as in
Figure 5.4 which show the location of each soil on the university map. Table 5.1 shows the
structure of soils based on appearance. Topsoil was collected from a depth of no more than 20
cm, since the topsoil depth is usually from 13 to 25 cm deep #¢. Sampling locations were selected
based on the locations moisture and conductivity sensors that have already been deployed
around the University campus for an unrelated project **’. These also provided variety in likely
soil nitrate levels since these locations have different physical structures and properties.
Appendix D shows some of the soil characteristic during the month of soil collection. For
example, location 1 is very dry compared to other locations. Whilst location 4, in front of
university main entrance, is very wet. Figure D1 shows the moisture levels in the 5 locations at
depth of 20 cm during June 2022 (the time of soil collection was 10 ™ June 2022). Soil location 4
and 2 are wet according with moisture levels of approximately 30% in the mid of June. Soil 1 and
5 in comparison are dry with moisture level less than 20% in the mid of June. From 5™ to 10" of
June the moisture level was the highest for all soils due to the high rain fall compared to the rest
of the months. Figure D2 shows the level of run during June 2022. The rain level and the
moisture of the soil are crucial factors since they can dilute or wash away nutrients. Hence, the
more the moisture we expect soil to have less nitrate we expect to observe 8, Soil conductivity
was also determined. Figure D3 shows the conductivity of soil during June. The conductivity level
showed small variations across the 5 sampling locations and the month of June 2022, ranging
between 1200 to 1600 VIC (volumetric ion content). The level of conductivity may indicate the

interfering ions that may affect the nitrate measurements. The more the conductivity the more
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interference ions that may exist. This conductivity may help later to explain the result if any
interference is observed. Table 5.2 summarise the level of moisture, rain, and conductivity

during the collection day (10 ™ June 2022).

LLO LN
UNIVERSITY|
OF HULL

Figure 5.4 Map of University of Hull showing the locations of the five soil samples analysed by volunteers.
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Table 5.1 Soil samples from sites at University of Hull from 5 different locations. The name of the soil,
exact location and description based on appearance were mentioned.

Name of soil Soil 1 Soil 2 Soil 3 Soil 4 Soil5

Description
according to

appearance

Dry coarse soil | Wet coarse soil . Dry soft soil
Wet soft soil Wet soft,

muddy soil

Table 5.2 Soil 1, 2, 3, 4 and 5 moisture %, rain level(mm) and conductivity (VIC) in the day of the soil
collection (10 June 2022)

Measured parameter | Soil 1 Soil2 Soil 3 Soil 4 Soil 5
Moisture content (%) | 17.4-18.8 28.7-29 19.2-21 31.7-32.8 14.5-16.5
Rain level (mm) 0 0 0 0 0
Conductivity (VIC) 1491-1477 | 1332-1337 | 1492-1541 1395-1404 1212-1233

Equipment given for the volunteers and survey questions.

The experiment equipment was provided to the volunteers with instruction sheet as in Figure
5.5. The volunteers were given the time and the space to do the experiment in a comfortable
environment. A survey was prepared to determine the volunteers’ level of education, and
experience using the extraction system and PADs. The structure of the survey is shown in in
Figure 5.6. The survey has four parts: information about volunteers, their experience of using
the extraction, their experience of using the detection PADs and finally their overall experience
of the workflow. The survey was divided into several sections to get clear feedback from
volunteers that help to improve each step of the workflow. The end of the survey included a
space for volunteers to suggestion ideas that might help to improve the system. In addition,
informal feedback was collected during the volunteers’ time using the system. The survey is

shown in Appendix E.
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Figure 5.5 The equipment provided for volunteer to do the workflow. Cafetiere, mineral water, spoon,
soil, tray, tweezer, PAD, box, instruction sheet and code for survey.
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Figure 5.6 Survey structure. It consists of four parts, information about volunteers, their idea about
extraction, their idea about detection and finally their overall idea about the workflow.

5.3 Information about volunteers

The volunteers were students from The University of Hull, the students had different education
backgrounds and from different degrees of study. An email was sent to all the student in the
university to volunteer. Random student from different major were chosen except chemistry
student. The workflow was tested with 30 students. A mixture of undergraduate, Master and
PhD students volunteered; 35 % undergraduate, 34% PhD, 21% taught masters and 10%
research masters. 79% of the volunteers had no previous experience using PADs. In addition,
the interest of the volunteers in environmental sciences were determined (Figure 5.7); 28% are

extremely interested, 55 % are interested, 14 % are neutral and 3% are uninterested.

B Extremely interested

B Somewhat interested

M Neutral

Uninterested

M Extremely uninterested

Figure 5.7 Survey question: How interested are you in environmental science? 28% are

extremely interested, 55 % are interested, 14 % are neutral and 3% are uninterested.

5.4 Extraction of nitrate by volunteers

Qualitative result

The equipment provided to volunteers for extraction of nitrate from soil involves the use of a
cafetiere and a plunger for mixing, a spoon (2 mL) to collect the soil sample, mineral water
(HIGHLAND SPRING) as extraction solution, and a tray to add the extracted solution after
extraction. Volunteers were asked about the simplicity of the extraction step; results are shown
in Figure 5.8. Three points was evaluated; soil collection, mixing with the cafetiere and plunger

and the whole extraction process. 100% of the people reported finding it easy to collect the soil
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using the spoon. However, from researcher observations some of the volunteers did not fill the
spoon properly with soil. Therefore, this point should be added to the instruction sheet “please
take a level spoon of soil”. 17 % of the volunteers reported finding the use of plunger difficult.
The volunteers were given a space in the survey to add a comment about this step. Some
students found it physically difficult to mix by the plunger. Another comment was “more
information should be added about the strength of mixing”. Mixing is a critical step to ensure
efficient extraction of nitrate. Therefore, the instructions need to include a statement that gives
an indication of how vigorously mixing needs to be, whilst ensuring the soil and water does not
jump over the top of the cafetiere. Another comment about the quantity of the extracted
solution which should be added to the container (Petri dish). From researcher observations
many volunteers were asking about how much they should add into the tray. Therefore, this
statement will be added to the instruction sheet “please fill the container with the extracted
solution”. There was also another word in the instruction sheet, which says ‘trap the soil for 3
minutes’. The meaning of the word ‘trap’ was unclear to the volunteers, so in future this
statement will be change to “please leave the mixture in the cafeteria for 3 minutes”. Even
though various comments were written and observed from volunteers about extraction, around
97% of the volunteers reported finding the overall extraction easy. In conclusion using the

cafetiere was accepted and easy to handle by most of the volunteers.

The volunteers also evaluated the length of time it took to complete the extraction. The time of
extraction in should take a total of 5 minutes; 2 minutes of mixing and 3 minute to allow the soil
slurry to settle in the cafetiere. 7% of the volunteers felt this was too long, whilst 90% of them
find it just right and too short. The remaining 3% are people who did not give feedback on the
time. The 7% of people are mainly part of theld % of people who are neutrally interested in
environmental science as in Figure 5.7 and hence they found the time long. Since 90% found it
as suitable time, it is expected that a farmer, or similar interested user will find the length of

time needed to complete the procedure reasonable.
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Figure 5.8 The percent of volunteers versus how easy or difficult is the exercise. Three points were
evaluated, the soil collection using a spoon, the mixing with the plunger, and the overall extraction. 100%
of the people find the soil collection by spoon easy. 17 % find using the plunger is difficult. However,
around 97% of the volunteers find the overall extraction is easy.

Quantitative result

Quantitative data was also collected from volunteers. The extraction efficiency of the volunteers
was compared with the extraction efficiency when the process was completed by a researcher.
The 5 soil samples were extracted by a researcher (three times for each sample) and were
analysed by ion chromatography (see chapter 4 for IEC method). The 5 soil chromatograms are
shown in Appendix F (Figure F1). The nitrate peak was eluted at 3.58 minutes. The result is
shown in Figure 5.9 which show the amount of nitrate for the 5 extracted solution of 5 soil
samples. In general, the nitrate content in the five soils sample was less than 300 mg kg™. Soil 1
and 4 had the higher nitrate content compared to the other soils. However, soil 2 and 3 nitrate
content are less than 45 mg kg* which is less than the lower advised limit of nitrate for a good

soil 348,426,427.

The volunteer extracted solutions were also collected for further analysis. Each soil sample was
measured by 6 volunteers. There were 5 soil samples and hence 30 extracted solutions were
analysed by IEC. Figure 5.10 shows nitrate content for both extracted solution from volunteers
(n=6) and researchers (n=3). The mean nitrate recoveries for Soil 1 and 4 were similar for
volunteers and researcher extractions. These are soils which have high nitrate content

compared to other soils. For soils 2, 3 and 5 the volunteers extracted between 40-60% of the
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nitrate that was recovered by the researcher. In all samples the range of nitrate values for the
volunteers was much wider than for the researchers (see error bars in Figure 5.10). This wide
range in nitrate recoveries can be attributed to several reasons. The mixing using the plunger
was done in different way by different volunteers. Also, some high results may be due to the use
of high amounts of soil sample using the spoon, very full spoon can lead to increase in the
amount of nitrate needed and the opposite can cause the opposite result. The feedback

mentioned above in this section should be added to the instruction to avoid such variation.
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Figure 5.9 Nitrate mg kg™* versus the soil type. The extraction of the samples was done by researcher using
cafetiere (n=3) and analysed by IEC.
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Figure 5.10 Nitrate mg kg™ versus the soil type. The extraction of the samples was done by researcher
(n=3) and volunteers using cafetiere (n=6) and analysed by IEC. % Recovery was determined and shown
in the box for each soil sample. 5 recovery was determined using result of volunteers and result of
researcher (true value).

5.5 Detection of nitrate by volunteers

Qualitative result

A nitrate PAD was used for detection of nitrate by volunteers. The instructions for detection was
given in detail in the printed sheet. The volunteers were asked to take the PAD and distinguish
the front and the back side. Then to dip the PAD into the detection solution for 8 minutes. Finally,
to take a photo for the PAD with and without use of the provided box. Figure 5.11 shows the
feedback of the volunteers about the use of the PAD and the phone. 3 % found the instructions
on how to dip the PAD into the sample unclear. The remainder described the instructions as
clear. All the volunteers reported that the instructions on how to take a photograph of the PADs
was clear. Overall, the detection by the PAD was easy for 100% of volunteers. 96% found the
time as suitable time to carry the work. Therefore, it is expected that the process and the time

to be suitable also for end users.

Even though 100 % of volunteers described the process of taking the photos easy, many of them
did not take a clear photo especially with the use of the box. Figure 5.12 shows some photos
which were taking by volunteers when box and no box were used for image capture. Clearly the
use of box was more difficult for volunteers and hence result was collected from the photos
when no box was used for photo taking. Volunteers also were in doubt about the picture quality
and some of them asked for more information as feedback for picture quality and the way they

should to take the picture. Clear instruction sheet for picture taking will be developed.
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Figure 5.11 Percent of volunteers versus how clear the instruction about the detection steps is. The
volunteers were asked about two things, the placement of the PAD into the sample and the picture taking
process by phone. 100 % of the volunteers find picture taking clear to do. 3 % find it unclear to put the
PAD in the sample, however, the rest around 96% find it clear to dip the PAD in the extracted solution.
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Figure 5.12 Examples of pictures of the PAD taking by volunteers using a smart phone with a box and
without a box. Result for 5 soil samples is shown.

Quantitative result

Quantitative data for the detection step was also collected using the PAD and it was also
compared value derived from a researcher carrying following the same method. Figure 5.13
shows the result of nitrate (mg kg™) content in soil. The PADs were photographed using a flatbed

scanner and a smart phone camera. The figure shows the amount of nitrate from the five soil
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samples. The scanner, phone and IEC results broadly agree, when analysed using an ANOVA test

(e.g., soil 1, F= 1.11, Fcritica=5.14, a=0.05, n=3, ANOVA test).

Volunteers’ results for nitrate detection by the PAD were compared to the researcher’s results
as in Figure 5.14 which shows the nitrate content (mg kg?). The works of volunteers
overestimates the result of nitrate content. However, the result of nitrate content in the 5 soil
extracted solution (analysed by IEC) from volunteers and researchers were not extremely
different (as mentioned in Figure 5.10) and hence results from the PAD should agree since the
same solution were used by volunteers. In addition, PADs used by volunteers and PADs from
researcher showed similar colour (when seen by eyes) as in Figure 5.15 and hence this big
difference in nitrate content is impossible. Therefore, this difference may happen due to
variation of the phone and the variation in the way of photo taking. Also compare to volunteers

the researcher has more experience in taking photographs of PADs.
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Figure 5.13 The nitrate concentration mg kg ! versus the type of soil when three detection method were
used, IEC, scanner and phone (all by researcher).
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Figure 5.14 The nitrate concentration mg kg ! versus the type of soil when three detection method were
used, scanner (by researcher), phone ( by researcher)and phone by volunteers. The result from scanner
and phone for researcher agree, however, they do not agree with the voluneteers’ phone results.
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Soil 2
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Figure 5.15 Photos taking for 5 soil samples by volunteers and researcher. Colour seen by eyes does not
varies significantly.

Explanation for quantitative data variation between researcher and volunteers

Variation in image capture may happen due to differences in the phones used, variations in the
way photos are taking, changes in the place where the photo is taken. Some of these problems
were already discussed in literature as mentioned in section 1.4.3. Photos of a set of standards
of nitrate were used to explain the effect of using a phone to take a photo. Figure 5.16 shows

the printed standards which was laminated by lamination sheet to mimic the normal made PAD.
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The PAD contains 6 standards each with three repeats and three internal standards to reduce

the surrounded light effect.

0O uM
100 puM
200 uM
400 uM
600 uM
800 uM

Internal
standard

Figure 5.16 Printed photo for set of nitrate EXTERNAL standards. The paper was laminated to mimic the
prepared PAD.

To study the variations in images based on the phone, three phones (Huawei, Samsung Galaxy
A325G, iPhone 11) were used to take the image of the same set of external standards
(mentioned in Figure 5.16 ). The result from the three phone shows similar slopes. However, the
lines do not overlap even though same lighting and same distances (between phone and PAD)
were used for photo taking. This meant that each phone has different image capture ability and
hence obviously different quality image result. Other people in literature solve this problem by

use of statistic or box to remove the surrounding light effect as mentioned in section 1.4.3.
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Figure 5.17 Intensity versus the nitrate concentration (uM) when three phone ( Huawei, Samsung Galaxy

A325G, iPhone 11) were used to take the image of the printed PAD in Figure 5.16. N=3.

The distance effect (between phone and PAD) was also studied. Three different distances (10,

15, 30 cm) were tested. Clearly when the distance between PAD and phone changes the

calibration line also changes (Figure 5.18 a). However, when the distance was kept the same as

in Figure 5.18 b. the three lines were reproducible. Consequently, the distance between phone

and PAD can also has influence the image capture.
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Figure 5.18 Intensity versus the nitrate concentration (UM) when different (figure A) and same (figure B)
distance were used to take the image of the printed PAD in Figure 5.16. One phone (iPhone 11) was used,
and the location was the same. N=3.




The effect of changing location was studied since different locations in the room has different
lightening. Figure 5.19 shows the intensity versus the concentration of nitrate when photo for
the same standard was taken at different locations (a) and at same locations (b). Location

changes leaded to a change in the calibration line.
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Figure 5.19 Intensity versus the nitrate concentration (uM) when different (figure A) and same (figure B)
locations were used to take the image of the printed PAD in Figure 5.16. One phone (Huawei) was used,
and distance between phone and PAD was the same. N=3.

After one year of PAD development (from the original experiment) the calibration line on real
time and real standards was run again using scanner and phone as in Figure 5.20. The result
from scanner matches the previous result which means that the method in term of reagent and
PAD is reproducible. However, when the calibration line was run again by the phone the line
does not overlap the previous result. Mainly this was due to the change of phone (phone was
changed from Samsung to iPhone) and the change in the light of the room since it was summer,
and room was brighter. Consequently, the use of the external standard to avoid such a problem

is needed.

In conclusion, the model of phone, distance of photo taking (between phone and PAD) and
location of photo taking can affect the image capture and consequently the result. The best way
is to use the photo of the external standard with the sample analysed. Whatever effect the
sample PAD image capture it affects all the standards by equal way. By using the external
standard then the volunteer can take the photo using any phone and any location. A clear

instruction sheet for the use of the phone and picture taking will be mentioned in Section 5.7.
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Figure 5.20 Intensity versus the nitrate concentration (uUM) when different scanners and phones (iPhone
11, Samsung) were used for image capture. The previous result (before around a year) was compared to
the result now (result after around a year).

5.6 Overall workflow evaluation

Qualitative result

Finally, the volunteers were asked general questions about the workflow. The first question
asked about the clarity of the instruction sheet. 97% found the instructions easy to follow. While
3% find it difficult to understand. Also, the overall time of the work, 13 minutes, was not too
long for 93% of the volunteers and hence it is a suitable time to perform such work. The final
aim of this work is to develop a workflow that combines the accuracy, simplicity, short time and
low cost. Therefore, the volunteers were asked about their opinion about this most important
aspect of the workflow. This result is shown in Figure 5.21 and most of them chose simplicity
and the accuracy as first choice compared to the price of the device and the time of work. This

can reflect what the end user requires when working with such a workflow.
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Figure 5.21 Most important aspect of the workflow based on volunteer opinion. 38% of them chose
simplicity of the workflow as the first option and 38% of them chose the accuracy as first option.

5.7 improvement in the workflow based on volunteers’ feedback.

qualitative improvement

Based on the volunteers’ feedback and result, some improvements need to be made. The
original instruction sheet is shown in Figure 5.2, the updated sheet is shown in Figure 5.22. The
changes are made in red based on the volunteers’ feedback. Table 5.3 shows the changes made
to particular sentences. “Place 4 spoons of soil in the cafetiere” was changed to “Place 4 filled
spoons of soil in the cafetiere”. A photo clearly showing how this is done is now included in the
instructions (as Figure 5.23). Volunteers were asked also to avoid collecting rocks and collect
soft soil of the same texture. This helps to avoid variations of the signal that was observed in
Figure 5.10. The statement “Mix for 2 min up and down slowly by plunger” was changed to
“Vigorously and thoroughly mix the solution using the plunger for precisely 2 minutes. Caution
should be exercised to prevent any water splashing during the process” since strong mixing is
required to extract nitrate. Also, to make this statement easy to understand “Trap the soil in the
cafetiere for 3 min” it was changed to “Keep the mixture in the cafetiére for 3 min”. “Pour some
liquid into the container” was also changed to “Fill the container with liquid”. The two sides of
the PAD were also clarified by the arrow in the picture in the instruction sheet to avoid users

placing the PADs into the sample the wrong way up.

The last step is photographing the PAD. Step-by-step instructions are provided in a separate

sheet, as shown in Figure 5.24. Step 1: make sure that PAD is clean with no drops of water are
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visible on the surface of the PAD. Step 2: put the phone camera at distance around 15-30 cm

(distance between phone and PAD) and avoid direct light effect. Step 3: take photo of the sample

with the external standards set. Step 4: photo should be with uniform light effect; examples are

given for non-good photo.

Table 5.3 Changes made to the instruction sheet.

