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Abstract

High salinity has limited the crop yields. Cultivation of the salt-tolerant plant in the saline soil can
solve these problems. But, there is still lack of suitable instrumentations to identify the salt tolerant
plants. Spectrophotometry, electrical conductivity meter (EC meter), genotypic analysis etc. have
been used for identification of salt-tolerant plants. But these methods are expensive, time-consuming,
require large volume of samples, complex sample preparation processes, and laboratory based.
Alternatively, increasing the production of rice without application of chemical fertilizers, the
atmospheric nitrogen fixation is quite interesting. Measurement of dissolved oxygen can ensure us to
know the nitrogen fixation mechanism in rice plant, which helps to fix biological nitrogen in rice
plants. So, a new inexpensive and easy technique is urgently needed for measuring the dissolved
oxygen level in the rice plants. But the measurement of the dissolved oxygen level in the plant is still
unclear, due to lack of the proper techniques. Several techniques used but they are expensive and
unable to use in the live plant directly. Overall, the main challenges are the development of methods
to perform the rapid both laboratory and field-based analyses. These methods must be sensitive and
accurate, and able to determine various substances with different properties in ‘real-life’ samples.
Electrochemical sensors are ideally suited for these new applications, due to their high sensitivity and
selectivity, portable field-based size, rapid response time and low-cost. Since many electrochemical
sensors were conducted in the clinical analyses in a clinical chemistry laboratory but the analysis of
the compounds from the live plant is less studied. Therefore, a simple, time-saving, and cost-effective

electrochemical sensor were fabricated for the plant applications.

Firstly, microfabricated disposable Na* ion-sensing device was developed. Two sets of circular
Ag/AgCI electrodes and concentric platinum electrodes were formed on the polyimide base layer.
The plastic substarte was used due to the fact of the fabrication cost. To realize such practical devices,
stability during storage and reliability of measurements is critical. In microfabricated electrochemical
sensing devices of this kind, a deterministic factor for lifespan is Ag/AgCl electrodes used to
measured potential difference. We used a thin-film Ag/AgCI electrode structure with a protecting
layer along with an additional electrode to grow AgCl in situ before the measurement. The concentric
platinum electrodes were used to grow AgCl additionally after the device was completed that ensure
longer life span of the Ag/AgCl electrode. Na* ion concentration measured using the microfabriated

ISEs agreed well with those obtained using the conventional ISEs made with glass capillaries.



Next, a needle-type (type-1) and syringe-needle type (type-11) ion-selective electrodes were
fabricated for the measurement of the ion in rice plants. The type-I is formed with a polyimide film,
silver, Ag/AgCl, an electrolyte polyvinylpyrrolidone (PVP) layer, and a polyvinylchloride (PVC)
coated reservoir. A 0.8 cm length of one end of the silver was used for making the Ag/AgCl electrode.
Next, the type-1 RE fabrication was followed the type-I ISE fabrication method. Here, a 3 M KClI
used for the electrolyte layer and the poly(HEMA) liquid junction was used for the RE. Depending
on the experimental purpose, the type-11 ISEs were fabricated. Components related to the type-11 ISEs
are an ion-selective membrane, Ag/AgCl electrode, and internal solution incorporated into a syringe
needle (inner diameter: 0.9 mm). The type-Il1 RE was fabricated as like as type-11 ISEs. All ISEs are
calibrated with the standard solutions. The type-I ISE was applied in the sample solution of the rice
plant parts, whereas the type-I1 ISEs were applied directly into the live rice plant. The obtained results
of type-1 Na* ion-selective electrode and K* ion-selective electrode was compared with the inductive

coupled plasma atomic emission spectrophotometry (ICP-AES) method.

Finally, a Clark-type oxygen electrode was fabricated to know the level of the dissolved oxygen
in solution, gel-sample, soil and live stem of the rice plant. We fabricated a needle-type oxygen
electrode (type-1) with an electrolyte layer, oxygen permeable membrane, cathode and anode; and a
syringe needle-type oxygen electrode (type-I1). A syringe needle (inner diameter: 1.2 mm) was used
here. Both oxygen electrodes were characterized in the air saturated state to the Na>SOgz saturated
state. Although the fabricated oxygen electrode is much smaller than commercialized conventional
oxygen electrodes, it showed clear, stable, reproducible responses. While conducting the experiments,
however, an unnegligible residual current was detected. The type-I was used in the liquid and solid
bacterial medium; and in the soil of the rice root. On the other hand, the type-11 was used to measure

the dissolved oxygen level in the stem of the live rice plants.