Original instructions

New instructions

Place 4 spoons of soil in the cafetiére

Place 4 filled spoons of soil in the cafetiere

Mix for 2 minutes up and down slowly with

the plunger

Vigorously and thoroughly mix the solution
using the plunger for precisely 2 minutes.
Caution should be exercised to prevent any

water splashing during the process

Trap the soil in the cafetiere for 3 min

Keep the mixture in the cafetiére for 3 min

Pour some liquid into the container

Fill the container with liquid

Sides of the PAD

clearly, the two sides of the PAD (front/back)

were shown

Photo taking information

A special sheet for photo taking is added
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Figure 5.22 Improved instruction sheet based on volunteers’ feedback. Place 4 spoons of soil in the cafetiere was changed to Place 4 filled spoon of soil in the cafetiere with photo
clearly show how this is done (as Figure 5.24). They were asked also to make sure the soil is soft and of the same texture and no rocks. The statement “Mix for 2 min up and mix
slowly by plunger” was changed to “Mix strongly and vigorously by the plunger within water level, avoid splash of water”. “Trap the soil in the cafetiére for 3 min” it was changed to
“Keep the mixture in the cafetiere for 3 min”. “Pour some liquid into the container” was also changed to “Fill the container with liquid”.
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Figure 5.23 How to use the spoon to take soil. Take a 2 mL spoon and fill it with the right amount of soft soil as clarified in the photo.
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Figure 5.24 Photo taking instruction sheet. Step 1: make sure that PAD is clean with no drops of water are visible on the surface of the PAD. Step 2: put the phone camera at distance
around 10-30 cm (distance between phone and PAD) and avoid direct light effect. Step 3: take photo of the sample with the external standards set. Step 4: photo should be with
uniform light effect; examples are given for non-good photo.
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Quantitative improvement

The problem of the phone was improved using the external standards as mentioned above in
section 5.5. Two of the soil samples (1, 4) which were in Table 5.1 were studied again with
volunteers (3 volunteers taken randomly from university of hull student and done the work for
first time). These samples were chosen due to their high nitrate content compared to the rest.

Each sample was done three times by three different volunteers and three different phones.

The detection was done with phone and with the aid of external standard. The photo of sample
and the external standard were taken together by volunteers as in Figure 5.25. The
concentration of nitrate in each sample (soil 1 and 4) was determined by volunteers and
compared to the previous result of researcher (Figure 5.13) as in Figure 5.26. The figure shows
the concentration of nitrate after the use of the external standard in two samples, 1 and 4. The
result from researcher and volunteer agreed with each other using ANOVA test (e.g. soil 1, F=

1.41, Ferica=4.07, P= 0.31, a=0.05, n=3, ANOVA test).

Even though each phone from the three volunteers shows different calibration lines (when the
same set of external were used) for image captured (Figure 5.27 ), the concentration of nitrate
in the same soil sample from the three volunteers is still similar after calculation and not far
from the true value. Consequently, this indicates the external standard can be used to adjust for

differences in smart phone cameras, as discussed in the previous section 5.5.

In conclusion, external standards solved the problem that may occur due to the change of people

who are taking the photos by their phones.
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Sample PAD

external standards

Figure 5.25 The way the photo for sample PAD and external standard were taken together for nitrate
detection in soil.

external standards
M [EC (researcher) I scanner (researcher)

phone (researcher) phone (volunteers)

soill soil4

type of soil

Figure 5.26 The nitrate concentration mg kg  versus the type of soil when three detection method were
used, IEC (researcher), scanner (researcher) and phone (researcher), phone (volunteer). The external
standard was used by volunteers alone with the sample PAD. Volunteer’s phones (iPhone, Samsung,
Samsung). The result from researcher and volunteer agreed with each other using ANOVA test (e.g. soil
1, F= 1.41, Faritica=4.07, a=0.05, n=3, ANOVA test).
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Figure 5.27 Calibration lines of the external standards image taken by volunteers who analysed for soil 1
and 4 in Figure 5.26.
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5.8 Discussion and Conclusion

Nitrate paper-based sensors are commonly developed and used in the chemistry and biology
laboratories. Many of these sensors are developed for laboratory testing or aiming field testing
290-293,295,296,298,310.311  However, the published nitrate paper-based sensors were only tested by
researchers who developed them detection 290-293:29529,298310311 |y this work nitrate sensors,
which was developed in chapter 4 was tested with volunteers. This step was necessary to
determine the simplicity of the workflow and variation that may occur due to different people
running the same experiment. The workflow consisted of two steps extraction with cafeteria
and detection with paper-based sensor. Each of these steps were evaluated separately by 30

volunteers.

The extraction with cafetiere was easy to work with according to chapter 4. The challenge is to
get the same efficiency of the work when lay people are doing the same extraction. Qualitative
and quantitative data about the extraction step were collected from volunteers. Even though
17% found the use of the plunger difficult, around 97% found the overall wok of extraction is
easy to use. Also, the plunger of cafetiere is supposed to be used by farmers and we expect that

farmers will find it easy to mix since they are stronger.

Result of soil extract from volunteers showed that the soil that has higher nitrate content above
100 mg kg showed good recovery around 100%. The soil with low nitrate content showed low %
recovery around 40-60% recovery. However, both types of soil suffered from high relative
standard deviation (above 30%) of recovery. This was attributed to several reasons, the use of
the spoon. Very full spoons can cause overestimation of the result and the opposite can cause
the opposite result. Consequently, information was added in the instruction sheet regarding the
proper use of the spoon. Another reason is the way of mixing. Therefore, more information was
added in the instruction sheet regarding the strength of mixing which should be strong and
vigorous to fully extract nitrate. These small changes in instruction sounds to be simple for
researcher, however, they are necessary to be mentioned for lay people to get the same

efficiency of work.

The detection by the PADs were also evaluated by volunteers and compared to the researcher
results. 96% of volunteers found the use of the PAD clear and 100% found the use of the phone
easy. However, the quantitative result from the volunteers PAD significantly vary from the
researcher. When the colour (seen by eyes) from volunteers PAD was compared to the colour
of the researcher PAD for the 5 soil samples, the colour does not vary significantly which means
that the nitrate content should not vary significantly and that what IEC result showed. Therefore,

this difference was attributed to the use of the phone to take the photo.
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Use of the phone was working well in chapter 4 since it was used only by trained researcher.
This chapter showed that phone use can be affected by several factors including the change in
the person who is taking the photo. Type of phone, location of photo taking and the distance of
photo taking (between the PAD and phone) were some factors that affect the image capture.
Changing any of these parameters leaded to change in the image quality and hence change in
the result. Consequently, external standards were introduced. External set of standards should
be used with each photo taking for sample to avoid any of error that may occur due to change
in any of the mentioned parameters. Two soil samples were run again by volunteers after the
improvement in the instruction sheet and the use of the external standard. The result of PAD
detection of nitrate from volunteer agreed with no significant difference with the result from

researcher within the standard deviation.

In conclusion the overall work was easy to be used by most of the volunteers. Extractions step
by volunteers was comparable to extraction by researcher nitrate content. Detection step
showed some variation due to the used of the phone and this problem was solved using the
external standards that can overcome the factors that lead to variation in image capture. Initial
testing to the improved system (including instruction sheet) showed promising result with no
significant difference between researcher and volunteers outcome result. In the future, the
improved developed work should be tested with larger group of volunteers in the field to ensure

its robustness in real testing environment.
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Chapter 6 Manganese determination

6.1 Introduction

Manganese is necessary for plant growth in a healthy way. It is needed for the biosynthesis of
lipid, lignin and carbohydrates in the plant 3. Manganese has several forms Manganese with
oxidation state +2, +3, +4, +5, +6 and +7 **°. The most available forms are manganese with
oxidation state +2 and +3 . However, Mn*? is the more soluble in soil compared to other

oxidation state manganese 1. In addition, it is the most form which is up taken by plants.

Therefore, determination of manganese (Mn*?) in soil is needed to improve fertilizer application
and achieve good crop. The recent available lab-based methods?3132:133,138,139,143,144,147,148 (o o
AAS, ICP-MS, colourimetrical, electrochemical) which are expensive and time consuming
especially for low- and middle-income countries and hence regular monitoring of manganese by
this method is impossible. Some of the lab developed sensor which are based in
electrochemistry %%, These methods still have its drawbacks including the complication and need
of expert. There are also other available commercial field kits 2#?°, however, they are still non
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guantitative **, expensive, have toxic chemicals, complicated and require expert person to

441442 rapresent good alternative which is if it is

handle them. Colorimetric Paper base sensor
made from non-toxic chemical simple, it can be used for this purpose. There are Some examples
of existing paper-based sensors for manganese detection 3!#31>, However, most of them contain
toxic chemical (e.g., chemicals contain cyanide and borate) and none of them is ready for soil

sample analysis.

Prior to detection extraction of manganese is needed. Manganese extraction from the soil in the
lab is challenging since manganese is strongly attached to the soil and making it not easily mobile
in water and needs special reagent (e.g., EDTA, Mehlich 1, Mehlich 2, KCl, CaCl2 and others) to
extract it #344°, The lab extraction method mainly based on the use of shaker. There is other
available method for manganese extraction in the field. However, they are still requiring multi
steps, equipment (e.g., filtration), and the use of chemicals. The use of cafetiere was good
alternative as mentioned in chapter 4. Cafetiere provide a way of mixing with the use of plunger.

It is easily available equipment and safe if a none-toxic and user-friendly solvent is used with it.

Here is manganese analysis in soil sample by PAD method was studied. The best colorimetric
detection reagent on PAD for manganese was determined. The detection reagent was optimized
for the use of user-friendly (fewer toxic options). The PAD was sealed by different ways and the
best way with easiest sample introduction system was chosen. The PAD was improved to fit soil
sample analysis. The PAD selectivity was determined by monitoring the effect of the interference.
The developed PAD was finally combined with the cafeteria extraction system which was able
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to extract specific % of manganese from soil sample when NaCl solvent was used. For validate

the result from the PAD was compared with result from ICP-MS for the same soil sample.
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6.2 Experimental

6.2.1 Device designs

Paper devices were fabricated using the method described in Section 2.3.1 and Section 2.3.2 for
wax printing method and cutting method respectively. The black ink was used in the device.
Black wax ink needs more heating to permeate the paper, so the devices were passed through
the laminator 10 times at 125°C. Other wax ink colours can be heated at same temperature for

only 3 times to penetrate the paper.
Device 13

This device (Figure 6.1) consisted of a detection and empty regions. On the region with the
detection zones for 4 different internal standards (pink, yellow, green and red) were printed.
Different colours for internal standard were utilised for the purpose of comparison. The device
was made in such a way it can be fold along a central line to make a 3D device, bringing the

detection and empty zones together.

Internal

standard

Negative
control

Detection
zone

Empty zone

Figure 6.1 Paper device 13 (57x28.5 mm) with two zones, detection and empty zones. Each zone had 7
circles which had 6 mm diameter. The detection zone consisted of 4 internal standards, yellow, pink, green
and red. The device was adopted for detection of manganese (n=6).

Device 14

Device 14 (Figure 6.2) was a modified form of device 13. It had similar dimensions for detection
and empty zones. However, device 14 had two empty zones compare to device 13 which had

one empty zone. The device was similarly folded to form three-dimension device.
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Internal
’ standard

Negative
control

Empty Empty Detection
zone zone zone

Figure 6.2 Paper device 14 (57x28.5 mm) with three zones, 2 empty and 1 detection zones. Each zone had
7 circles which had 6 mm diameter. The detection zone consisted of 4 internal standards, yellow, pink,
green and red. The device was adopted for detection of manganese (n=6).

Device 15
Device 15 (Figure 6.3) was a modified form of device 14. It had similar dimensions for detection

and empty zones. However, device 15 had three empty zones compare to device 14 which had

one empty zone.

Internal
standard

(o]
o
w

Empty Empty Detection
zone zone

zone

Negative
control

28,5

Figure 6.3 Paper device 15 (57x28.5 mm) with four zones, 3 empty and 1 detection zones. Each zone had
7 circles which had 6 mm diameter. The detection zone consisted of 4 internal standards, yellow, pink,
green and red. The device was adopted for detection of manganese (n=6).

Devices 16, 17 and 18

Device 16 and 17 was fabricated with cutting; no wax barrier was used. It has circular shape with
diameter of 1.5 cm. Pink internal standard (1.5 cm diameter) was used and made from wax. The
circular PADs are added into two types of bases after addition of detection reagent, double side
adhesive foam pad base (Aurorali, amazon) (device 16) and laminating sheet base (device 17) as

in Figure 6.4. Device 18 was just Whiteman fitter paper nol 5x5 cm.
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Device 16 Device 17 Device 18

2cm

Whatman no.1 base

1@.6; Detection
zones v W
O F Printed wax . :
(internal standard) 4c

Adhesive foam Laminating
pad base sheet base

= oCI Whatman no.1

4cm 5 x5 cm

8 cm

®

Figure 6.4 Paper device 16 and 17 (1.5 cm diameter) with three detection zones and one pink internal
standard. The device was adopted for manganese detection (n=6). The circular PADs are added into two
types of bases after addition of detection reagent, double side adhesive foam pad base and laminating
sheet base.

6.2.2 Detection of manganese by PAR reagent

Device modification

Devices 13, 14 and 15 were modified by the same way for the manganese detection (Figure 6.5).
Each device consisted of detection layer and empty layer. The difference between the three
devices is in the number of empty layers. Device 13 has 1 empty layer, device 14 has 2 empty
layers and device 15 has three empty layers. 3 uL the detection reagent solution (6mM PAR (4-
(2-pyridylazo) resorcinol), 2% PDDA polymer (polyDiallydimethyl ammonium chloride), 9.9 PH
glycine buffer) was added to the 6 detection circles in the detection zone. No reagent was added
to the central circle in the detection zone, it was used as negative control to determine any
colour which may result from the sample itself. The paper was allowed to dry in room
temperature under box for 40 minutes (solution was greasy and required more time to dry). Box
was used to reduce the degradation of chemicals due to light. The device was then laminated in
the laminating pouch using laminator at 80 °C. Slit was made in the back side of the device by
scalpel. The device was dipped into the standard/ sample for 20 minutes. photo was taken by

scanner and analysed by Image-J (method 1).
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Figure 6.5 Device design 13, 14 and 15. Each device consists of detection layer and empty layer. The
difference between the three devices is in the number of empty layers. 3 uL the detection reagent solution
(6mM PAR, 2% polymer, 9.9 PH glycine buffer) was added to the 6 detection circles in the detection zone.
The paper was allowed to dry in room temperature under box for 40 minutes. The device was then
laminated in the laminating pouch using laminator at 80 °C. Slit was made in the back side of the device
by scalpel. The device was dipped into the standard/ sample for 20 minutes. photo was taken by scanner
and analysed by Image-J (method 1).

Optimization and calibration

Paper device design 13 was optimized for the best pH (using borate buffer). The type of buffer
which was used to control the pH was optimized too by trying three buffers, borate, carbonate
and glycine buffer. The amount of the detection reagent was also critical since the detection
reagent itself has a yellow colour, therefore, the volume of the detection reagent which was
added to the PAD was optimized too. To reduce the effect of the accumulation of the colour in
the slit the number of the empty layers was optimized. Table 6.1 shows the optimized
parameters. After optimization calibration line and its reproducibility of manganese was
determined in the range and it was compared to the reproducibility of the calibration line from
same detection regent by UV-Vis (The absorbance is measured in cuvette. 100 uL detection
solution (2 %polymer, 6mM PAR, 9.9 Glycine buffer) was mixed with 900 pL standard were used),

the absorbance was measured after 20 minutes, n=3, wavelength= 530 nm).
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Table 6.1 Manganese device optimized parameters. pH range, Buffer type, Volume of detection reagent
and Number of empty layers are the optimized parameter.

Parameter Optimized range

pH range 8-10.5

Buffer type Borate, carbonate, glycine
The volume of detection reagent 1-8 uL

Number of empty layers 1,2,3

6.2.3 Detection of manganese by PAN reagent

Device modification

Device 16 modification

Device 16 was modified as in Figure 6.6. Whatman filter paper 1 was cut as circle using hole
punch (1.5 cm diameter). Pink wax 1.5 cm was also used as internal standard. The detection
reagent (35 puL PAN(1-(2-pyridylazo)-2-naphthol) (3.8 mM) in carbonate buffer (pH 8, 8% Triton
X-100) was first pipetted into the circle PADs and then dried for 30 minutes. The circular PADs
were attached by adhesive foam base. The PAD then was ready to be used. Manganese solution
(35 pL) was pipetted into each detection zones (n=3). Then the colour development was allowed
for 7 minutes. Scanner was used for image capture. The image was analysed by Image-J (method

1),
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Figure 6.6 Device 16 modification. Whatman filter paper 1 was cut as circle using hole punch (1.5 cm
diameter). Pink wax 1.5 cm was also used as internal standard. The detection reagent (35 pL) was first
pipetted into the circlet PADs and then dried for 30 minutes. The circular PADs were attached by adhesive
foam base. The PAD the is ready to be used. Manganese solution (40 pL) was pipetted into each detection
zones (n=3). Then the colour development was allowed for 7 minutes. Scanner was used for image capture.
The image was analysed by image J (method 1).

Device 17 modification

Device 17 was sealed device with dipping system compared to device 16. Device 17 was modified
as in Figure 6.7. Whatman filter paper 1 was cut as circle using hole punch (1.5 cm diameter).
The detection reagent (35 pL) (PAN (3.8 mM) in carbonate buffer (pH 8), 8% Triton X-100) was
first pipetted into the circle PADs and then dried for 30 minutes. The circular PADs were attached
to the laminating sheet which was made by Cricut explore3. The PAD was then read to be used.
It was dipped for 2 second into the manganese solution and then taken away for 7 minutes
colour development. Phone /scanner was used for image capture. The image was analysed by

Image-J (method 2). Figure 6.8 shows device 17 modification with added empty layers.
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Figure 6.7 Device 17 modification. Whatman filter paper 1 was cut as circle using hole punch (1.5 cm
diameter). The detection reagent (35 uL) was first pipetted into the circlet PADs and then dried for 30
minutes. The circular PADs were attached to the laminating sheet which was made by Cricut explore 3.
The PAD was then read to use. It was dipped for 2 second into the solution and then taken away for 7
minutes colour development. phone (Apple iPhone 11) or scanner was used for image capture. The image
was analysed by Image-J (method 2).
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Figure 6.8 Device 17 modification. Two empty layers were added. Whatman filter paper 1 was cut as circle
using hole punch (1.5 cm diameter). The detection reagent (35 pL) was first pipetted into the circlet PADs
and then dried for 30 minutes. The circular PADs including empty were attached to the laminating sheet
which was made by Cricut exolore3. The PAD was then read to use. It was dipped for 2 second into the
solution and then taken away for 7 minutes colour development. phone (Apple iPhone 11) or scanner was
used for image capture. The image was analysed by Image-J (method 2).

Device 18 modification

Device 18 (modified as in Figure 6.9) is barrier free device where the detection reagent was
added immediately in the Whatman filter paper no 1. This device is called barrier free PAD since
it has no barrier neither wax nor cut. PAD was produced from Whatman 1 paper squares (5 cm
x 5 cm) attached onto adhesive tape. To detect manganese, 11 puL of PAN (3.8 mM) in carbonate
buffer (pH 8, 8% Triton X-100) was added into three locations across this piece of paper and
allowed to air dry for 30 min. For analysis, 10 uL of manganese solution (0 — 500 uM) was
pipetted on top of the PAN zone and incubated at room temperature to allow colour
development (7 min). The PAD image was then captured by a scanner and colour intensity

determined using Image-J software (method 1).
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Figure 6.9 PAD 18 modification. PAD was produced from Whatman 1 paper squares (5 cm x 5 cm) attached
onto adhesive tape. To detect manganese, 11 uL of PAN (3.8 mM) in carbonate buffer (pH 8, 8% Triton X-
100) was added into three locations across this piece of paper and allowed to air dry for 30 min. For
analysis, 10 uL of manganese solution (0 — 500 uM) was pipetted on top of the PAN zone and incubated
at room temperature to allow colour development (7 min). The PAD image was then captured by a scanner
and colour intensity determined using Image-J software (method 1).

Image -J analysis

Image-J analysis of devices 16 and 17 were performed as in Figure 6.10 where the area around
the circle was kept around the same value to ensure consistently. Figure 6.11 show image

analysis for device 18 (barrier free PAD). Same steps described in Section 2.5 where followed.

261



5124484 puals: RGB. 968K

i
5121484 plusls. RGB. 968K
[ —

Inverted image

Image
) 1MG_20220218, 0052 pg -~ o X
273 (Green). 1 2x484 plesls. 8-bit. 726K
4 Results - m] X
File Edit Font Results
|area_Jmean  [Min [max | z
1 R1778 |126.258 85 196
2 R1778 |125993 B85 196
3 R1778 |124.822 85 187
4 R1778 |127.334 81 190
4 [» b ]

Area around 20000-24000 Type of image RGB ( green
channel)

Figure 6.10 Image-J analysis for Device 16 and 17. The method is similar to method described in detail in
Section 2.5. The area around the circle was defined for consistently.
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Figure 6.11 Image-J analysis for Device 18. The method is similar to method described in detail in Section
2.5. The area around the circle was defined for consistently.

Optimization of barrier-free bad (device 18)

The time of the reaction was optimized. The intensity was taken each minute up to 15 minutes.
The volume of the detection reagent and analyte were optimized since this PAD is barrier free
and the amount of the detection reagent and analyte is critical to avoid the leakage of solution
outside the detection range. 5 to 13 pl of detection reagent volume were tested with constant
amount of analyte 10 pL. The volume was optimized by taking the area around the detection
reagent before and after the addition of the analyte (Figure 6.12). The area was determined by

Image-J software. The area was taken before and after the reaction and it was compared.
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Figure 6.12 Area around the detection reagent before and after the reaction. The area was taken by
image-J.

Optimization, of circular PAD (devices 16 and 17)

Optimization method 1: PAD 16 was used to optimize the detection reagent components and
amount of reagent, reagent consisted of PAN, carbonate buffer and Triton X-100 surfactant.
Three manganese concentrations were used in the study of optimization, 0, 100 and 200 uM.
Initially the shape of the PAD (circle or square) was chosen. The dissolving reagent was tested
with three types of buffers carbonate, glycine and ammonia. Amount of the detection reagent
was studied in the range of 20-50 pL. Volume of the analyte was optimized in the range of 10-
70 pL. The carbonate pH was studied from 6.5 to 10.5 pH. The surfactant % was also studied in
the range of 0-14%. PAN concentration from 0.5 to 5 mM was optimized. Finally, the time of the
reaction was studied by taking image each minute for 15 minutes. Table 6.2 summarized the

optimized parameters.

optimization method2: origin lab was used to design experiment by the experiment design,
Optimization method 2 was done to double check the close values of the detection reagent
components (PAN, surfactant, pH). This was done by using box Behnken design. Three different
variables with three points were chosen as the following: pH (8, 9,10), surfactant % (4, 6,8%) and
PAN concentration (2.8, 3.3, 3.8 mM). The lost value was called -1, mid-point is 0 and the highest
point is 1. 16 different solutions were prepared by combination of the three parameters (as
suggested by the experimental design (Table 6.3) and deposited in the PAD which was then
tested with 100 uM manganese solution. 16 PAD intensities were determined and inserted

finally in the origin lab for analysis.
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Sealing of the PAD

The PAD was sealed by different methods. Acrylic cover (5 cm diameter. 0.2 cm thick, two layers)
with 3 circular wholes (1 cm diameter) was used and lamination (with two types of sample
introduction ways, line cut or circular cut) was also used. For both pipetting and dipping sample

introduction were done whenever it was possible.

Calibration and reproducibility

The calibration line of PAD 16 and 17 were determined in the range 0-500 uM and its

reproducibility was determined by running the calibration line in three different days.

Table 6.2 Optimized parameters for manganese determination and the range of the study. Shape of the
PAD Buffer type, Volume of detection reagent, Volume of the analyte, Carbonate pH, Triton X-100
surfactant %. PAN concentration, sealing of PAD, Sample introduction, and Calibration range were studied.
Three manganese concentrations were used in the study of optimization, 0, 100 and 200 pM.

Parameter Optimized range

Shape of the PAD Circle/Square

Buffer type Carbonate/ Glycine/ ammonia
The volume of detection reagent 20-50 pL

Volume of analyte 10-70 uL

Carbonate pH 6.5 to 10.5 pH

Triton X-100 surfactant % 0-14%

PAN concentration 0.5to5mM

Sealing Acrylic cover/ lamination
Sample introduction Pipetting/ dipping
Calibration range 0-500 uMm
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Table 6.3 The different solutions were prepared by combination of the three parameters. Three different
variables with three points were chosen as the following: pH (8, 9,10), surfactant % (4, 6,8%) and PAN
concentration (2.8, 3.3, 3.8 mM). Origin lab was used to design experiment by the experiment design.

LOW, MID, HIGH REAL VALUES

pH | Surfactant% | PAN (mM) | pH | Surfactant% | PAN (mM)
solution 1 -1 |0 -1 8 |6 2.8
solution 2 0 |1 1 9 |8 3.8
solution 3 0 |-1 1 9 |4 3.8
solution 4 0 |0 0 9 |6 33
solution 5 1 |0 -1 10 | 6 2.8
solution 6 1] -1 0 8 |4 33
solution 7 0 |1 -1 9 |8 2.8
solution 8 0 |0 0 9 |6 33
solution 9 0o |-1 -1 9 2.8
solution 10 0 |0 0 9 |6 2.8
solution 11 0 |0 0 9 |6 2.8
solution 12 11 0 8 |8 2.8
solution 13 1 |1 0 10 | 4 2.8
solution 14 1 |1 0 10 | 8 2.8
solution 15 1 |0 1 10 | 6 3.8
solution 16 -1 |0 1 8 |6 3.8
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Interferences

Interferences were studied using PAD 16. Firs the general interferences that does not need
masking reagent were studied. Calcium, manganese, sodium, potassium, nitrate, phosphate,
and chloride ions are some of the cations and anions that can cause interference. The general
interferences were studied by preparing the PAD as usual Figure 6.6. This time instead of adding
the manganese, a mixture of manganese and interference were added and allowed for colour
development. The intensity of manganese alone was compared to the intensity of the mixture

of manganese and interference.

The interferences that exist in soil and has the tendence to react directly with the PAD and
compete with manganese are zinc, copper, and iron ion. Therefore, masking reagent were used
to mask such interferences. DMSA (Dimercaptosuccinic acid) (0, 0.04 and 0.4 M), DFO
(Deferoxamine) (0. 0.01, 0.05 M) and thiosulfate ion (o, .1, 0.5, 1M) were used for iron and
cupper ion masking. EDTA (0.05 M) and EGTA (0.05 M), Citrate ion (0.05, 0.01, 0.1 and 0.5 M),
Hydroxide ion (0, 0.1, 0.5 and 1 %), thiosulfate ion (o, .1, 0.5, 1M) were used for zinc ion masking.
The masking reagent was added to the PAD before the detection reagent (Figure 6.13) and then
the PAD was prepared as usual after drying of the masking reagent. The intensity of manganese
alone was compared to the intensity of the mixture of manganese and interference (100 uM

(5.6 mg L'!) of manganese was used and 5 mg L of interference was used each time).
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Figure 6.13 The test for interference of manganese PAD (device 16). The masking reagent was added to
the PAD followed by the addition of the detection reagent. After drying the PAD is ready to be used. 40
pL of mixture of the interference and manganese was added to the PAD. This was compared to the
intensity of manganese alone. 100 uM (5.6 mg L) of manganese was used and 5 mg L of interference
was used each time.

Stability

Manganese PAD 16 was studied in three different storing conditions, out at room temperature
(21 °C) in the light, out in room temperature (21 °C) in dark (47 days), and in the freezer (-4 °C)

in dark (68 days). 100 uM of manganese was used for the study.
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6.2.4 Soil sample treatment

Soil sample information

One soil sample was used during the manganese study, John Innes No 1 (young plants compost)

from Amazon, UK.
Extraction solvent

EDTA represent the best extraction solvent that can form complex with manganese (II) ion.
However, EDTA can also form complex with other heavy metals 44!, 0.05 M EDTA was used as
extraction solvent, shaker and cafetiere was used for extraction, ICP-MS was used as detection
method. cafetiere ability to extract manganese (Il) ion was then compared to shaker and the
efficiency of cafetiere extraction was determined. For this work EDTA was used as conventional
extraction solvent when shaker and ICP-MS conventional method was used for the analysis.
Other solvent like DIW, Cola (Coca cola, Original, Morrison, UK), 0.05 M HCI/0.0125 M H,SO,,
0.01 M CaCl,, 0.01 M KCl and 0.01 M NaCl were used in this study as alternative for EDTA which
interfere with PAD. Small concentrations of solvents were studied to avoid the interference that

maybe caused be ions of solvent when PAD is used for analysis.
Cafetiere extraction

Extraction was as in Figure 6.14. 10 gram of soil sample was added to the cafetiere this was
followed by the addition of 200 mL of the solvent (0.01M NacCl). Then the plunger was shaken
up and done for 1 minutes. The soil slurry was allowed to settle for 3 minutes. The extracted
solution was then added to container for analysis by PAD (Figure 6.14)or it was taken for analysis

by ICP-MS after it was filtered by 0.22 um filter.
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Figure 6.14 Cafetiere extraction of manganese. 10 gram of soil sample was added to the cafetiere this was
followed by the addition of 200 mL of the solvent (0.01M NaCl). Then the plunger was shaken up and done
for 1 minutes. The soil slurry was allowed to settle for 3 minutes. The extracted solution was then added
to try for analysis by PAD. The PAD was dipped into the extracted solution for 12 second. The PAD was
removed from solution and allowed for colour development for 7 minutes. Scanner was used for image
capture.

Shaker extraction

10 grams of soil sample was added to the closed container, and this was followed by the addition
of 200 mL of the 0.05 M EDTA solvent. The mixture was shaken in a shaker for 1h. The extracted
solution was then filtered by a 0.22 um filter and analysed by ICP-MS. Some extracted solutions

may be diluted.

Time of mixing and other interferences

Time of mixing using the cafetiere was critical to extract efficient amount of manganese. The
mixing was done by the plunger in cafetiere for specific minutes (1-5 minutes). Other metals (Fe,
Co, Ni, Cu, Zn, Cd) that have the possibility to interfere with manganese were studied along with

time of mixing in the same soil sample.

ICP-MS

ICP-MS (Thermo Scientific iCAPQc ICP-MS) was used for analysis. The samples were sent to Leeds
university, Leeds, UK for analysis. They were asked to detect Mn, Fe, Co, Ni, Cu, Zn and Cd ions

simultaneously.
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Cafetiere/PAD system

The soil (John Innes 1) sample which was studied by cafetiere/ICP-MS was studied with the

developed system cafetiere/PAD and the efficiency of the PAD was determined.
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6.3 Result and Discussion

6.4 Paper microfluidic for manganese detection

6.4.1 Detection of manganese by PAR reagent

Manganese reacts with PAR (4-(2-pyridylazo) resorcinol) reagent in basic condtion and existance
of polymer to form a complex as in Equation 2.3. PAR when it is solid, it has a orange colour.
However when it is dissolved in polymer and basic solution it becomes close to yellow in colur
especially when it is added to the paper device. The PAD was fabricated by wax printer as in
Figure 2.1. PAD consisted of detection zone with circles as in Figure 6.15 There were 6 detection
circles, four internal satndards and one circle in the middle as negative control. The detection
reagent is one solution (mixture of 5 mM PAR, 3% polymer PDDA (polyDiallydimethyl ammonium
chloride) and borate buffer PH 9.9)3"> which was added to the detection zone only as in the
Figure 6.15. The other layerS was empty. Parameter optimized for the developed PAD and its
optimum condition was as in Table 6.4 and it was clarified in details in Appendix G, from Figure

G1 to Figure G4.

Pipetting detection
solution (3 pL)

—

Detection solution (6mM
PAR, 2% polymer, 9.9 PH
glycine buffer)

R

Figure 6.15 Two layers paper device before and after the addition of the detection reagent. The device
consistED of the detection zone and empty zone. The detection reagent was added to the 6 circles in the
detection zone.
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Table 6.4 Optimum conditions for manganese determination by PAD which was based in PAR reagent as
detection solution.

Parameter Optimum
pH 9.9

Type of buffer Glycine
The volume of detection reagent 3uL
Number of empty layers in the device 1 layer

Calibration line

Calibration line after improving the sample entrance

The calibration line was determined using the optimum condtion in Table 6.4 and device 13 with
one empty layers. The result still suffer from the uneven colour due to the cut in the back of the
device. The sample entrance was improved by making the circular cut in the laminating sheet
before the lamnation. This was done to remove avoid the secratch of the paper when the cut
done after lamination. Therefore a cut in form of circle was made in the laminating sheet. The
PAD with the deposted reagent was then laminated inside the lamiantion sheet, the circle in the
PAD were alliend with the circle in the laminating sheet. The result as in Figure 6.16 which shows
the intensity from PAD at different concentrations of manganese. The result were repeated
three times. It was found that even though the repeats were perfprmed in the same day, the
lines do not match and vary from try to try. It was found that the PAD leak with time as in Figure
6.17 This leakage is due to the hydrophobic polymer (PDDA) in the detection reagent. The
leagkage did not happen immediately it happened after time (around 2 min) and hence the
result is affected sometime. Other than the leakage the reagent itself may be another reason
for the non reproducible result. The reagent may have instable behaviour on the top of the paper
due to the incoptability between the hydrophilic paper and the reagents in the detection
reagents Which make the reagent varied behavoiur on paper. This thoughts because the same
reagent was tested with UV-Vis in cuvet and a stable reasult resulted. Figure 6.18 shows the the
absorbance from diffrerent manganese solution after mixing with PAR detection reagent. The
result from three different days were stable. This indicated that the reaction was stable when it
was performed in cuvatte compare to when it is perform in paper. Therfore, another detection

reagent was used in the next section.
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Figure 6.16 Intensity versus manganese concentration (UM). The detection reagent is 3 pLmixture of 6
mM PAR, 3% polymer PDDA (polyDiallydimethyl ammonium chloride) and glycine buffer PH 9.9. Scanner
was used to take the photo. Mehtod 1 was used for the calculation of intensty. Device 13 was used.

Before reaction After reaction
20 min dipping
Control with zero . :
reagents in 300 uM Turn to pink due
& manganese to leakage
solution

Figure 6.17 Device 13 with PAR detection reagent after dipping 20 min in 300 UM manganese solution.
The control which has zero reagents should not change colour. The control change to pink colour due to
the leakage. Leakage happended after 2 minutes of dipping.
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Figure 6.18 Absorbance versus manganese concentration (UM). Result from UV-Vis. The absorbalce is
measured in cuvette at 20 min detectin time. 100 pL detection solution (2 %polymer, 6mM PAR, 9.9
Glycine buffer) and 900 uL standard were used, n=3, wavelength= 530 nm.

6.4.2 Detection of manganese by PAN reagent

PAN reagent was also used for colorimetric detection of manganese. PAN (1-(2-pyridylazo)-2-
naphthol) form a complex with manganese in basic condition as in Equation 2.4. PAN does not
dissolve in water, it needs solvent (methanol, ethanol) that can dissolve it or the presence of
surfactant (triton X-100) with hydrophobic and hydrophilic parts. In addition, buffer is needed
to control the pH and keep the stable manganese complex that form with PAN. This reaction
was applied and studied on Whatman filter paper. Since the surfactant is hydrophobic it has the
tendency to interact with the printed wax (Figure 6.19) which is hydrophobic too and hence the
wax cannot be used as barrier this time. Two types of PADs were studied, PAD which was made

by cutting and PAD which was barrier free.
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Figure 6.19 The leakage after the addition of PAN reagent in PAD made by wax.

6.4.2.1 Device made by cutting
6.4.2.1.1 Device shape

Two shapes of the device were tested, square and circular to determine the influence of the
sharp edged and non-edged device in the distribution of the solution. Figure 6.20 shows the four
devices with different dimensions (dimension were shown based on the available puncher). As
it is clear from the photos above the bars the distribution was almost similar and did not show
any preference in any of the PAD regardless the shape and the dimensions. The reagent
distribution is non uniform. Consequently, this is maybe due to the solution itself not the edges
of the PAD. The variation in the signal from PAD to PAD maybe due to the instability of the
conditions and the different amount of analyte which was added each time based in the device
dimension. As conclusion both square and circular PAD are good to be used as devices, of course
this should be after optimization of the various conditions, including amount of analyte and
detection reagent. For consistent the rest of experiment will be carried with 1.5 cm circular PAD
since it is big enough to see by eyes and that what is needed for volunteers, something clear and
easy to be seen. In addition, bigger diameter was chosen to avoid the dark colour that forms at
the circumstance of the circle. The circumstance will be avoided when intensity is determined

by Image-J.
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Figure 6.20 Intensity versus type of device. One square PAD (1.8 *1.8 cm) and three circular PADs
(diameters, 1.5, 0.9 and 0.8 cm) were used. The PADs were cut using punches (Figure 2.2). Three different
manganese concentration were studied 0, 100 and 200 uM. The detection reagent was added to the PAD
(n=3) firs and allowed to dry, the manganese analyte was pipetted into the PAD after 3 min of waiting the
PAD was scanned and image was analysed for intensity using image-J software (The intensity was
measured by method 1 in Section 2.5).

6.4.2.1.2 Optimization Method 1

The optimization was done using two methods. The first method was by taking each parameter
alone (specific range) and determine the optimum value of each parameter separately. The
second method by studying all the parameter at once together to determine their effect on each

other. In this section the first optimization method was discussed.

PAN dissolving reagent (Surfactant)

PAN reagent has hydrophobic characteristic and hence it needs to be dissolved in reagent with
such character. Ethanol and ethanol can dissolve hydrophobic reagent and can be dissolved also
in water. However, they are volatile, and this can affect PAD stability. The PAD finally should be
a kind of PAD that can be stored for long time at least one month and hence it can be sold to lay
people for every day normal use, not for lab use. Therefore, surfactant will be used instead of
ethanol to dissolve the PAN. Surfactant has two arms, hydrophobic and hydrophilic arms in such
a way it can dissolve in hydrocarbons and at the same time can be mixed in water. There are
types of surfactants, ionic surfactant, and non-ionic surfactant. In this work non-ionic surfactant
was used since it is the most used and since the ionic surfactant may also interact with the

detected metal 314 Figure 6.21 show the result of intensities from PADs when surfactant was
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used to dissolve the PAN with four buffer conditions, no buffer, carbonate buffer, glycine buffer
and ammonium buffer. These three buffers were chosen since they do not have the tendency
to capture manganese analyte *°2. In addition, they are not as toxic as borate buffer which was
commonly used in other studies with PAN reagent 3!, Both ammonia and borate are toxic.
However, carbonate and glycine are not as toxic as the other options. When no buffer and
ammonia buffer were used the variation between 0, 100 and 200 uM was not significant.
Carbonate and glycine buffer showed clear gradient between the three concentrations of
manganese. However, the detection reagent was more homogeneous on paper when carbonate
buffer was used as in Figure 6.22. Therefore, carbonate buffer was used with the surfactant to

prepare the detection solution with the surfactant.