The microfabricated simple and low-cost ion-selective electrodes and the Clark-type oxygen
electrodes have demonstrated in this dissertation. The microfabricated all sensing devices could be
enhanced the rapid measurement in the field of the agriculture. The developed all sensing device
could be a milestone in the field of the plant science. Because the developed sensors are an in-
expensive and can be replaced the laboratory based large experimental set-up. The developed sensor
can be possible to apply in other plants. Therefore, sensors can be used for the basic research in the

plant.



Chapter 1: General Introduction

Foods production needs to increase by 50% globally by the year of 2050 to match the anticipated
population growth [1-2]. Simultaneously, the maximum suitable land has already been cultivated and
therefore an urgent need for either increase into new cultivable land area or an increase in crop
production on standing cultivated lands. The various factors are degraded about 15% world land area,
and the drought problem can be solved by the irrigation to increase the productivity of the crops [1],

both tasks appear to be rather challenging. The soil salinity is one of the major threats by this end.

Salinity is one of the greatest problems in developing countries due to their low terrain [3, 4].
Natural disaster such as flood can cause the movement of saline water from sea into the cultivable
land. The crop production has destroyed by the terrible flood and salinity. Climate change including
rising sea level, cyclone and storm are responsible for the loss of the production of crops. According
to the Intergovernmental Panel on Climate Change (IPCC), the climate change will continue rising
the sea level in the next centuries, even the emission of the greenhouse gas is stable [5]. The sea level

is not identical in every geographical area.

Salinity is caused naturally and artificially by irrigation, poor agricultural administration, rising
sea-level, flooding, unfertile land, and poor water management. Those factors are drastically reducing
the cultivatable land very swiftly. About 1 billion hectares of land are already affected by the salt,
which corresponds to approximately 7% of the world area [6]. It has been reported that around 77
million hectares (m ha) of lands are irrigated with sea water, in which 58% of these irrigated lands.
Another report estimated that an average 20% of the agricultural lands are already affected by the
salt, but this amount increases to more than 30% in countries such as Egypt, Iran, and Argentina [6].
Moreover, the most glycophytes crops cannot survive in the high concentration of the salt. Therefore,
the development of the salt tolerance plant is one of the key factor to improve the crop productivity
even under high saline condition. Investigation of the salinity level in the plant is important to observe
the condition of the plant.

The phenotypic characteristics including plant growth rate [7], biomass weight [8-9], shoot weight
[10], leaf Na* ion concentration and the ratio of shoot Na*/K™ ions [11], and leaf area[12-13] have
used for the identification of the salt tolerant plant. The problem of the phenotypic evaluation is time-
consuming. In the meantime, several compounds can be measured to identify the salt tolerant plant.

These comprise antioxidants [14], ions [15], proteins [16], reactive oxygen species [17-18], and sugar
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sugars [19].

lons are essential micro-nutrients required for the growth of plants. Among those micronutrients,
nitrogen (N), phosphorus (P), sodium (Na) and potassium (K) are most important. The plants uptake
those nutrients as ionic forms from the soil through the roots by mass flow and diffusion. lons,
especially sodium and potassium ions, are present in the soil as water-soluble, exchangeable,
nonexchangeable, and mineral forms. They are important for plants involved in many vegetative
metabolic steps such as enzymatic activation, osmosis, carbohydrate production, and cation/anion
balance [20]. Although the sodium and potassium are playing an important role in the plant, the

excessive level of sodium and potassium ions in the soil has detrimental effect on the plant.

1.1 Salinity researches on plants

Many published papers dealt with salinity over the last four decades. Salinity affected the
productivity of crop plants [21]. Though productivity and resistance of plants against pests and
diseases have been improved, but the productivity against salinity is still not satisfactory. A relative
study of salinity has been done [22] but need more study to make a suitable system for identifying
and developing the salinity tolerance plant. The excessive salt in the soil affects flower and stem
quality of gerbera daisies [23] and roses (Rosa hybrida) [24]. High NaCl concentration in the soil
decreases height of bell peppers by 49% (Capsicum annuum L.) and total leaf area by 82% [25]. Salt
concentrations higher than 10 mmol L™ (0.58 g L) decrease shoot length, leaf area, and dry weight
of the plant. The chlorosis, burning of leaf margins and necrosis has occurred at concentrations greater
than 50 mmol L™ (2.92 g L) NaCl [26]. The chlorophyll contents of Chrysanthemum indicum has
increased at greater than 100 mmol L™ (5.84 g L™!) and decreased at 150 mmol L™ (8.76 g L) [27].
Plant height and crop yields has decreased by the application of NaCl [14]. So that the salt has
influenced the crop production and the growth of the plant [28].