140 HOpuM ®m100uM 200 puM
120 - = I
> ~ 1
<5100 - T [
S~
>80 | |
e
% 60 -
E 40 H
20 -
0 T T T T
no buffer carbonate glycine ammonia
Type of buffer

Figure 6.21 Intensity versus type of buffer. PAN reagent consisted of surfactant at four different conditions
of buffer, no buffer, carbonate buffer, glycine buffer and ammonia buffer. All buffers at PH 10. Three
different manganese concentration were studied 0, 100 and 200 uM. The detection reagent was added
to the PAD (n=3) first and allowed to dry, the manganese analyte was pipetted into the PAD after 3 min
of waiting the PAD was scanned and image was analysed for intensity using image-J software (The
intensity was measured by method 1 in Section 2.5). Device 16 was used for the anlysis.
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Carbonate buffer Glycine buffer

Figure 6.22 Two different conditions of buffer, carbonate buffer and glycine buffer. All buffers at PH 10.
100 uM manganese concentration were studied. The detection reagent was added to the PAD (n=3) first
and allowed to dry, the manganese analyte was pipetted into the PAD after 3 min of waiting the PAD was
scanned and image was analysed for intensity using image-J software. Device 16 was used for the analysis.
Reagent with glycine buffer showed more nonhomogeneous distribution of the reagent in the PAD.

Amount of detection reagent

Before further optimization of the component of the detection reagent, the amount of the
detection reagent added to the PAD was optimized since it significantly affects the result. The
more detection reagent added the darker the colour of the PAD and the less amount added the
brighter is the colour. Consequently, this can affect the reading of intensity finally after addition
of the analyte. Figure 6.23 shows the intensity versus the amount of detection reagent added.
Clearly when the amount of the reagent added increased the intensity increased for 0, 100 and
200 uM of manganese analyte. More than 45 pL was too much to be added and it needed too
much time to dry. Therefore, less than 45 pL was only considered. From 30 to 40 pL of analyte
intensity stable with no significant difference for 0, 100 and 200 uM using ANOVA test (e.g., at
0 UM (F= 1.42, Fuitica=5.14, P=0.31, a=0.05, n=3, ANOVA test)). Therefore 35 puL the middle

volume was chosen to be optimum to carry the rest of experiment.
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Figure 6.23 Intensity versus the volume of detection reagent. Three different manganese concentration
were studied 0, 100 and 200 uM. PAN (1.3 mM) reagent consisted of 2% surfactant (Trionix-100),
carbonate buffer (pH 10). The detection reagent was added to the PAD 16 (n=3) first and allowed to dry,
the manganese analyte (50 uL) was pipetted into the PAD after 3 min of waiting the PAD was scanned and
image was analysed for intensity using image-J software (The intensity was measured by method 1 in
Section 2.5 and Figure 6.10). Device 16 was used for the anlysis.

Volume of analyte

Another important factor is the volume of analyte. The more analyte added the more the
intensity should be since more manganese analyte is detected. Also, the more analyte added
the more time it will be needed to dry, and the less analyte added the less time needs to dry.
Keeping in mind that time is critical in this study since we do not want the long experiment time
because this PAD needs to be released finally to farmer. Figure 6.24 shows intensity versus the
amount of manganese analyte added at three different concentrations 0, 100 and 200 uM. As
the amount of analyte increase the intensity increase until it is stable after 50 pL of analyte with
no significant difference using ANOVA test (e.g., at 100 uM (F=0.89, Fgitica=5,14, P=0.46, a=0.05,
n=3, ANOVA test)). However, higher than 50 uL was too much to 1.5 cm diameter PAD and it

needed longer time to dry. Therefore 50 uL was chosen as optimum amount of analyte.
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Figure 6.24 Intensity versus the volume of manganese analyte (uL). Three different manganese
concentration were studied 0, 100 and 200 uM. PAN (1.3 mM) reagent consisted of 2% surfactant (Trionix-
100), carbonate buffer (pH 10) The detection reagent (35uL) was added to the PAD (n=3) first and allowed
to dry, the manganese analyte was pipetted into the PAD after 3 min of waiting the PAD was scanned and
image was analysed for intensity using image-J software (The intensity was measured by method 1 in
Section 2.5 and Figure 6.10). Device 16 was used for the anlysis.

pH

Detection of manganese by PAN reagent is pH sensitive. Therefore, carbonate buffer was used
to maintain the pH. The pH of the detection reagent was studied in the range 6-11.2%3° Figure
6.25 shows the intensity versus the pH of carbonate buffer when 0, 100 and 200 uM of
manganese analyte were used. At low pH lower than the 7.5 the PAD did show reduction in the
intensity only. However, at pH 6.5 and lower the PAD showed very high standard deviation and
the signal of 0, 100 and 200 uM are not any more with different intensities. At pH 8 and higher
up to around 10.5 the intensity was approximately constant with no significant difference using
ANOVA test (e.g., at 100 uM (F=2.29, Feitica=3.11, P=0.11, a=0.05, n=3, ANOVA test)) . Therefore,
the pH of the detection reagent was kept as 10.
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Figure 6.25 Intensity versus pH of carbonate buffer. Three different manganese concentration were
studied 0, 100 and 200 uM. PAN (1.3 mM) reagent consisted of 2% surfactant (Trionix-100), carbonate
buffer. 35 uL the detection reagent was added to the PAD (n=3) first and allowed to dry, 50 pL manganese
analyte was pipetted into the PAD after 3 min of waiting the PAD was scanned and image was analysed
for intensity using image-J software (The intensity was measured by method 1 in Section 2.5 and Figure
6.10). Device 16 was used for the anlysis.

Surfactant percent

AS mentioned previously surfactant was used to dissolve the PAN reagent. Surfactant has greasy
texture. Therefore, the right percent should be added. Too much surfactant can finally make the
detection reagent greasy and increase the hydrophobicity of the PAD. Little of surfactant may
not be enough to dissolve the PAN. Therefore, the percent of the surfactant was optimized.
Figure 6.26 shows intensity versus the percent of the surfactant. As the percent of the surfactant
increase the intensity increase and that is expected since enough surfactant dissolve the PAN
reagent. At very low surfactant percent lower than 2% the PAN was not dissolved as it is clear
from the PAD above in the Figure 6.26. At surfactant % higher than 10% the detection reagent
became greasy and result in more hydrophobicity in the PAD and consequently the added
analyte of manganese hardly penetrates the PAD and dry. 4 to 8 % give high intensity with no
significant difference using ANOVA test (e.g., at 100 uM (F= 1.20, Fgitica=5.14, P=0.37, a=0.05,
n=3, ANOVA test)) which mean good dissolving of PAN and no greasy texture on paper.

Therefore, 4% was chosen as optimum surfactant %.
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Figure 6.26 Intensity versus surfactant %. Three different manganese concentration were studied 0, 100
and 200 uM. PAN (1.3mM) reagent consisted of surfactant (Trionix-100), carbonate buffer (pH 10). 35 pL
the detection reagent was added to the PAD (n=3) first and allowed to dry, 50 uL manganese analyte was
pipetted into the PAD after 3 min of waiting the PAD was scanned and image was analysed for intensity
using image-J software (The intensity was measured by method 1 in Section 2.5 and Figure 6.10). Device
16 was used for the analysis.

PAN reagent concentration

PAN concentration was optimized in the range 0.3 to 5 mM. Figure 6.27 shows intensity versus
PAN concentration (mM). PAN is orange in colour, consequently, the more the concentration of
the PAN the more the intensity of the colour. At PAN concentration lower than 1 mM, the
intensities from 0, 100, 200 mM were similar since there was not enough PAN. At PAN
concentration above 4 mM the PAN was too much compared to the dissolving reagent
(surfactant), and it was hardly dissolved. Therefore, PAN concentration between 1.3 and 4 mM

was chosen as optimum. 3.8 mM was used for the rest of the experiments for consistency.
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Figure 6.27 Intensity versus PAN concentration (mM). Three different manganese concentration were
studied 0, 100 and 200 uM. PAN reagent consisted of 4% surfactant (Trionix-100), carbonate buffer (pH
10). 35 L the detection reagent was added to the PAD (n=3) first and allowed to dry, 50 uL manganese
analyte was pipetted into the PAD after 3 min of waiting the PAD was scanned and image was analysed
for intensity using image-J software (The intensity was measured by method 1 in Section 2.5 and Figure
6.10). Device 16 was used for the analysis.

Time of reaction

Time of the reaction was studied to determine at which time the intensity of the colour is stable.
Figure 6.28 shows the intensity versus the time of the reaction (second) when three different
concentrations of manganese analyte were used (0, 100, 200 uM). The intensity was taken each
minute for 15 minutes. No more than 15 minutes were studied since short time PAD was
required for lay people use. The intensity was maximum at zero reaction time and start to
decrease gradually up to 5 minutes. This decrease maybe happened due to release in some of
the complexed manganese. The intensity remained almost stable from 5 to 10 min then the
intensity starts to decrease again. Previous studies when borate buffer was used the reaction
time was specific exactly 1 min, after which the intensity varied 3. In her with the use of
carbonate buffer the intensity was stable for around 5 minutes, from minute 5 to minute 10 with
no significant difference using ANOVA test (e.g., at 200 uM (F=0.32, Feitica=3.13, P=0.89, a=0.05,
n=3, ANOVA test)) . This provides more time for lay people (e.g., farmer) to take the image of
the PAD before the change of the intensity. Therefore, 7 minutes was chosen as the optimum

reaction time.
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Figure 6.28 Intensity versus reaction time (s). Three different manganese concentrations were studied 0,
100 and 200 uM. PAN (3.8 mM) reagent consisted of 4% surfactant (Trionix-100), carbonate buffer (pH
10). 35 L the detection reagent was added to the PAD (n=3) first and allowed to dry, 50 uL manganese
analyte was pipetted into the PAD. the PAD was scanned each minute for 15 minutes and image was
analysed for intensity using image-J software (The intensity was measured by method 1 in Section 2.5 and
Figure 6.10). Device 16 was used for the analysis.

Colour accumulation on PAD

Previous studies were using borate buffer to stabilize the pH. Borate buffer was effective
buffer314315452  However, it is toxic and can seriously affect the reproductive system %3,
Therefore, it was replaced with carbonate buffer. The use of carbonate buffer leads to the
concentration of the colour in the centre after the addition of analyte. This may happen due to
the nature of the PAN reagent in the presence of the carbonate on paper compared to the
borate buffer. Figure 6.29 shows the PAD when borate and carbonate buffer were used. Borate
buffer does not cause that much concentrate of the colour compared to carbonate and that was
why most of the people used borate as buffer in literature since it is the most efficient for
formation of manganese complex. This PAD is to be released to lay people and hence no toxic
chemicals should be used, therefore, carbonate buffer was preferred as long as it gives a stable
result which is reproducible and make sense. Figure 6.30 shows the intensity from the 4 PADS
in Figure 6.29. Even though borate buffer showed higher intensities, the difference between 0

and 100u M was similar when both borate and carbonate were used.
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Figure 6.29 Effect of type of buffer on the colour developed on the PAD. Borate (pH 10) and carbonate
(pH 10) were compared when 0 and 100 uM manganese analyte were used.
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Figure 6.30 Intensity versus the type of buffer. Two buffers were compared borate (pH 10) and carbonate
(pH10). The study was performed with 0 and 100 uM of manganese analyte. PAN (3.8 mM) reagent
consisted of 4% surfactant (Trionix-100), carbonate buffer (pH 10). 35 uL the detection reagent was added
to the PAD (n=3) first and allowed to dry, 50 uL manganese analyte was pipetted into the PAD after 7 min
of waiting the PAD was scanned and image was analysed for intensity using image-J software (The
intensity was measured by method 1 in Section 2.5 and Figure 6.10). Device 16 was used for the analysis.

6.4.2.1.3 Optimization Method 2

Optimization method 2 was done to double check the close values of the detection reagent
components (PAN, surfactant, pH) and especially pH since as in Figure 6.25 it was said that after
pH 8, the pH start to be constant, however, there was a small rise for pH 8 compared to the
higher pH. Therefore, these close values were checked. Three parameters were checked again
the pH, PAN concentration and surfactant percentage. This was done by using box Behnken

design 332

. box Behnken design is used to address the experiment boundaries, or to avoid the
extreme points, or to check the difference between point which are close. In this study it was
used to determine the difference between points which are close as it was mentioned previously
about the pH. Origin lab was used to design the experiment. Three different variables with three
points were chosen as the following: pH (8, 9,10), surfactant % (4, 6,8%) and PAN concentration
(2.8, 3.3, 3.8 mM). The lost value was called -1, mid-point is 0 and the highest point is 1. 16
different solutions were prepared (as suggested by the experimental design Table 6.3) and

deposited in the PAD which was then tested with 100 uM manganese solution as in Figure 6.31.

16 PAD intensities were determined and inserted finally in the origin lab for analysis.

Figure 6.32 shows mean of G value (G value here refer to intensity) versus the three points from

each optimized parameter. The maximum intensity was at lowest pH (-1=8), however, the
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difference was not significant and that what was expected from Figure 6.25. The increase in the
surfactant % shows also increase in the intensity but this increase was not significant. In contrast,
the intensity difference was significant with the increase of the PAN concentration. This was

expected since PAN is the reagent which was responsible about the colour.

The effect of each parameter and combination of parameters were determined as in Figure 6.33
A. The figure shows the effect versus the parameter. Three was the optimum (value (based on
ANOVA) which means if the effect above 3, it significantly influences the result. If it is less than
3, then the parameter does not have significant effect on the result. PAN alone shows very
significant effect in the result. This means even small variation in the PAN concentration in the
detection reagent can influence the result compared to the surfactant % and the pH. This was

normal since the PAN was the one responsible about the colour.

Figure 6.33 B show the relationship in contour plot which show that at low pH and High PAN
concentration the best result was gotten and that what was explained previously by Figure 6.32.
Finally, the optimum conditions are pH 8, 3.8 mM PAN and 8 % surfactant and are summarized

in Table 6.5.

Q 40 pL Pipette 4
16 detection Mn2*
= 00 ®®

16 PAD

Origin lab

Figure 6.31 PADs treated by origin lab. 16 solution was prepared with different conditions as in Table 6.3.
The solutions were then added to 16 PADs and the PADs were used to analyse manganese. The intensity
was determined by image-j Software (The intensity was measured by method 1 in Section 2.5 and Figure
6.10). Finally, the data was treated in origin lab. Note the analyte volume was changed from 50 uL to 40
pL to avoid the wrong intensity due to too much the liquid on PAD. Device 16 was used for the analysis,
n=3.
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Figure 6.32 Result from origin lab. Mean of G (G is the intensity) versus the three points from each
optimized parameter (pH, surfactant % and PAN concentration. -1 is lowest, 0 is mid and 1 is highest point.
For pH (-1=8, 0=9, 1=10), for surfactant (-1=4%, 0=6% and 1=8%), for PAN (-1=2.8 mM, 0=3.3 mM, 1=3.8
mM). Device 16 was used for the analysis, n=3.
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Figure 6.33 Result from origin lab. A. standardized effect versus the parameter optimized. B. contour plot
of PAN concentration versus pH of the detection reagent. The optimized parameter is pH, surfactant %
and PAN concentration. -1 is lowest, 0 is mid and 1 is highest point. For pH (-1=8, 0=9, 1=10), for surfactant
(-1=4%, 0=6% and 1=8%), for PAN (-1=2.8 mM, 0=3.3 mM, 1=3.8 mM). Device 16 was used for the analysis,
n=3.
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Table 6.5 Optimum condition for manganese detection. Amount of detection reagent Amount of analyte,
pH of carbonate buffer, PAN concentration, Surfactant % and Detection time were optimized.

Optimized parameter Optimum condition
Amount of detection reagent 35uL

Amount of analyte 40 plL

pH of carbonate buffer 8

PAN concentration 3.8 mM

Surfactant % 8%

Detection time 7 minutes

291



Calibration and Reproducibility

Using the optimum condition in Table 6.5 the calibration line for manganese was determined as
in Figure 6.34 which shows the intensity versus the concentration ef manganese (UM). As the
concentration increased the intensity of the colour increased until the increase become constant
After 200 uM of manganese. The linear range was from 0 to 200 uM. The reproducibility of the
line in the same day was determined as in Figure 6.35 which shows the intensity of the colour
from PAD versus the concentration of manganese (uUM). The slopes were 0.1695, 0.163 and
0.159 which indicate the similar steepness of the three lines. In addition, the average LoD was
14.90+1.41 uM (0.82 mg LY). Table 6.6 shows summary of LoD, slope, R? for the three lines in
1M. ANOVA test was used to compare the three lines. Each 3 points for specific concentration
was compared using ANOVA (e.g., at 100 uM (F= 0.65, Fcritica=5.14, P=0.56, a=0.05, n=3, ANOVA
test)) and they showed no significant difference with one another within the standard deviation.

Consequently, this indicates the reproducibility of the method in the same day.

The calibration line was then determined in different days ad in Figure 6.36. The two lines agree
in slope, LoD and slope and hence the method is reproducible in different days. However, the
intercept of lines was different. This maybe happen due to the variation in the detection reagent
colour itself when it was prepared since the preparation of the detection solution require
heating. The heating quality might be different from day to day and hence the prepared solution
was affected in term of its initial colour. This can be solved by running the calibration line each
time new solution is made. This means that each patch of PAD made should be made with its

own calibration line.
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Figure 6.34 Intensity versus the concentration of manganese uM. PAN (3.8 mM) reagent consisted of 8%
surfactant (Trionix-100), carbonate buffer (PH 8). 35 uL the detection reagent was added to the PAD (n=3)
first and allowed to dry, 40 uL manganese analyte was pipetted into the PAD after 7min of waiting the
PAD was scanned and image was analysed for intensity using image-J software (The intensity was
measured by method 1 in Section 2.5 and Figure 6.10). Device 16 was used for the analysis.
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Figure 6.35 Intensity versus the concentration of manganese uM. PAN (3.8 mM) reagent consisted of 8%
surfactant (Trionix-100), carbonate buffer (PH 8). 35 L the detection reagent was added to the PAD (n=3)
first and allowed to dry, 40 uL manganese analyte was pipetted into the PAD after 7min of waiting the
PAD was scanned and image was analysed for intensity using image-J software (The intensity was
measured by method 1 in Section 2.5 and Figure 6.10). Lines are in the same day. Device 16 was used for
the analysis.
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Figure 6.36 Intensity versus the concentration of manganese uM. PAN (3.8 mM) reagent consisted of 8%
surfactant (Trionix-100), carbonate buffer (PH 8). 35 pi the detection reagent was added to the PAD (n=3)
first and allowed to dry, 40 uL manganese analyte was pipetted into the PAD after 7min of waiting the
PAD was scanned and image was analysed for intensity using image-J software (The intensity was
measured by method 1 in Section 2.5 and Figure 6.10). Lines are in different days. Device 16 was used
for the analysis.