Moreover, high salinity in the soil causes several deleterious events in the plant. lon is accumulated
in the plant while excess irrigation done in their root system by the saline water. This saline water is
evaporated and precipitated in the leaves [29]. Because, the plant cannot uptake water from the soil
due to the presence of excess amount of the salt in the soil [30]. The excess level of the NaCl
concentration in the root system of the plant increases intracellular Na* and CI™ concentrations and
affects the cellular system [25]. Similarly, the K* ion and Ca?* ions are increased in the plant as like
as the Na" and CI™ [31-33].



However, the K™ ion is also critical in the development of salt-tolerant plant. High salinity induces
nutritional disorders, especially K* ion deficiency. The K* ion content in the plant reduced when there
was a Na* at the plasma membrane, cation channels and transporters. A considerable membrane
depolarization has observed while Na* pass through the plasma membrane [34]. Therefore, the K*
cannot pass through the membrane at the same time, which causes the lack of the K* ion concentration
in the plant. The decreases of the K* ion in the cytosol increases the reactive oxygen species (ROS)
causing programmed cell death (PCD). To overcome these problem, a deep and longer root system is
better for certain plant species to uptake water [35] and/or accumulate osmolytes and osmoprotectants
[36], which helps the plant to withstand against osmotic stress condition. However, the salt-tolerant
plants survive against the high salt condition by excluding the excess ion or storing the ion in the
vacuoles [37-40].

Moreover, the sodium and potassium ions ratio is also important factor to know the mechanism of
the salinity tolerance of the plant. In the plant tissues, a significant level of the K*: Na* ratio was
decreased with the increases the level of the NaCl [41, 42]. The differences of the ratio are occurred
due to the competition of the ions in the root of the soil. The higher uptake of Na* will influence the
lower uptake of the K* ion. Various study on absorption, uptake, root to shoot translocation, and
vacuolar sequestration has been conducted to observe the interface between K*and Na* [38, 43-44].
So, both the Na™ and K* ions has played important role at salinity stress.

1.2 Conventional methods of ion measurement

Plant science is a broad and multidisciplinary topic encompassing plant biochemistry,
development, chemical products, and diseases. It includes the production of staple foods (e.g., rice),
materials (e.g., timber, oil, rubber, and fiber), genetic modification, environmental management,
maintenance of biodiversity, and synthesis of chemicals or raw materials for energy production [45].
Current agriculture demands continuous in-situ information of plant physical and chemical
parameters, such as macro-and micro-nutrients, owing to modulation of the amounts of fertilizers to
be added. Some commercial systems allow physical data to be obtained, but not much instrumentation
has been developed to determine concentrations of key parameters such as nitrogen, phosphorus,
sodium and potassium in live pants. These and other parameters are normally obtained by off-line
methods [46-49]; these methods provide some data of great accuracy and precision about the soil
composition, but they do not allow to measure the ion concentration in the plant.



As a conventional method for the measurement of the concentration of ions, the Kjeldahl digestion
method followed by steam distillation was used to measure the total nitrogen content [50]. Piper's
method was employed to measure the concentration of Cl™ions [51]. The total phosphorus content
was measured colorimetrically [52, 53]. Calcium and magnesium concentrations were measured by
the Versenate method. Turbidimetric method was used to determine the total sulfur content in the
sample solution [54]. The root cation exchange capacity was determined by the method reported by
[55] which employs acid washing followed by titration of the root-KCI suspension with standard 0.01
KOH solution.

Most research on salinity estimates the amount of elemental Na™ and K™ ions at the whole-tissue
level (leaves or roots) using techniques such as atomic absorption spectroscopy (AAS), flame
photometry (FP) or inductively coupled plasma mass spectrometry (ICP-MS); at the sub-cellular
level, techniques such as X-ray microanalysis or secondary ion mass spectrometry (SIMS) can be
employed [56]. But, these techniques require large experimental set up, require expensive

instruments, labor intensive, complex sample preparation method and manual sampling.

1.3 Impact of oxygen in plants

The molecular oxygen simply referred to as oxygen (O>) is an important issue for most life forms
on earth. It is also an important precursor for producing the nutrient naturally and artificially to the
plant. The plant metabolical and physiological responses are depending on the oxygen level [57]. The
crop production will be limited if the root system suffered from the oxygen deficiency. The lack of

oxygen can be destroyed the function of the roots of the plant.