Table 6.6 LoD (uM), R% and slope of the three lines in Figure 6.35. LoD was calculated as in Equations 2.5
and 2.6.

Inel line 2 line 3 Average RSD
LOD / uM 14.61 13.66 16.43 14.90+1.41 9.43
R? 0.9902 0.9872 0.9978 0.9917+0.0055 0.55
Slope/ uM™ | 0.1695 0.1630 0.159 0.1638+0.0053 3.23
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6.4.2.2 Barrier-free PAD
Due to the accumulation of the colour in the centre when the analyte was added (as mentioned

in Figure 6.29), the idea of the barrier fee PAD (device 18) came, so when the analyte was added
the developed colour focused on the centre and it was not leaking into the rest of the paper.
Barrier-free PAD was developed. A PAD was produced from Whatman 1 paper squares (5 cm x
5 cm) attached onto adhesive tape. To detect manganese, amount of PAN in carbonate buffer
(Triton X-100) was added into three locations across this piece of paper and allowed to air dry
for 30 min. For analysis, a specific amount of manganese solution (0 — 500 uM) was pipetted on
top of the PAN zone and incubated at room temperature to allow colour development. The PAD
image was then captured by a scanner and colour intensity was determined using Imagel

software. Figure 6.9 describes barrier-free PAD work.

6.4.2.2.1 Optimization

Time of reaction

The time of the reaction was determined as in Figure 6.37 which shows the intensity versus the
time of the reaction. The intensity was taken each minute up to 15 minutes. The intensity starts
high and then decreases until 5 minutes then it stays stable for up to 10 minutes with no
significant difference using the ANOVA test (e.g., at 100 uM (F0.029, Feritica=3.11, P=0.99, 0=0.05,

n=3, ANOVA test)) and then the intensity starts to decrease again.
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Figure 6.37 Intensity versus reaction time (min). 0, 100 and 200 uM of manganese were used. PAN (3.8
mM) reagent consisted of 8% surfactant (Trionix-100), and carbonate buffer (pH 8). 11 uL the detection
reagent was added to the PAD (n=3) first and allowed to dry, 11 uL manganese analyte was pipetted into
the PAD after each minute for 15 minutes the PAD was scanned, and image was analysed for intensity
using image-J software. Device 18 was used for the analysis.
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Volume of the detection reagent and analyte

The volume of the detection reagent and analyte were optimized since this PAD is barrier free
and the amount of the detection reagent and analyte is critical to avoid the leakage of solution
outside the detection range. The volume was optimized by taking the area (using Image-J)
around the detection reagent before and after the addition of the analyte as in Figure 6.38.
Figure 6.39 shows the area versus the volume of detection reagent added. The area was taken
before and after the reaction and it was compared. When 11 L of the detection reagent and 10
uL of analyte were added the area remain the same before and after the reaction. And hence

the 11 pL of the detection reagent and 10 pL of analyte were chosen as optimum.

Area of full circle measured

Before reaction After reaction

Figure 6.38 Area around the detection reagent before and after the reaction. The area was taken by
image-J.
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Figure 6.39 Area around the solution (mm?) versus the volume of the detection reagent (uL). PAN (3.8
mM) reagent consisted of 8% surfactant (Trionix-100), carbonate buffer (PH 8). The detection reagent was
added to the PAD (n=3) first and allowed to dry, 11 pL manganese analyte was pipetted into the PAD after
7min of waiting the PAD was scanned and image area was determined using image-J software. Device 18
was used for the analysis.

6.4.2.2.2 Calibration and reproducibility of barrier-free PAD
The calibration line for barrier-free PAD was determined in Figure 6.40 which shows the intensity
versus the manganese concentration (uUM). As the concentration increased the colour intensity

increased. The linearity was up to 150 uM of manganese.

The reproducibility of the line in the same day was determined as in Figure 6.41 which shows
the intensity of the colour from PAD versus the concentration of manganese (UM). The slopes
were 0.235, 0.2431 and 0.2536 which indicate the similar steepness of the three lines. In
addition, the average LoD was 10.79+1.12uM (0.59 mg L?). Table 6.7 shows summary of LoD,
slope and R? for the three lines in uM. ANOVA test was used to compare the three lines. Each 3
points for specific concentration was compared using ANOVA (e.g., at 100 uM (F= 0.85,
Fritica=5.14, P=0.47, a=0.05, n=3, ANOVA test)) and they showed agreement with one another
within the standard deviation except for two points. This happened maybe due to the non-
uniformity of measuring the intensity since the distribution of the colour in the PAD was not
uniform each time experiment was run. Therefore, it can be said the data from the barrier free
PAD was more semi-quantitative rather than quantitative since it can measure the approximate
result. Sealing of barrier free PAD is tested in the coming section. Sealing of the PAD decides if

it can be used in the field or for lab use only.
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Figure 6.40 Intensity versus manganese concentration (uM). PAN (3.8 mM) reagent consisted of 8%
surfactant (Trionix-100), carbonate buffer (pH 8). 11 uL the detection reagent was added to the PAD (n=3)
first and allowed to dry, 11 uL manganese analyte was pipetted into the PAD after 7min of waiting the
PAD was scanned and image was analysed for intensity using image-) software (The intensity was
measured by method 1 in Section 2.5 and Figure 6.11). Device 18 was used for the analysis.
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Figure 6.41 Intensity versus manganese concentration (uM). PAN (3.8 mM) reagent consisted of 8%
surfactant (Trionix-100), carbonate buffer (pH 8). 11 uL the detection reagent was added to the PAD (n=3)
first and allowed to dry, 11 uL manganese analyte was pipetted into the PAD after 7min of waiting the
PAD was scanned and image was analysed for intensity using image-J software (The intensity was
measured by method 1 in Section 2.5 and Figure 6.11). Device 18 was used for the analysis.
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Table 6.7 LoD, R? and slope of the three lines in Figure 6.41. LoD was calculated as in Equation 2.5 and
2.6.

linel line 2 line 3 Average RSD
LoD / uM 11.91 9.67 10.78 10.7941.12 10.39
R2 0.9777 0.9826 0.9807 0.9803+0.0024 | 0.25
Slope/ uM™ | 0.235 0.2431 0.2536 0.24+0.0093 3.82

6.4.2.3 Sealling of PAD

Sealing of barrier-free PAD

Sealing of the PAD is needed since finally it should be released for lay people use like farmer and
hence it should be stored. Barrier free PAD was sealed by several methods as in Figure 6.42
which shows lamination of the PAD. There were two ways to introduce the sample with
lamination either by making line cut or circular cut (in laminating sheet). The line cut does not
work and leads to the deformation of the developed colour. The circular cut is more effective
and does not cause deformation of the colour. For the circular cut the sample can be added by
pipetting and dipping. The sample was added initially by pipetting the sample as in Figure 6.43.
The intensity was taken from front (with circular holes) and the back side of the device. The back
side (Figure 6.43A) showed high standard deviation compared to the front side (Figure 6.43 B).

Therefore, the front side was used to take the intensity.

Barrier free PAD: sealing with lamination

¥ y

Circular cut Line cut
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Figure 6.42 Barrier free PAD sealing with circular cut and line cut (in laminating sheet). The introduction
of the sample by pipetting and dipping.
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Figure 6.43 Intensity versus manganese concentration (uM). PAN (3.8 mM) reagent consisted of 8%
surfactant (Trionix-100), carbonate buffer (pH 8). 11 pL the detection reagent was added to the PAD (n=3)
first and allowed to dry, 11 uL manganese analyte was pipetted into the PAD after 7min of waiting the
PAD was scanned and image was analysed for intensity using image-J software (The intensity was
measured by method 1 in Section 2.5 and Figure 6.11). (A)intensity from back side of PAD (B) intensity
from the frontside of the PAD.
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Dipping sample introduction was tested too since dipping is much easier way to introduce the
sample by farmer compared to pipetting. The PAD was dipped for specific time into the solution
as in Figure 6.44 A which shows intensity versus the time of dipping in second. 10 second was
enough time of dipping to get clear intensity. Higher time may lead to destroy the PAD and
increase in the standard deviation. Figure 6.44 B shows the intensity versus the concentration
of manganese when the PAD was dipped for 10 second and the intensity was taken from the
front side of the PAD. R? is low and the result still suffer from standard deviation. It is not easy
to seal and dip the barrier free PAD due to the non-existence of the barrier. However, the PAD
works well when the sample is pipetted, and the device was not laminated hance the barrier

free PAD can be used for lab used not for in field use.
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Figure 6.44 (A) Intensity versus time (s), 100 M of manganese was used. (B) intensity versus manganese
concentration (LM). PAN (3.8 mM) reagent consisted of 8% surfactant (Trionix-100), and carbonate buffer
(pH 8). 11 uL the detection reagent was added to the PAD (n=3) first and allowed to dry, the sample was
introduced to PAD by dipping the PAD for 10second and remove it, after 7min of waiting the PAD was
scanned and image was analysed for intensity using image-J software (The intensity was measured by
method 1 in Section 2.5 and Figure 6.11).
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Sealing Circular PAD

Circular PAD was also sealed for storing purpose and to be easily released into field. The sealing
was done by two ways, lamination with laminating sheet and sealing with acrylic cover (Figure
6.45). When acrylic sheet was used to seal the PAD three circular holes (1 cm) were made in
circular acrylic sheet for sample entry. Figure 6.46 shows the intensity versus manganese
concentration when acrylic was used for the PAD sealing. The intensity of the PAD after reaction
was determined from back and front side. The back side showed high standard deviation in the
result (Figure 6.46 A), The front side intensity showed a good result (Figure 6.46 B). All of these
experiment with acrylic cover were done when the sample was introduced by pipetting. When
the acrylic sheet was dipped, the solution did not enter the holes due to the thickness of the

sheet. In conclusion the acrylic layer can be used but only when the sample is pipetted.

Circular PAD
[ |

v v
| Lamination | Acrylic cover

| Circular cut || Line cut | acrylic cover

pipetting dipping

Figure 6.45 PAD sealing by acrylic sheet and lamination (circular cut and line cut). The introduction of the
sample by pipetting and dipping.
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Figure 6.46 Intensity versus manganese concentration (uM). PAN (3.8 mM) reagent consisted of 8%
surfactant (Trionix-100), carbonate buffer (pH 8). 35 uL the detection reagent was added to the PAD (n=3)
first and allowed to dry, 40 uL manganese analyte was pipetted into the PAD after 7min of waiting the
PAD was scanned and image was analysed for intensity using image-J software (The intensity was
measured by method 1 in Section 2.5). (A)intensity from back side of PAD (B) intensity from the frontside
of the PAD.
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Lamination was the second method to seal the PAD. Making line cut for sample entrance was
not practical since it causes disruption of the developed colour. Circular hole (by scalpel) in the
laminating sheet showed promising result, however, only when the size of the hole was changed
from small diameter to big diameter as in Figure 6.47. The smaller sample entrance does not
allow the entrance of the solution to the rest of the PAD; therefore, bigger size diameter sample
entrance (13 mm) was made. After making the sample entrance bigger the PAD was dipped into
the manganese solution as in Figure 6.48 A which shows the intensity versus the time of dipping
from 1 to 7 seconds. Dipping for long time leaded to the leakage of the coloured complex. 2

seconds of dipping gave good results with the highest intensity.

The calibration line was determined by dipping the PAD into the manganese solution as in Figure

6.48 B. The result was promising and still suffers from a high standard deviation.

Small sample entrance bigger sample entrance
e6mm 12mm

Figure 6.47 Sample entrance in the PAD as circular cut, 6 mm small cut made by punch and big cut made
by scalpel around 13 mm.
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Figure 6.48 (A) Intensity versus the time of dipping (s). (B) intensity versus manganese concentration (uUM).
PAN (3.8 mM) reagent consisted of 8% surfactant (Trionix-100), and carbonate buffer (PH 8). 35 uL the
detection reagent was added to the PAD (n=3) first and allowed to dry, the PAD was laminated with a
lamination sheet with a circular sample entrance, PAD was dipped in manganese, after 7min of waiting
the PAD was scanned and the image was analysed for intensity using image-J software (The intensity was
measured by method 1 in Section 2.5 and Figure 6.10).

Improving the cut of sample entrance and number of layers in PAD

To reduce the standard deviation in the result Figure 6.48 B, the sample entrance was made by
the Cricut machine (Figure 6.49) instead of the scalpel since with the scalpel it was difficult to
make a well-defined circular sample entrance. Figure 6.49 shows the instrument (Cricut explore

3) and the dimension of the uniform cuts made in the laminating sheet.

In addition, two empty layers were added to the PAD as in Figure 6.8. These layers aim to
make the PAD suitable for soil sample analysis. Soil samples contain slurry that can interfere

with the intensity determination in the detection layer. Figure 6.50 shows blank PAD when it
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was dipped into soil extract (when one layer of PAD was used) and soil extract (when three
layers of PAD were used). Intensity from one layer of PAD dipped into soil extract showed
intensity higher than when three layers existed. Consequently, soil organic matter can affect
the intensity if no layers exist to filter the slurry. The intensity decreased by around 40%

(42.91£1.93 %) when the number of empty layers increased.

8 cm

'

- Laminating sheet

D

Cricut explore 3

Figure 6.49 Cricut explore3 instrument which was used to cut the laminating sheet (2x8 cm) to seal the
manganese detection PAD.
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Figure 6.50 Intensity versus the number of layers when black PAD (with no reagent) was immersed for 2
seconds in soil sample extract (10 g soil, 50 mL DIW water). Increasing the number of layers causes
improvement in filtration of the soil slurry that affects the PAD fibre. The intensity decreased by 40% when
the number of empty layers increased.

After the improvement in sample entrance and the addition of extra layers, the calibration line
was determined again as in Figure 6.51 which shows intensity versus the manganese
concentration (UM). There was a clear improvement in the standard deviation compared to
the previous result in Figure 6.48 A. In addition, the slope increases by around 20% from
around 0.23 uM* to around 0.31 uM™ and consequently the limit of detection decreases by

around 20% from 0.29 to 0.21 mg L.
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Table 6.8 summarizes the slope of the calibrations line and the limit of detection for PAD sealed

in different ways studied in this section.

The reproducibility of the method was also determined on three different days as in Figure
6.51 which shows three calibration lines with similar slop, LoD and LoQ of an average of
0.3098+0.0240 uM™?, 3.76+0.27 uM (0.21 mg L™ ) and LoD of 37.25+4.75 uM(2.1 mg L)

respectively and With relative standard deviation not more than 13% as in

Table 6.9. The level of manganese in the soil below which fertilizer should be applied is 10 mg
kgt 130131 For example, if 10g of soil is used in cafetiere and 200 mL of solvent the LoD and
LoQ would be 4.14+0.30 mg kg and 40.98+5.23 mg kg respectively. LoD value is lower than
10 mg kg* hence this level is visible by our PAD.
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Figure 6.51 Intensity versus manganese concentration (uM). PAN (3.8 mM) reagent consisted of 8%
surfactant (Trionix-100), and carbonate buffer (pH 8). 35 pL the detection reagent was added to the PAD
(n=3) first and allowed to dry, the PAD was laminated with a lamination sheet with a circular sample
entrance, PAD was dipped for 2 seconds in manganese, after 7 min of waiting the PAD was scanned and
the image was analysed for intensity using image-J software (The intensity was measured by method 1 in
Section 2.5 and Figure 6.10). Device 17 was used for the analysis, modified as in Figure 6.8.
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Table 6.8 LoD, R?, and the slope when the PAD was sealed in different ways.

Way of sealing LoD/ uM (mg L?) Slope puM™! R?

No sealing /pipetting 15 (0.81) 0.17 0.9902
Acrylic sealing/pipetting 13 (0.72) 0.15 0.977
Lamination sealing/ | 5(0.29) 0.23 0.9593
dipping (scalpel is used for

circle cut)

Lamination sealing/ | 3.80+0.26 (0.21+0.015) | 0.31+0.02 0.9739
dipping (Cricut is used for

circle cut)

Table 6.9 LoD, LoQ, R2 and slope of the three lines in Figure 6.51. LoD and LoQ were calculated as in

Equations 2.5 and 2.6.

linel line 2 line 3 Average RSD
LoD/ pM 3.47 3.99 3.81 3.76x0.27 7.116022
LoQ/ uM 42.71 34.14 34.86 37.25+4.75 12.75447
R? 0.9739 0.9660 0.9704 0.9701+0.0040 0.408054
Slope/ uM™ | 0.3035 0.2897 0.3364 0.3098+0.0240 7.742734
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6.4.2.4 Phone detection of manganese
An internal standard was added to the PAD for phone detection. The internal standard helps to

remove the effect of the surrounding light as mentioned in chapters 3 and 4. Figure 6.52 shows
the result when a phone was used instead of a scanner for detection. The intensity from the
detection circles was divided by the intensity of the internal standard and hence the effect of
the surrounding light was removed. The result from Figure 6.52 shows the reproducibility from
three different days. The LoDs, LoQs and slopes were with average values of 4.65+1.73 uM (0.25
mg L), 45.29423.85 uM (2.54 mg L), 0.0018+0.0001 uM* respectively. However, the RSD of
LoD and LoQ were higher than 30% as in Table 6.10. This problem can be solved as in Chapter 5
using external standards which helps to remove the effect of changing phone or the way of
picture taking due to changes in the angle and the place of photo taking. The addition of external

standards can be future work for this PAD.

OpM  30uM 50uM  80oum 100 UM 150 uM 200 uM

Q0000 OO o

1.10 f~ e line1l ® line 2 line 3 m
1.00 ‘

O

| 1 %
i

0.90 -
3 1"y = 0.0019x + 0.5963

0.80 - L . R2 =0.9385 Q |

5
('U
S~
> F
> py *
2070 1 g s y =0.0017x + 0.6404 | !
*qc'J‘ 060 4 R?=0.9375 . Internal
= y = 0.0019x + 0.608 | standard
0.50 R? = 0.9259
0.40 T T T T T 1
50 100 150 200 250

Manganese concentration / uM

Figure 6.52 Intensity versus manganese concentration (uM). PAN (3.8 mM) reagent consisted of 8%
surfactant (Trionix-100), and carbonate buffer (pH 8). 35 pL the detection reagent was added to the PAD
(n=3) first and allowed to dry, empty PADs were added, the PAD was laminated with a lamination sheet
with a circular sample entrance, and the PAD was dipped for 2 seconds in manganese after 7 min of
waiting the PAD was phone and image was analysed for intensity using image-J software (The intensity
was measured by method 2 in Section 2.5 and Figure 6.10). PAD with internal standards was used due to
the use of the phone. Device 17 was used for the analysis, modified as in Figure 6.8.

Table 6.10 LoD, LoQ, R? and slope of the three lines in Figure 6.52. LoD and LoQ were calculated as in
Equations 2.5 and 2.6.

linel line 2 line 3 Average RSD

LoD / uM 3.25 6.58 4.12 4.65+1.73 37.20
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LoQ/ uM 68.52 46.50 20.86 45.29+23.85 52.66

R? 0.9385 0.9375 0.9259 0.9340+0.0070 0.75

Slope/ uM™ | 0.0019 0.0017 0.0019 0.0018+0.0001 6.30

6.4.2.5 Interference

Interferences require no masking reagent.

The interferences were studied based on their existence in soil and their ability to interact with
the developed PAD. The main interference that exists in soil and has the tendency to react with
the PAD and compete with manganese are Zinc, Copper and Iron ***. There are also other ions
(cations and anions) that can interfere, however, their tendency to interact with the masking
reagent was studied. Calcium, magnesium, sodium, potassium, nitrate, phosphate and chloride
are some of the cations and anions that can cause interference. The cations usually tend to
compete with manganese in the PAD and hence the PAD may detect these interferences instead
of the manganese. The anion can interact with the manganese itself and prevent it from reaching
the detection reagent in the PAD. The general interferences were studied as in Figure 6.53 which
shows the steps to study the interferences. The PAD was first prepared as usual. This time
instead of adding the manganese, a mixture of manganese and interference were added and
allowed for colour development. The intensity of manganese alone (100 uM/ 5.6 mg L) was
compared to the intensity of the mixture of manganese and interference. A mixture was used
to test the interference because the interference competes with the manganese and the effect
of competing is needed to be studied. The result is in Figure 6.54 which shows the intensities for
manganese alone and manganese with each interference. At a concentration of 1000 mg L, the
interference does not interfere using a t-test (e.g., at Ca2+ 1, toar=-1.63, tcritica=2.78, P=0.1a=
0.05, n=3, two tailed test), except for phosphate which was tested again at a concentration of
500 mg Lt and cause no interference at this level. Most of the time the tolerance level is higher
than the level of the interference in soils as in Table 6.11. Figure 6.55 shows the interference
from Ni?* and Co**which does not cause interference when they are at 1 mg L level which is

around their normal level in the environmental soil %*°.
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Table 6.11 Interference level in the environment (soil) based on published previous studies.
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lon mg L Mass: Volume Mg kg? reference
Mn? 27.7 0.25:10 1108 376
4.225 0.25:10 169 376
1.888 0.004:2.5 1180 377
PO,* 0.148 2.5:50 2.96 383
1.27-3.05 - - 384
Ca* 7.54-110.15 20:80 30.16-440.6 385
9.46-45.69 10:100 94.6-456.9 386
9.7-18.8 10:200 194-376 387
SO4* 2.45-3.654 20:100 12.28-18.27 388
0.2-1.6 5:25 1-8 389
K* 22.8-182 20:100 114-910 388
5.7-7 2.5:25 57-70 390
Mg 0.85-9.85 10:200 17-197 387
Na* 1.9-2.52 10:200 38-50.4 387
1.00-1.43 10:200 20-28.6 387
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Figure 6.53 The test for the interference of manganese PAD.35 plL of a mixture of the interference and
manganese was added to the PAD. This was compared to the intensity of manganese alone. The PAD was
developed as in Figure 6.6. The intensity was determined by image-J software (The intensity was
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Figure 6.54 Intensity versus the interference. The interference was determined as in Figure 6.53. a mixture
of manganese and interference was added and allowed for colour development. The intensity of
manganese alone (100 uM/ 5.6 mg L'!) was compared to the intensity of the mixture of manganese and
one interference 1000 mg L [NOs", Ca%*, Na*, K*, COs2, PO43, CI', SO4%] and5 00 mg L™ [PO43].
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Figure 6.55 Intensity versus the interference. The interference was determined as in Figure 6.53. a mixture
of manganese and interference was added and allowed for colour development. The intensity of
manganese alone (100 uM/ 5.6 mg L) was compared to the intensity of the mixture of manganese and

one interference [Co?*(1 mg L), Ni*(1 mg L'Y)].

Interference with masking

Iron, copper and zinc are interferences that interfere with the developed PAD at low

concentrations therefore, they need to be masked. Masking reagents are used for this

purpose. Masking reagents are reagents that interact with the interference and prevent them

from reaching the detection reagent in the PAD.

Table 6.12 shows the level of iron, copper and zinc in environmental soil from some previous

studies.
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Table 6.12 Heavy metal Interference level in the environment (soil) based on some previous studies.

ion mg L Mass: Volume Mg kg? Reference
Fe?* 1.51-4.89 25:250 15.1-48.9 378
65.4 2:100 3270 379
0.190 1:25 4.75 380
Cu® 0.201,0.133 - i 381
Zn** 0.128, 0.023 - ; 381
0.0067-0.1175 2:20 0.067-1.175 | 3#&
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Iron and Copper masking

Initially, Iron was masked by DMSA (Dimercaptosuccinic acid). DMSA has two carboxylic groups
and two thiol groups, and it can work as a chelating agent to catch the cations hence it was used
to capture Iron . Figure 6.56 shows the steps for the interference masking and detection. The
masking reagent was added first and then allowed to dry. After that, the detection reagent was
added and allowed to dry too. The PAD is then read to be used. The PAD was used to analyse
blank, manganese (100 uM/ 5.6 mg L) and mixture (manganese 100 uM (5.6 mg L) and iron 5
mg L!). Figure 6.57 shows the intensities from the three PADs when three different
concentrations of the masking reagent were used 0, 0.04 and 0.4 M. At zero concentration of
the masking reagent the intensity from the mixture was higher than the intensity from
manganese alone, this extra intensity is due to the iron interference. At 0.04M and 0.4 M of
masking reagent both manganese alone and the mixture show the same intensity as blank. This
means that DMSA masks manganese also. Consequently, DMSA was not the best masking

reagent to use.

Another masking reagent to mask Iron is DFO (Deferoxamine). DFO is known for its tendency to
mask Iron, it tends to chelate Iron 7, Therefore, it was used as in Figure 6.58 which shows the
intensity versus the concentration of the masking reagent (DFO). When 0.05 M of the DFO was
used both iron and manganese were masked. When the concentration of the masking reagent
was reduced (0.01 M DFO) the masking properties were reduced for both manganese and Iron
in the same manner. Consequently, DFO masks both Iron and manganese in the same way and

cannot be used for masking purposes.

Thiosulfate was another masking reagent, which was used for masking Iron and copper (Il) as in
Figure 6.59 which shows intensity versus the element masked when different concentrations of
the masking reagent were used, 0, 0.1, 0.5, 1M of thiosulfate. 0.1 was enough to mask 100% of
copper (II) and Iron (ll). A higher concentration of the thiosulfate leads to a change in the

intensity of the manganese detection PAD.
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1.Addition of masking 40pL Pipette mixture of
reagent | interference + Mn#
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Figure 6.56 The test for interference of manganese PAD. The masking reagent was added to the PAD
followed by the addition of the detection reagent. After drying the PAD is ready to be used. 40 pL of a
mixture of the interference and manganese was added to the PAD. This was compared to the intensity of
manganese alone. The PAD was developed as in Figure 6.13. The intensity was determined by image-)
software (The intensity was measured by method 1 in Section 2.5 and Figure 6.10).
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Figure 6.57 Intensity versus concentration of masking reagent when three solutions were used 0
manganese, 100 pM (5.6 mg L) manganese alone and a mixture of (manganese 100 uM and iron 5 mg L°
1). The PAD was developed as in Figure 6.13 in experimental. The intensity was determined by image-J
software (The intensity was measured by method 1 in Section 2.5 and Figure 6.10).
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Figure 6.58 Intensity versus concentration of masking reagent (M) when three solutions were used
Omanganese, 100 uM (5.6 mg L'!) manganese alone and a mixture of (manganese 100 uM and iron(ll) 5
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mg L?). The PAD was developed as in Figure 6.13 in experimental. The intensity was determined by image-
J software (The intensity was measured by method 1 in Section 2.5 and Figure 6.10).
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Figure 6.59 Intensity versus Interference (copper (ll) and iron (Il)) when four concentrations of masking
reagent (0,0.1,0.5, 1M). 100 uM (5.6 mg L) manganese alone and a mixture of (manganese 100 uM and
iron 5mg L). The PAD was developed as in Figure 6.13 in experimental. The intensity was determined by
image-J software (The intensity was measured by method 1 in Section 2.5 and Figure 6.10).

Zinc masking

Zinc also tends to interfere with manganese detection. Compared to other interference of
manganese, zinc was the most sensitive to the PAD as is clear in Figure 6.60 which shows the
intensity versus the masking reagent for zinc. When no mask was used zinc showed high
intensity compared to manganese alone and hence this indicated the significant interference of
zinc with the detection reagent. EDTA and EGTA were used to mask zinc since they have
carboxylate and amine groups “8. These groups can form complexes with zinc. However,
according to the result in Figure 6.60, the groups can form also complex with manganese since

the intensity of manganese detection decreased when any of the two complexes were used.

Citrate was also used to mask zinc since it can catch zinc and prevent it from reaching the
detection reagent **°. Figure 6.61 shows the intensity versus the concentration of citrate
masking reagent when three concentrations of manganese were used. The intensity from zinc
was reduce by around 20 %. Even if the concentration of the citrate increased this % remined

the same. Therefore, citrate can mask only 20% of the zinc.
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Another masking reagent was hydroxide ion #*°. Figure 6.62 shows intensity versus the % of
hydroxide solution when three concentrations of manganese were used. Hydroxide was also

able to mask around 20% of zinc.

In addition, thiosulfate **°

which was used to mask cupper and iron was used to mask zinc (Figure
6.63). Unlike iron and copper masking the zinc was masked by 20% when thiosulfate was used.

Therefore, thiosulfate will be used to mask zinc too.

Figure 6.64 shows that at lower concentration of zinc the interference can be less. At 0.5, 1 and
5 mg L of zinc the % of interference was 14, 20 and 40 respectively. Therefore, it can be said
that the PAD work has only 20% of interference by zinc when the of zinc is less than 1 mg L.
And this 20 % of interference can be removed by any of the masking reagent mentioned above.

In this study thiosulfate was used since it was used also to mask iron and copper.
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Figure 6.60 Intensity versus concentration of masking reagent (M) when three solutions were used
Omanganese, 100 uM (5.6 mg L'!) manganese alone and mixture of (manganese 100 uM and Zinc 5 mg L
1). 0.05 of EDTA and EGTA were used as masking reagent. The PAD was developed as in Figure 6.13. The
intensity was determined by image-J software (The intensity was measured by method 1 in Section 2.5
and Figure 6.10).

321



- 250 1 W blank Mn Zn+Mn
o 200 A
~ = I = =
<. 150 A ) i} ~
4= = =
g 100 S
I 50 -
£
0 - T T T T T 1
0 masking 0.05M 0.01M 0.1M 0.5M
citrate citrate citrate citrate
Interference

Figure 6.61 Intensity versus concentration of masking reagent (M) when three solutions were used
Omanganese, 100 uM (5.6 mg L'Y) manganese alone and mixture of (manganese 100 uM and Zinc 5 mg L
1), 0.05, 0.01, 0.1 and 0.5 M citrate were used as masking reagent. The PAD was developed as in Figure
6.13 in the experimental. The intensity was determined by image-J software (The intensity was measured
by method 1 in Section 2.5 and Figure 6.10).
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Figure 6.62 Intensity versus concentration of masking reagent (M) when three solutions were used
Omanganese, 100 uM (5.6 mg L'!) manganese alone and mixture of (manganese 100 uM and Zinc 5 mg L
1).0,0.1, 0.5 and 1 % hydroxide were used as masking reagent. The PAD was developed as in Figure 6.13
In the experimental. The intensity was determined by image-J software (The intensity was measured by
method 1 in Section 2.5 and Figure 6.10).
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Figure 6.63 Intensity versus Interference (zinc, copper and iron) when four concentration of masking
reagent (0,0.1,0.5, 1M). 100 uM (5.6 mg L!) manganese alone and mixture of (manganese 100 pM and
iron/zinc/cupper 5mg L'Y). The PAD was developed as in Figure 6.13 in the experimental. The intensity
was determined by image-J software (The intensity was measured by method 1 in Section 2.5 and Figure
6.10).
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Figure 6.64 Intensity versus the zinc interference at different concentrations. 100 uM manganese alone
and mixture of (manganese 100 uM and Zinc 5, 1, 0.5 mg L'Y). The PAD was developed as in Figure 6.13 in
the experimental. The intensity was determined by image-J software (The intensity was measured by
method 1 in Section 2.5 and Figure 6.10).



6.4.2.6 Stability

The stability of the PAD is important to determine to how long the PAD can be stored before
use. In another word to know the expiry date of the PAD. The stability of the PAD was studied
in three different conditions. The PAD was stored in room temperature (22 °C) in dark and light
conditions. These conditions were chosen to see the effect of the light in the stability of the
reagent in the PAD and to determine if the PAD can be kept in the room without the use of the
fridge. Figure 6.65 shows the intensity from the stored PAD versus the day when PAD stored in
room temperature in dark and light condition. In dark condition the intensity was stable up to
day 47 using ANOVA test for all day’s intensities (F= 1.59, Fritica=2.15, a=0.05, P=0.15, n=3,
ANOVA test). The study was done up to 47 days the PAD maybe stable for more in room at dark
condition. In room temperature and light condition, the PAD was stable for around 40 days using
ANOVA test (F= 2.09, Frticai=2.51, P=0.093, a=0.05, n=3, ANOVA test) which shows equal means

for all days except for day 44 and 47.

The stability was also studied in freezer (-4 °C) as in Figure 6.66 which shows intensity versus the
day when the PAD stored in freezer. According to ANOVA test (F= 1.73, Fritica=1.95, P=0.089,
0=0.05, n=3, ANOVA test) the PAD in the freezer was stable for around 68 days (2months).
ANOVA test exclude day 51, 54 and 58 which did not show equal mean with other days. This

may happen due to error in the PAD preparation since lots of PAD were prepared at once.

In conclusion, The PAD maybe survives longer than 47 days in dark room or more than 68 days
in freezer. However, due to time of research the PAD was tested only for this period. More
stability test needs to be done. For now, the available information about storing and expiry date

will be given along with the PAD.
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Figure 6.65 Intensity versus the day. The result was when the PAD was stored in two conditions of room
temperature (22 °C) in dark condition and light condition.
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Figure 6.66 Intensity versus the day. The result when the PAD was stored in the freezer (-4 °C)

6.5 Comparison with PADs in Literature

The developed PAD was compared to the existing PAD in literature as in Table 6.13. The
developed PAD has 0.21 mg L? limit of detection which is close to literature (Table 6.13). The
existing manganese’s detection PADs were prepared for researcher use and hence they are not
ready to be used by non-expert and they were never teste with lay people 31431, Also, these
devices 31431 used non-user-friendly borate buffer and cyanide whereas our device use other
chemicals like carbonate buffer and thiosulfate, and this make it safer for release for lay people
use. Dipping was also used as sample introduction system compare other literature work which
depend on pipetting of the sample. Dipping is much easier for non-researcher like farmers or lay
people. In addition, all the literature PADs 343> for manganese were used to analyse manganese
in water sample and they are not ready to be used for soil sample analysis. The developed PAD
was supported with multilayers which provide the filtration of the soil extract before the

detection.

In conclusion, the developed PAD combine several positive characteristics that make it usable
for on-site analysis of manganese in soil sample since it were easy (based on dipping sample
introduction), user friendly (use less toxic chemicals) and fast (with short time of detection 7

min), inexpensive (small amount of reagent is required, not less than 60 device can be prepared
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from 1 Whatman paper (32 cm diameter)), equipment-free ( no equipment and no external

power is required)and attached to multilayers (provide filtration of extract prior to detection).

Table 6.13 Manganese detection PAD developed in this work compared to the existing PAD in literature.

Device shape sample] LOD | Colorimetric | Reaction time Sample Use of chemicals | reproducibility
reagent introduction
(reference) mg
L-1
biﬁ :‘: :i: :i, water | 0.11 | PAR 120 min Pipetting Use of toxic | Not mentioned
chemicals like
315 borate, thiourea
and
ethylenediamine
R B — water | 0.11 | PAN 1 min (specific) | Pipetting Use of toxic | reproducible
ad - e after which the chemicals  like
signal decreases borate and
314 cyanide
OUR WORK 0.99 | PAR 20 min Dipping Use glycine | Not reproducible
buffer
OUR WORK soil 0.21 | PAN 7 min detection | Dipping Carbonate was | Reproducible

peece

time with 5 min
range of
intensity

stability

used as a buffer

instead

different days
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6.6 Soil sample treatment

The PAD was developed for the purpose of analysis of manganese in soil. before detection,
manganese should be first extracted from the soil. As mentioned in chapter 4 the use of cafetiere
was an option for the extraction. In addition, the use of shaker was considering as conventional

method for extraction.
Cafetiére Extraction efficiency

Manganese can be extracted by several solvent like phosphate, Mehlichl (HCI/H2S04), EDTA,
Cola, CaCl,, KCl, NaCl and others #545%-%62 EDTA represent the best extraction solvent that can
form complex with manganese. However, EDTA can also form complex with other heavy metals
450451 Figure 6.67 shows the concentration of heavy metals in soil sample when EDTA was used
as extraction solvent, shaker and cafetiere was used for extraction, ICP-MS was used as
detection method. It is clear that cafetiere was less efficient than shaker in extraction. Compare
to the shaker cafetiere can extract around 30% (29.52+1.69%) of the heavy metal specifically
manganese. For this work EDTA was used as conventional extraction solvent when shaker and

ICP-MS conventional method were used for the analysis.
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Figure 6.67 The concentration of heavy metals in soil sample(mg kg) when 0.05 M EDTA was used as
extraction solvent, shaker (1 h shaking) and cafetiere (1 min shaking) were used for extraction, ICP-MS
was used as detection method. 1:5 of soil mass: solvent volume was used. Compare to the shaker cafetiere
can extract around 30% of the heavy metal specifically manganese. Jhon Innes 1 was used as soil for
analysis.
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Extraction solvent

Other than the tendency of EDTA to form complex with other heavy metal **° it also holds the
metals (form very stable complex) and it needs releasing agent to remove the metal from the
complex. Therefore, other solvents which cause no interfere, easily release the metal and not
toxic were suggested. DIW, Cola, HCI/H,S04, CaCl,, KCl and NaCl were used in this study. Figure
6.68 shows manganese concentration in soil sample (Jhon Innes 1) when different solvents were
used and when cafetiere was used for extraction and ICP-MS was used for detection. % of
extraction was calculated based on comparison with the conventional method (EDTA was used
as conventional extraction solvent, shaker extraction method and ICP-MS conventional
detection method). DIW was tested first since it is the easiest available compared to the rest of
the solvent. However, DIW can only extract 0.16 % of manganese which is not an efficient %.
Then cola was suggested since it contains phosphate which has the tendence to extract
manganese *%%, Cola can extract only 1.28 % of manganese. Acid was also an option for extraction
however it can destroy the fibres of the PAD when it is in high concentration. NaCl was able to
extract around 10% (11.63 £0.30) of manganese. NaCl is salt and it is safe, non-expensive option

and easily available compare acid or EDTA.
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Figure 6.68 Manganese concentration in soil sample (mg kg) versus type of solvent when cafetiere was
used for extraction ( 1min mixing) and ICP-MS was used for detection. Jhon Innes 1 was used as soil for
analysis. Concentrations of solvents are Mehlich1 (0.05M HCI/0.0125 M H2S0a), 0.05M EDTA, Cola, 0.01
M CaClz, 0.01 M KCI, 0.01 M NaCl. Soil mass: solvent volume (1:5) when Mehlich1, EDTA and Cola were
used as solvent. Soil mass: solvent volume was 1:20 when CaClz, KCl and NaCl were used as solvent.