In the non-legumes plant, the effect of the oxygen deficiency has been studied for long times. For
example, the decrease in dissolved O concentration in poor-aerated nutrient solution in hydroponics
causes inhibition of root cell division and the decrease in root elongation [58, 59]. Furthermore, the
decline in leaf water potential and reduction in stomatal conductance have been found at lower
dissolved O2 concentrations [60,61]. These effects of dissolved O, concentration can be considered
to relate to root physiological functions such as respiration and water uptake. The water uptake and
growth in cucumber plants were analyzed under control of dissolved O, concentration [62], and found
that decrease in water uptake at lower dissolved O concentrations reduces leaf growth through plant
water status. The root respiration in lettuce plants is depressed at lower dissolved O2 concentrations
[63].



In case of legume plant, they are not suffered from the oxygen deficiency. Because, it can utilize
the natural oxygen for their growth and productivity. The legumes plants use the oxygen from the
environment by using the nodule. A nodule is a globular structure formed on the root of the
leguminous plant. The leg hemoglobulin compound found in the nodule which supply the oxygen to
the root nodule bacteria to fix the atmospheric nitrogen. In contrast, the non-legumes plant like rice
does not have the nodule in their root system and therefore they cannot fix atmospheric nitrogen.

Plants absorb the available nitrogen in the soil through their roots in the form of ammonium and
nitrates. The limited bio-availability of nitrogen and the dependence of crop growth on this element
have spawned a massive nitrogen-based (N-based) fertilizer industry worldwide [64, 65]. About 60
% of synthetic nitrogen fertilizers are presently used for cereals, with irrigated rice production
accounting for approximately 10 % of the use. Since >50 % of the fertilizer applied is actually used
by plants, the inefficient use of nitrogen contributes to nitrate contamination of soils and ground
water, leading to health hazards and compromising agricultural sustainability. Moreover,
manufacturing N-based fertilizer requires six times more energy than that needed to produce either

phosphorus or potassium fertilizers [66].

The nitrogen fertilizer has extensively been used as a fertilizer in the production of the rice. The
nitrogen fertilizer used in the countries where the production of the rice has been done in the irrigated
land rather than in rainfed, upland, or flood-prone lands. For example, the application of the nitrogen
fertilizer in South Korea 170 kg N ha [67] and in China about 140 kg N ha. The increases demand
of the using the nitrogen fertilizer will create the pressure on using the fossil fuel. Because the
production of the nitrogen fertilizer depends on the fossil fuel. The burning of the fossil fuel has
produced green gas to the environment that is harmful for the human being also.

To solve these problem, improvement of the biological nitrogen fixation could be a better way.
The biological nitrogen fixation (BNF) to produce nutrients for plant is cost effective and will
encourage the farmers to use lower chemical fertilizer. The importance of using BNF is not only
related with crop productivity, but also related with the environment. If the farmers realized that the
BNF do not reduce the production of the crop, then the use of the chemical fertilizer will drastically
reduce. The use of the BNF will save the money that they use for purchasing the chemical fertilizer.
However, the environmental benefits of using BNF in rice field are good for health, environmental,
and and habitats for aquatic life. Because, the use of the chemical nitrogen fertilizer is runoff to go to
the water surface and submerged water. These considerations suggest that the development of

sustainable agriculture system for the crop productivity and environment is urgently needed.



In case of rice, it is a non-legumes plant and cannot fix the atmospheric nitrogen. This is due to
insufficient supply of the oxygen to the root nitrogen-fixing bacteria. But the rice plants have
intercellular spaces interconnected between the shoot and root. Oxygen is supplied to the oxygen-
deficient soil through these spaces [68]. This movement of oxygen is occurred by the diffusion
process. The diffusion of the oxygen through the plant to the soil is one of the important features. The
study of the movement of the O- ratio from plant to soil could be the best way to find the production
of rice without application of the chemical N-based fertilizers. Because the nitrogen-fixation is
depending on the presence of the oxygen. In the rice, the presence of the oxygen is important for the
survival of nitrogen-fixing bacteria in the root to fix the atmospheric nitrogen. One of the special
feature of the rice plant that can move the oxygen diffuse through the aerenchyma tissues of the stem,

leaves and root system to the soil.