328



Extraction time

NaCl was used as extraction solvent with cafetiere extraction method. Time of mixing using the
cafetiere was critical to extract efficient amount of manganese. Figure 6.69 shows the heavy
metal concentration when the mixing was done for specific minutes. at 1 minutes the extracted
amount of manganese was the maximum. The extracted amount decreases with time this
decrease was not very huge and it was not expected. It is expected that the extracted amount
increases with increasing shaking time. The difference was not extremely high; however, this
happen maybe because at the first few minutes it takes manganese time to reach equilibrium
between soil and extracted solvent. Other metals (Fe, Co, Ni, Cu, Zn, Cd) that have the possibility
to interfere with manganese were studied also. The concentration of the interference extracted
at 1 min shaking was lower than 10 mg Kg* (0.5 mg L) which is lower than there interfering

level studied in Section 6.4.2.5. Therefore, NaCl can be used for manganese extraction.
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Figure 6.69 heavy metal concentration in soil sample (mg kg™?) versus time of shaking (min) when cafetiere
was used for extraction (0.01 M NaCl extraction solvent) and ICP-MS was used for detection. Jhon Innes
1 was used as soil for analysis. Soil mass: solvent volume was 1:20.

PAD efficiency and the whole workflow

The same soil sample which was analysed by ICP-MS for manganese content was also analysed
by the developed PAD as in Figure 6.70. Bothe PAD and ICP-MS showed similarity in manganese
content. However, the PAD showed high standard deviation compared to ICP-MS since ICP-MS
is well known reliable method. More soil samples need to be analysed to compare between the

two methods. This can be recommended as future work.
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Figure 6.70 Manganese concentration in a soil sample (mg kg'!) versus method of detection (ICP-MS/PAD)
when cafetiere (1 min shaking) was used for extraction and 0.05 M NaCl was used as extraction solvent.
John Innes 1 was used as soil for analysis. Soil mass: solvent volume was 1:20
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6.7 Discussion and Conclusion

Manganese is a nutrient which is required by plant in small amount. Even though it is required
in small amount it still has its influence in the growth of plant #*. Conventional detection
methods of manganese (like ICP-MS) 2 are expensive and require transfer the sample into the
lab and hence time consuming. In addition, there are other field manganese detection methods
which are still expensive and non-quantitative 2#?°. Regular monitoring of manganese by cheap
and simple method in the field is required especially for poor countries. In this study paper-
based sensor, which was inexpensive (price < £1), user friendly, and with less toxic chemical and
based on simple steps was developed for detection of manganese in soil calorimetrically. In
addition, Initial step for PAD combination to cafetiére extraction system of manganese was

studied.

The choice of detection reagent was critical since detection reagent with as less as possible toxic
compound and short detection time was required to fit the on-site detection requirement. PAR
reagent showed non reproducible result when it was applied on the PAD compared to when it
was used for manganese detection using UV-Vis. This was mainly due to the interaction between
the wax and the component of the detection reagent or the manganese complex which was
incompatible in the paper device. In addition, PAR reagent required longer time to react with
manganese and hence the other interference that can be detected by the same reagent and
form complex with detection reagent before manganese. Consequently, PAR reagent was
replaced with PAN reagent. PAN reagent can capture manganese faster than PAR reagent.
According to a study for Teepo et al.3!4, it was able to capture manganese within 1 minutes.
However, the problem with this device that the detection time was based in one minute
detection after which the intensity of colour decreases and hence there was no stable range of
colour to enable time for image capture. In addition, that PAD was using borate buffer and
cyanide as component of the reagent detection reagent on the PAD. Consequently, the PAD is
not safe for lay people use. In this study the PAD was made, and improved for lay people use.
Therefore, Initially the toxic chemicals were replaced with less toxic chemicals. The borate buffer
was replaced with the carbonate buffer which shows similar result to the conventional borate.
The cyanide masking reagent was replaced with non-toxic thiosulfates. Most common metals
that interfere with PAN reagent are iron, copper and zinc. The iron and cupper were masked
totally by thiosulfate masking reagent. 20% of zinc was masked by the same masking agent. If
zinc in concentration less than 1 mg L™ then it causes around 23 % interference and if it is in
higher concentration, it causes around 64 % interference. This information will be mentioned
clearly with the PAD. In addition, Due to the change in the buffer (from borate to carbonate) the

behaviour of the manganese complex was changed and the one minutes detection time which
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is very specific by PAN reagent was improved by 5 minutes colour stability range and hence more
time for lay people (e.g., farmer) to take the photo of the PAD before the change in the colour

intensity.

Another challenge is the sample introduction into the PAD especially that the PAD was made
with cutting and the studied sample is soil extract. The PAD was aimed to be use for soil sample
analysis and hence the one-layer PAD obviously was influenced by the organic matter content
in the soil. The two extra layers were added to the original PAD in such away the sample pass
into the empty layers first (to be filtered) and then the analyte with less slurry pass into the
detection zone. Around 40 % of improvement in intensity was observed when empty layers were
added. Sealing of the PAD by acrylic cover and laminated sheet was studies with pipetting and
dipping sample introduction system. Using acrylic cover allowed only pipetting sample
introduction due to the thickness of the cover. Lamination was studied when sample
introduction area was made by scalpel or by Cricut instrument. The scalpel was used to make
cross line sample entrance and circular sample entrance. The crosscut sample entrance resulted
in inconvenient result with high standard deviation compared to when circular entrance which
was then improved by using the circuit instrument. The PAD was sealed, and dipping system was
used to introduce the sample and hence this will make it easier for the farmer to introduce the
sample into the PAD compared to if the sample is pipetted. Dipping system with open circular
hole (made by Cricut) for sample introduction instead of pipetting with no sealing improved the
limit of detection from around 15 uM to 3.8 uM of manganese (it is around 4 times increase in

the sensitivity).

The sensitivity, selectivity and stability of the PAD were important to consider getting PAD which
can detect manganese within the required level. The PAD was able to detect 4.14+0.30 mg kg™
and 5.12+1.88 mg kg of manganese when scanner and phone was used for the detection
respectively. This level is lower than the lower level of manganese in soil (10 mg kg* 133! below
which fertilizer needs to be applied). The PAD was selective for manganese in the presence of
the following interference.; NOs (1g L), Ca?*(1g L?), Na* (1g L?), K* (1g L), COs%(1g LY), POs
3(0.5g LY), Cl(1g L), SO4%(1g L), Co?*(1 mg L'Y), Ni2*(1 mg L. In addition, the PAD can be stored
in the freezer for around 2 months and, in room temperature (dark condition) for around

1month.

Similarly finding simple on-site extraction system for manganese by lay people is crucial. The
extraction of manganese either in field or in lab require use of equipment which followed by
filtration 44446449 This PAD detection system was combined with cafetiere extraction system

(same as suggested in chapter 4) for simple in field extraction of manganese. The cafetiere
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efficiency was compared to the conventional shaker efficiency when excellent solvent (EDTA)
was used in both methods. The cafetiere was able to extract around 30% of manganese from
soil. EDTA can complex manganese and it is not easy to release the captured manganese unless
releasing agent is available or the detection method itself like ICP-MS does such degradation to
the complex. Therefore, other safe solvents options which do not cause interference with the
PAD and can easily release manganese were studied. Cafetiere with the use of NaCl solvent was
able to extract around 10% of manganese from the soil sample. With the 10% of NaCl cafetiere
extraction, the efficiency of developed PAD was determined by comparison with ICP-MS which
showed similar manganese content with no significant difference as the PAD for treated soil

sample (John Innes 1).

In conclusion, simple 7 min Colorimetric Paper base sensor for manganese detection was made
and improved to fit the field soil sample detection and lay people use. 10 % NaCl Cafetiere
extraction efficiency of manganese was combined to the PAD detection system. In the future,
this extraction efficiency needs to be improved (either by change solvent concentration or by
working with mixing time). External standards (which was used in chapter 5) must be added for
PAD-phone detection system to avoid unrobust result due to change in person who capture the

image. Finally, the whole system needs to be tested with volunteers to determine its robustness.
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Chapter 7 Discussion, conclusion and future work

7.1 Discussion

Agriculture is essential source of world food. It is also main source of income for some of low-
and middle-income countries *'8. Plants needs macronutrients (N, P, K) and micronutrients (Mn,
Zn, Cu, Fe, etc.). Nutrients is added to soil through the use of fertilizer. To control the use of
fertilizer by farmer regular soil nutrients monitoring is required. There are lab-based (ion
chromatography?, ICP-MS? ) and commercially available monitoring methods designed for use
in the field 2425 | However, these methods are time consuming and expensive, meaning they
are often unaffordable to farmers in developing countries. Therefore, there is a need for simple,

cheap, and reliable method for in situ determination of soil nutrients.

In this study a simple, inexpensive, and user-friendly workflow for routine in situ monitoring of
nitrate and manganese in soil samples was developed. It is based on colorimetric paper-based

sensors and extraction of nutrient using a common kitchen cafetiere.

This was achieved by initially designing a simple device that was suitable for lay people for on-
site nutrient determination. Second, colourimetry nitrite PADs were developed and improved
for determination of nitrite in soil. Once established, it was used for determining the existence
of nitrite or notin soil. The nitrite PAD was then developed into a device that was used for nitrate

detection.

The workflow was designed to include recording of the PAD colour change measurements using
a smart phone camera. To make this work the PADs required not to be affected by reagents
colour. Previously described PADs utilised zinc as a reducing agent, however zinc has a dark
colour that contribute to the intensity associated with the intensity of detected analyte, nitrates.
Therefore, zinc addition to the PAD was improved to reduce that effect to extend allow

reproducible result.

A further critical step was the development of a simple and cheap method to extract nutrients
from the soil. Hence, we developed a method that utilised a common kitchen cafetiére. Once
developed, the whole workflow (cafetiere extraction followed by use of a PAD and mobile
phone-based recording of the colour changes) was validated using IEC and CRM. Finally, the
developed workflow for nitrate determination was tested with group of volunteers to assess its
robustness and its simplicity. Observation of the volunteers, combined with their feedback
(quantitative and qualitative) was used to make improvement to the system (e.g., improvement

in the instruction sheet and way of doing the work).
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A similar workflow based on paper sensor and cafetiére extraction was also developed for
detection of the manganese. The manganese PAD was developed and improve to be easier and
safer to use by lay people. This was achieved by replacing a toxic reagent typically used in
published colorimetric manganese assays with user-friendly and less toxic option that provide
similar sensitivity which agree to the required environmental level. The workflow was also
adapted by adopting simple dipping sample introduction system that reduced steps and reduced

possibility of errors.

7.1.1 Device design

For field/ point of need devices there are five processes ?”° to be performed by the end user:
sample collection, sample processing, device operation, detection, and readout/interpretation.
Complicated designs of PADs are common in the literature. Sometimes workflows are

complicated including steps that require the user to do extra step like folding the device %2,

283 284 285

cutting the device “*°, sliding paper “*¢, adding solution, and pressing . However, for the
purposes of this study it was felt that these additional steps would create an overly complicated
workflow, therefore a central design principle was to develop a simple and easy to use device
which requires a minimum number of steps without compromising the quality of the analyte

determination.

To achieve this several device designs were compared for their simplicity and sensitivity by
monitoring their calibration and RSD, and by collection of qualitative information by researcher.
Device 1 and device 2 comprised two layers where folding was required. This was both difficult
to use, since the extra steps of folding and holding of the two layers were required and gave a
high variation in the PADs outputs since the folding step varies each time. . Devices 3,4 and 5
featured flow channels, however these were not easy to use, and the flow was not uniform
within channels. In addition, sample addition must be done by pipetting the sample which adds
an extra level of complexity to the workflow. Devices 6 and 7 included valves. These required
careful opening and closing is at appropriate times. This additional step was deemed to add

complexity without appreciable gain.

In this study device 9 was chosen as it consisted of a single reaction zone, with no flow channel
or valves, and samples could be added by dipping the device directly into collected water. This
decision was based on first time handling of each PAD. The aim was to find a design which is
easy to use and at the same time the design with acceptable sensitivity since several step
reactions (detection and reduction) should happen within the PAD to detect analyte (e.g., nitrite

and nitrate). This was why the study started with complicated device that can provide several
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rooms for reaction steps and hence better sensitivity. However, handling such complicated

device was not as easy as expected.

In general, the more the steps the more difficult users found the workflow and the fewer the
steps the easier the work to be perform by end user. For device operation and detection, the
more the steps the more the possibilities of errors. Addition steps like folding, holding, pressing,
and pipetting may vary from user to user and hence the reproducibility maybe affected. The
collected data with volunteers and observation showed that device 9 with no valves and no

channels was the easiest to use.

7.1.2 Nitrite determination (PAD detection)

Nitrite and nitrate both can be detected by Griess reagent 613351, However, nitrate needs to be
reduced first into nitrite then detected by the Griess reagent. Therefore, Nitrite paper devices
were initially developed in this work. Nitrite is usually present in soil in small or negligible
amounts; around 0.3 mg Kg? 3637 Therefore, a PAD with good sensitivity to environmental
level was required. The sensitivity (sensitivity to the required level) of the PAD was improved by
separating the components of Griess reagent into two different layers. This is in contrast to other
studies (Table 3.14) which keep all component in the same layer. Separation of the components
reduce their possible interaction together and provide step by step reactions, since nitrite
should react first with sulphanilamide in the first layer and then with NED in the second layer.
The sensitivity of the PAD increased by around 40% after this separation of reactants was
implemented. The LoD of the PAD was 0.39+0.06 and 0.46+0.03 mg kg when a scanner and a
phone were used for image capture, respectively. All studied soil samples showed low, or no
nitrite based on the result from the developed PAD and UV-Vis. The nitrite PAD was able to

detect nitrite around its environmental level in soil.

7.1.3 Nitrate determination (PAD detection and cafetiere extraction)

PAD detection

The nitrite PAD was used to develop a nitrate PAD by adding a layer for deposition of the
reducing agent (zinc). The developed PAD focus on deposition of reagents at multi layers which
can be aligned above each other to avoid the complexity of the device during use. Zinc addition
was challenging due to it dark colour, which contribute to the measured intensity in the
colorimetric assay. Most published work relied on pipetting the zinc solution into the specific
zone 290:291,293.298.310 hgwever, some of these PADs 290291293 had separated areas for the reduction
zone which was not aligned above the detection zone, and this made it possible to add zinc with

its dark colour without influencing the intensity of colour in the detection zone. In another study
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another layer was added to the PAD 2%°, the layer was called Zinculose and it embedded zinc
particles in the cotton layer. This was practical to keep the zinc embedded within the reduction
area of the device. However, this still required a lot of work and preparation of the material
which then was added to the PAD. In addition, still the same problem exist which is it was
unknown how much zinc was added. Another group was using weighting method to add zinc 2%,
Each well in the PAD was added to zinc solution and this followed by weighing of the well before
and after the zinc addition 2%, This was not practical and required time. In general pipetting zinc
leads to accumulation of zinc and the development of dark colour that contribute to the intensity,
therefore, in this study zinc was added by immersion of the reduction layer into zinc solution
(under stirring) for 1 second only (to avoid the destroying the PAD). The stirring provided
homogeneous zinc solution during addition. This method was easy, practical, reproducible, and
it helped to avoid the accumulation of zinc compared when it was pipetted and by immersion
the zinc particles were embedded into the two sides of the paper. The intensity from blank was
reduced by around 22 % due to reduction in the dark colour of zinc. The sensitivity, selectivity
and stability of the PAD were studied. The PAD was able to detect as low as 27.10+2.64 mg kg*
and 34.35+2.77 mg kg* of nitrate within 8 minutes when scanner and phone was used for the
detection respectively. This level is lower than the lower level of nitrate in soil (44mg kg™*
348,426427) helow which fertilizer needs to be applied. The PAD was selective for nitrate in the
presence of the following interferents.; [Ca%* (0.5 g L), Na* (5 g L), K* (5 g L), Fe?* (1 mg L?),
Cu® (ImgL?), Zn** (0.2 g L"), Mn?* (2 g L), CO52 (0.08 g L), PO42 (2 g L), CI (3 gL?), SO42 (10
g L1)]. In addition, the PAD can be stored in the freezer for around 2 months and, in room
temperature (dark condition) for around 2 weeks. Expiry date of the PAD is important to issue
with the PAD when it is released for lay people use. This study ends up with small PAD (28.5 mm
x 28.5 mm) for nitrate determination within environmental level in soil with four layers (layers
provide filtration prior of detection). The PAD is portable, fast (8 min), easy to use, disposable,

user-friendly, inexpensive (price < £1) and can be used in resource limited setting.
Cafetiére extraction

The developed PAD for nitrate determination was combined with extraction system which meet
the field requirement. There are extraction methods which have been adopted for field work;
however, they generally require equipment and consumables that are not easily available, such

as shakers, chemicals #4344, filter paper #%°

and syringe filters *?*. To simplify ensure the workflow
can be easily used some easily acquired equipment was tested. Three devices - cafetiere, an
AeroPress coffee plunger and a paper cup - were compared for their ability and simplicity to
extraction nitrate. The cup has no filtration system and the AeroPress was difficult to mix and

required strong pushing. The cafetiere was most efficient and easiest to use for extraction since
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it provides good mixing due to the availability of plunger and good filtration system due to the
availability of meshes at the end of plunger. The cafetiere showed around 90% extraction
efficiency of nitrate within total time of 5 minutes (2 minutes of mixing and 3 minutes of settling
of soil extract). The extraction method was further improved by the replacement of the weighing
machine with the use of the spoon to add the soil sample. In addition, mineral water was used
as solvent (as it is easy to acquire) and compared to the use of DIW. Mineral water and a spoon
to measure out soil showed similar performance to extractions using DIW and a balance.
Cafetiere provides multi advantages including the simplicity, availability of mixing, availability
filtration, user-friendly and easily available equipment. The cafetiére used in this work was used
for 1.5 years and it is still in a good working condition. The full workflow provided reliable

estimation of nitrate content in soil based on validation by IEC and CRM.

7.1.4 Nitrate workflow with volunteers

It is not reasonable to assume that a workflow will perform well in the field without testing it
with a target audience. Many published articles 290-293:295296,298310311 haye ysed phone for their
developed paper-based sensors and some are claiming that this is a simple system which can be
used then by lay people. However, most were never tested with group of people. The developed
workflow for nitrate determination consisted of two steps extraction (5 minutes cafetiere
extraction) and detection (8 min phone based colorimetric paper-based sensor) with a total time
of 13 minutes. Each of these steps was evaluated separately by volunteers. Around 97% found

the overall extraction work easy.

The efficiency of extraction by volunteers were determined by comparing with same soil
samples extracted by researcher when IEC was used as detection method. Results suffered from
high relative standard deviation of recovery which went as high as around 30-70%. This was
attributed to several reasons: The use of the spoon for sample collection was a source of error.
Very full spoons can cause overestimation of the result and the opposite can cause the opposite
result. Another source of inconsistency was the way sample were mixed. Consequently,
information was added into the instruction sheet regarding the proper use of the spoon and
more information was added regarding the strength of mixing, which should be strong and

vigorous to fully extract nitrate.

The detection by the PAD was also evaluated by volunteers and compared to the researcher
results. 96% of volunteers found the instructions describing the use of the PAD clear and 100%
found the use of the phone easy. However, the quantitative results from the volunteers’ PADs
varied significantly from the researcher’s results. When the colour (seen by eyes) from

volunteers’ PADs was compared to the colour of the researcher’s PAD for all soil samples, the
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colour does not vary significantly which means that the nitrate content should not vary
significantly and that what IEC result showed. Therefore, this difference was attributed to the
use of the phone to take the photos. The type of phone, location that the photo was taken and
the distance between the PAD and phone were some factors that can affect image quality.
Changing any of these parameters lead to change in the image quality and hence change in the
result. Other people in literature solve this problem using box or software or some logarithm
and math as mentioned in section 1.4.3. use of box is not efficient since photo can vary from
person to person and use of logarithm is difficult. In this study external standards were
introduced. External standard was used to determine the calibration line at the same time of
analysis. An external set of standards was used with each photo taking for sample to avoid any
error that may occur due to change in any of the mentioned parameters. Two soil samples were
run again by volunteers after the improvement in the instruction sheet and the use of the
external standard. The result from these PADs, used to detect nitrate agreed with the results

from researchers with no significant difference (section 5.7).

In summary, this study showed that volunteers can independently perform the workflow for
nitrate determination by following simple instruction sheets. The use of the workflow was easy
and reliable if detailed instructions were given to volunteers. This problem of phone use was

solved using external standards.

7.1.5 Manganese determination (PAD detection and cafetiere extraction)

PAD detection

Another soil nutrient which was studied in this work is manganese. Manganese was studied
since it exists in small amounts in soil, and so can be used to test if the developed system can
work with micronutrients. In this study the PAD for manganese detection was developed from
previously described assays and adapted to remove the toxic components, thus making the
assay applicable for general use 314315, The borate buffer in the detection reagent was replaced
with the carbonate buffer which shows a similar result to the conventional borate. The cyanide
masking reagent was replaced with thiosulfates. Common metals that interfere with the
manganese detection reagent (PAN) are iron, copper and zinc ions. The iron and copper ions
were masked totally by the thiosulfate masking reagent. 20% of zinc was masked by the same
masking agent. If zinc ion is in concentrations less than 1 mg L™ then it caused around 23 %
interference and if it is in higher concentration, it caused around 64 % interference. This

information will be mentioned clearly in the PAD instructions3,

Another challenge was the sample introduction to the PAD. The PAD was aimed to be use for

soil sample analysis and hence as mentioned early the one-layer PAD was influenced by the
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organic matter content in the soil. Two extra layers were added to the original PAD in such a
way the sample passed into the empty layers first (to be filtered) and then the analyte, with less
slurry passed into the detection zone. Around 40 % improvement in intensity was observed

when the empty layers were added.

Lamination was used to seal the devices and a circular cut with a dipping system was used to
introduce the sample hence this will make it easier for the farmer to introduce the sample into
the PAD compared to if the sample is pipetted. A dipping system with an open circular hole
(made by Cricut) for sample introduction instead of pipetting with no sealing improved the limit
of detection from around 15 uM to 3.8 uM of manganese (it is around 4 times increase in the
LoD). The PAD was able to detect (LoD) 4.14+0.30 mg kg and 5.12+1.88 mg kg of manganese
when a scanner or phone was used for the detection respectively. This level is lower than the
lower level of manganese in soil (10 mg kg 3931 below which fertilizer needs to be applied).
The PAD was selective for manganese in the presence of the following interference; NO; (1g L
1), ca*(1gL?), Na* (1gLY), K* (1g L), COs%(1g L), PO43(0.5g L'Y), Cl(1g L), SO42(1g L), Co?*(1
mg L), Ni%*(1 mg L?). According to this study the PAD can be stored in the freezer for around 2
months and, at room temperature (dark condition) for around 1 month. In summary, other than
the selectivity and sensitivity the developed PAD combined several positive characteristics that
make it usable for on-site analysis of manganese in soil samples. It is easy (based on dipping
sample introduction as for nitrate determination), safe (less toxic chemicals) and fast (with short
time of detection 7 min), inexpensive (price < £1, small amount of reagent is required, at least
60 devices can be prepared from 1 Whatman paper (32 cm diameter)), instrument-free (no
instrument and no external power is required) and attached to multilayers (provide filtration of

extract prior to detection).

Cafetiere extraction

The cafetiére was tested again for manganese extraction. The cafetiére with EDTA solvent was
able to extract around 30% of manganese from the soil. EDTA can complex manganese and it is
not easy to release the captured manganese unless the releasing agent is available or the
detection method itself like ICP-MS does such degradation to the complex. Therefore, other safe
solvent options which do not cause interference with the PAD and can easily release manganese
were studied. Cafetiere with the use of NaCl solvent was able to extract around 10% of
manganese from the soil sample. The developed extraction was combined with the paper-based

sensor for manganese determination.

The developed PAD (when cafetiere was used for extraction and NaCl solvent) showed efficient

results with no significant difference for manganese determination when compared with ICP-
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MS, for treated soil sample (John Innes 1). Changing solvent and mixing are two parameters that

can be further studied in the future to improve the extraction efficiency.

7.2 Conclusion

Non-efficient application of fertilizer by farmers can lead to poor crop vyield (if deficient) and
environmental problems (if used in excess). To apply the fertilizer properly regular monitoring
of soil nutrients is required. Novel Cafetiere extraction along with a colourimetric paper-based
sensor and recording using a smartphone camera was successfully developed for on-site regular

monitoring of nitrate and manganese in the soil.

Nitrate determination workflow in soil was developed and tested with volunteers. The workflow
with 13 minutes total time for nitrate determination, 5 minutes extraction by cafetiere (DIW
solvent, around 90% extraction efficiency) and 8 minutes detection by the phone-based
colourimetric paper-based sensor. The developed PAD was small, portable, fast, easy to use,
disposable, user-friendly, inexpensive and can be used in resource-limited settings. The
workflow showed promising results in detecting nitrate in the soil without the aid of an expert.
Volunteers were able to independently perform the workflow for nitrate determination by
following simple instruction sheets. In the future, the improved workflow, based on volunteers’
feedback, needs to be tested with a bigger group of volunteers preferably directly in the field to

determine the robustness of the workflow with the end user (farmers).

The workflow for manganese determination was developed and optimised in the lab to fit the
field requirement. The final workflow consists of two steps 4 min cafetiere extraction (NaCl
solvent, around 10% extraction efficiency) and 7 min detection (colorimetric paper-based sensor)
with a total time of 11 minutes. The developed PAD was easy (based on dipping sample
introduction), user-friendly and fast (with a short time of detection of 7 min), safe (user-friendly
chemicals were used) inexpensive (a small amount of reagent is required, not less than 60
devices can be prepared from one Whatman paper (32 cm diameter)), instrument-free (no
instrument and no external power is required) and attached to multilayers (provide filtration of
the extract before detection). Further studies are required to improve the manganese
extraction efficiency using a cafetiére. Extraction solvents and the time of plunging are two
parameters that can be further studied for this purpose. In addition, an external standard needs
to be added to the system to improve phone detection. Finally, the robustness of the workflow

in the field with lay people needs to be studied too.

The availability of such simple-to-work-with systems will enable farmers in low- and middle-

income countries to do soil analysis regularly. Also, it provides a means for further research into
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soil change under various conditions. Consequently, this enhances the crop production. The
agriculture in the world may be improved and finally, this may contribute to the economy of
these countries. This work also opens the horizon for more studies of paper microfluidic in soil.

in addition, it pulled the paper microfluidic research toward field and soil analysis.

7.3 Future Work

The work for infield nutrient determination still requires lots of development. The paper device
is still on the top of the benchwork. There are not many studies that study the use of the paper
device in the field. Future work includes three main parts. Initially the development of the PAD,
second the field work with lay people, third the development of the phone app. These three
main parts should be studied together. There should be communication between the people
who develop the PAD and people who extend the study in the field and people who develop the
app to get the result. Group work and communication are the most usable ways to pull the paper

device to the field and to be able to do a lot of work in this field of science in a short time.
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Appendix A

Column and Sampler.AcquireExclusiveAcces | parameter value
Suppressor s ( minutes)
Column 1 Flush Volume =100
Wait FlushState
(Dionex Pressure.LowerLimit = 200 [psi]
lonPac™ AS16
(RFIC™ 2 x Pressure.UpperLimit = 3000 [psi]
250mm) %A.Equate = %A
separator
column, CR_TC= On
Dionex ASRS
NeedleHeight = 2 [mm]
300 (2 mm)
suppressor CutSegmentVolume = 0 [ul
column)
SyringeSpeed = 3
CycleTime = 0 [min]
WaitForTemperature = FALSE
Data_Collection_Rate = 5.0 [Hz]
CellTemperature.Nominal = 35.0[°C]
ColumnTemperature.Nominal = | 30.0 [°C]
Suppressor_Type = ASRS_2mm
; Pump_ECD.Recommended 15
Current =
; Pump_ECD.Carbonate = 0
; Pump_ECD.Bicarbonate = 0
; Pump_ECD.Hydroxide = 20
; Pump_ECD.Tetraborate = 0
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; Pump_ECD.Other eluent = 0
Suppressor_Current = 24 [mA]
ECD_Total.Step = 0.20 [s]
ECD_Total.Average = Off
Concentration = 15.00 [mM]
Curve = 5
Flow = 0.30 [ml/min]
Wait SampleReady
Autozero
Load
Wait CycleTimeState
Inject
Wait InjectState
ECD_1.AcqOn
ECD_Total.AcqOn
Sampler.ReleaseExclusiveAcces
s
ECD_1.AcqOff
ECD_Total.AcqOff
End

Column 2 Flush Volume =100
Wait FlushState
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Dionex
lonPac™
AS11-HC
(RFIC™, 2 x
250mm)
separator
column,
Dionex ASRS
300 (2 mm)
suppressor

column)

Pressure.LowerLimit =

200 [psi]

Pressure.UpperLimit = 3000 [psi]
%A.Equate = %A
CR_TC= On
NeedleHeight = 2 [mm]
CutSegmentVolume = 0 [ul]
SyringeSpeed = 3
CycleTime = 0 [min]
WaitForTemperature = FALSE
Data_Collection_Rate = 5.0 [Hz]
CellTemperature.Nominal = 35.0[°C]
ColumnTemperature.Nominal = | 30.0 [°C]
Suppressor_Type = ASRS_2mm
; Pump_ECD.Carbonate = 0

; Pump_ECD.Bicarbonate = 0

; Pump_ECD.Hydroxide = 5

; Pump_ECD.Tetraborate = 0

; Pump_ECD.Other eluent = 0

; Pump_ECD.Recommended 6
Current =

Suppressor_Current = 6 [mA]
ECD_Total.Step = 0.20 [s]
ECD_Total.Average = Off
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Concentration =

5.00 [mM]

Curve = 5
Flow = 0.30 [ml/min]
Wait SampleReady
Autozero
Load
Wait CycleTimeState
Inject
Wait InjectState
ECD_1.AcqOn
ECD_Total.AcqOn
Sampler.ReleaseExclusiveAcces
s
ECD_1.AcqOff
ECD_Total.AcqOff
End
Column3 Flush Volume =100
Dionex Wait FlushState
lonPac™ AS16
Pressure.LowerLimit = 200 [psi
(RFIC™, 2 x [psi]
250mm) Pressure.UpperLimit = 3000 [psi]
separator
column' %A.Equate = %A
Dionex ASRS
CR_TC= On
300 (2 mm)
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suppressor

column)

NeedleHeight =

2 [mm]

CutSegmentVolume = 0 [ul]
SyringeSpeed = 3
CycleTime = 0 [min]
WaitForTemperature = FALSE
Data_Collection_Rate = 5.0 [Hz]
CellTemperature.Nominal = 35.0[°C]
ColumnTemperature.Nominal = | 30.0 [°C]
Suppressor_Type = ASRS_2mm
; Pump_ECD.Recommended 29

Current =

; Pump_ECD.Carbonate = 0

; Pump_ECD.Bicarbonate = 0

; Pump_ECD.Hydroxide = 30

; Pump_ECD.Tetraborate = 0

; Pump_ECD.Other eluent = 0
Suppressor_Current = 30 [mA]
ECD_Total.Step = 0.20 [s]
ECD_Total.Average = Off

Flow = 0.38 [ml/min]
Wait SampleReady
Autozero

Load
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Wait

CycleTimeState

Inject

Wait

InjectState

ECD_1.AcqOn

ECD_Total.AcqOn

Sampler.ReleaseExclusiveAcces

S

Concentration =

5.00 [mM]

10

Concentration =

50.00 [mM]

12

ECD_1.AcqOff

ECD_Total.AcqOff

End
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Appendix B

1 - SAMIRA_6MIN-25mM-0.30ML.MIN-600UMNITRATE AND NITRITE 2021.04.22 #4 ECD 1
G782 SAMIRA_6MIN-25mM-0.30ML.MIN-600UMNITRATE AND NITRITE_202104.22 #1 ECD_1
nSs
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Figure B1: Peak height (uS) versus retention time (min). 600 uM nitrate and nitrite standards and soil Sample (John
Innes 1) were used in the analysis. This analysis with 15 mM KOH and 0.30 mL min! flow rate.

B1 - SAMIRA 6MIN-15MM-0.30ML.MIN-SOIL SAMPLE 1 AND 2 2021.05.07 #5 ECD 1]
25382 - SAMIRA 6MIN-15MM-0.30ML MIN-SOIL SAMPLE 1 AND 2 2021.05.07 #16 ECD 1
S
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Figure B2: Peak height (uS) versus retention time (min). 600 uM nitrate and nitrite standards and soil Sample (John
Innes 2) were used in the analysis.

375



R |1 - SAMIRA 6MIN-15MM-0.30ML.MIN-SOIL SAMPLE 1 AND 2 2021.05.07 #16 ECD 1]

45042 - SAMIRA_6MIN-15MM-0.30ML.MIN-SOIL SAMPLE1 2 3 AND EX_2021.05.14 #17 ECD_1
uSsS
300
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L |
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Figure B3: Peak height (uS) versus retention time (min). 600 uM nitrate and nitrite standards and soil Sample (John
Innes 3) were used in the analysis.
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Appendix c

A
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Figure C1: (A) Absorbance versus amount of zinc (g). 100 uM nitrate was mixed with zinc (<10 pm) for 30 min and the
filtered solution was then added to the Griess reagent for colour development for 14 min (10 mL nitrate mixed with 1
mL Griess reagent). Three different separation methods for zinc were used, filtration (Whatman 1), centrifuge (4500
rpm) alone and pipetting. Pipetting gave the best result. The optimum amount of zinc is 0.2g. (B) Absorbance versus pH.
100 uM nitrate and 0.2 g of zinc were mixed for 20 minutes and then the solution was allowed to stand for 1 hour. The
solution then was mixed with Griess reagent for colour development for 14 minutes (10mL nitrate mixed with 1 mL
Griess reagent).
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Appendix D
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Figure D1: Moisture content of soil at a depth of 20 cm during June 2022. The soil samples used in this study were taken
on 10% June 2022.
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Figure D2: The level of rain (mm) in 5 soil locations across the University of Hull during June 2022. versus the date. The
soil samples used in this study were taken on 10" June 2022.
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Figure D3: The electrical conductivity (VIC) of soil during June 2022. The soil samples used in this study were taken on

10t June 2022.
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Appendix E

Survey questions

General information

What are you studying *

Undergraduate, Master(taught), Master (research), PhD(research), Postdoctoral researcher.

Have you ever participated in similar experiments (Cafetiere/Citizen science/Soil analysis) *

Yes, No

The use of cafietere

Collecting the soil sample with provided tools *

Extremely easy, Easy, Difficult, extremely difficult, N/A

Mixing with plunger *

Extremely easy, Easy, difficult, extremely difficult, N/A

Overall cafetiere work *

Extremely easy, easy, Difficult, extremely difficult, N/A

What’s your opinion on the cafetiere extraction duration (5 min)? *

Too short, just right, too long, N/A

The work of the PAD

The placement of PAD in the sample *

Extremely clear, Clear, Unclear, extremely unclear N/A

| was able to distinguish top and back sides of PAD *

Yes, No, not sure.

Picture-taking process *

Extremely clear, Clear, Unclear, extremely unclear, N/A

What's your opinion on the PAD workflow duration (8 min)? *

Too short, just right, too long, N/A

Overall, the use of the PAD *

Extremely easy, Easy, Difficult, extremely difficult, N/A
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Overall experience

e Instruction sheet *

Extremely clear, Clear, Unclear, extremely unclear, N/A

e What s your opinion about the overall workflow duration (13 min)? *

Too short, just right, too long, N/A

e How interested are you in environmental science? *

Extremely interested, somewhat interested, Neutral, Uninterested Extremely uninterested

e What is the most important aspect of the workflow? *
e Do you have any feedback regarding the overall system?
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Appendix F
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Figure F1: Peak height versus time of elution in minutes. 5 soil samples for the volunteer study chapter 5.
Nitrate peak was eluted at 3.58 minutes. The peak at 2.9 is the chloride peak. The peak at 2.4 minutes might
be the fluoride peak since both usually are eluted first. The peaks eluted at 5.1 and 7 minutes maybe other

anions like phosphate. IEC was run with 5 mM KOH for 5 minutes and then the concentration was raised to

50 mM for up to 12 minutes. 0.38 mL min? was the flow rate.
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Figure F2: Peak height versus time of elution in minutes. 100 mg L Chloride ion was analysed using the same
condition as Figure F1 and it was eluted at 2.9 minutes. IEC was run with 5 mM KOH for 5 minutes and then

the concentration was raised to 50 mM for up to 12 minutes. 0.38 mL min* was the flow rate.
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Appendix G

pH effect
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Figure G1 Intensity versus pH. The intensity was determined at four concentrations of manganese 0, 15, 100 and 500
KLM. The detection reagent is a 3 pL mixture of 5 mM PAR, 3% polymer PDDA (polyDiallydimethyl ammonium chloride)
and borate buffer PH varied. A scanner was used to take the photo. Method 1 was used for the calculation of intensty.
Device 13 was used. The optimum PH was 9.9.
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Figure G2 Intensity versus type of buffer (BORATE, CARBONATE AND GLYCINE). The intensity was determined at four
concentrations of manganese 0, 15, 100 and 500 uM. The detection reagent is a 3 pL mixture of 5 mM PAR, 3% polymer
PDDA (polyDiallydimethyl ammonium chloride) and varies buffer PH 9.9. A scanner was used to take the photo. Method
1 was used for the calculation of intensty. Device 13 was used. The optimum buffer is glycine.

The volume of detection reagent
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Figure G3 Intensity versus the amount of detection reagent L. The intensity was determined at two concentrations of
manganese 0, 100 uM. The detection reagent is various UL mixture of 6 mM PAR, 3% polymer PDDA (polyDiallydimethyl
ammonium chloride) and glycine buffer PH 9.9. A scanner was used to take the photo. Method 1 was used for the
calculation of intensty. Device 13 was used. 3 plL was the optimum volume.
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Empty layer effect
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Figure G4 Intensity versus the number of empty layers. The intensity was determined at four concentrations of
manganese 0, 15, 100 and 500 uM. The detection reagent was a 3 puL mixture of 6 mM PAR, 3% polymer PDDA
(polyDiallydimethyl ammonium chloride) and glycine buffer PH 9.9. A scanner was used to take the photo. Method 1
was used for the calculation of intensty. Devices 13, 14, and 15 were used.
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Appendix H

Table H1: The price of paper device made for nitrate determination.

material/ quantity we £ price of reagent in 50 mL | price of reagent and
reagent bought of solution (£) material in 1 PAD (£)
WHATMAN 1 | 100 PAPER 59.9 0.074875
LAMINATIO | 25 SHEET 13 0.0325
N SHEET
SA 1009 74 0.296 0.00000888
NED 5g 44 0.616 0.00001848
Zn 10g 167 41.75 0.00501

total price 0.11241236
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