In most plant species, diffusion is the mechanism by which O, moves. The flow of gases through
the through-flow mechanism has used to observe the rate of flow of oxygen in the plant system. The
rates of flow are depending on the pressure gradient and aeration system [69, 70]. The pressure
gradient may vary depends on the species and environmental conditions. The volume of aerenchyma,
organ cross-sectional area and internal anatomy (e.g. presence of diaphragms) are some of the factors
that determine resistance at the stem and at root-rhizome junctions. Oxygen that diffuses through
pores in plants have been studied in the water lily, and the grass species such as Phragmites australi).
The flow of gases due to positive pressures was found in floating-leaved [71] and emergent [69]
wetland plants. But the oxygen flows of decreasing in pressure have so far only been studied in
Phragmites australis [68, 72]. The flow of gases via non-through-flow mechanisms (steady-state
condition) have also been proposed i.e., in the rice such as Oryza sativa [73]. Also in the submerged
plants, the dissolved oxygen produced during the photosynthesis diffuses through a steady-state
condition. Even if there is no pathway exists, the oxygen will diffuse due to the increases of the partial

pressure of the oxygen [74].

Oxygen also diffuse through the root of the plant. The diffusion of the oxygen in roots is
determined by structural, morphological, and physiological features, as well as temperature and
demand for O in the rhizosphere. The internal oxygen diffusion depends on the penetration of the
roots into the soil [75] and other factors. The wetland species roots have the anatomical features.
Depending on the species, some features are expressed constitutively and/or can be enhanced when
plants are exposed to low O in the root zone. Moreover, the numbers of adventitious roots of Rumex
species may be affected by O deficiency [76, 77]. Several structural and morphological features of
the O> diffusion to the apex of roots in anaerobic condition was done by mathematical modeling.
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According to this model, the stele has oxygen diffusion due to the low porosity and relatively high
rate of the oxygen consumption [78]. So that the measurement of the diffused O, at the plant and soil

of plant could be good insight to find the better nitrogen-fixing plant.

1.4 Application of sensors in the agriculture

Sensors can be used to solve the problem of the plant immediately. The sensor is promising tool
to develop a modern agriculture. For example, an information on crop, soil, climate, and
environmental conditions is possible to known by using the sensor tools. If nutrients in the soil,
humidity, solar radiation, density of weeds and all factors affecting the production are known, the use
of chemical products such as fertilizers, herbicides, and other pollution products can be reduced
considerably. Remote spectral sensing of crops has been intensively investigated and proven to be an
important tool in modern agricultural management. Remote spectral sensing has been successfully
used to measure crop nutrition, crop disease, water deficiency or surplus, weed infestations, insect
damage, plant populations, flood management, and many other field conditions [79-82]. The food
quality and contaminants of the food have been detected by using the remote spectral sensing [83-
86].

Plants and trees normally release volatile organic compounds (VOCs) as a byproduct of everyday
physiological processes. The specific VOCs and the quantities released are indicative of both the crop
and field conditions. Humidity, light, temperature, soil condition, fertilization, insects, and plant
diseases all affect the release of VOCs. The most common applications of electronic noses in
agriculture are to detect crop diseases, identify insect infestations, and monitor food quality. The
electronic nose is typically trained by comparing the profile of VOCs released by healthy plants/fruits
with diseased plants/fruit. One of the major applications of the electronic nose in the food industry is
to assess the freshness/spoilage of fruits and vegetables during the processing and packaging process
[87, 88]. Studies have been conducted to detect VOCs that indicate fruit ripeness and/or compounds
that trigger fruit ripening, such as ammonia [89], ethanol [90], ethylene [91] and trans-2-hexenal [92].
Electronic noses and electroantennogram sensors have also been used to determine the area of
coverage of pheromone traps set to capture insect herbivores [93-95]. Recently, the ability of the
electronic nose to identify early stages of insect infestations by detecting VOCs secreted by plants
that have been investigated [96, 97].



The wireless sensor, global positioning sensors; soil, water, ion and VOC sensors; microcontroller
have been designed and are now under field trials. So that, an efficient sensor system can be important
factor for enhancing the crop yield. Due to advances in wireless technologies, wireless sensor
networks have been developed, which will enable new precision in agricultural practice. The
development of this technology is envisioned to provide revolutionary means for observing, assessing
and controlling agricultural practices. Wireless sensor network technology is still in its earliest

development stage [98-100].

1.5 Objectives of the study

The main goal of this study was to develop simple, cost effective, and time-saving electrochemical
sensors for the plant research. The following devices were developed in this study:

e Disposable Na'-ion-sensing device for measuring the Na" ion directly from the live plants.

e Microfabrication of the needle-type (type-I) and syringe needle-type (type-1I) ion-sensing

devices for measuring the ionic variation in the rice plants.

e Microfabrication of the Clark-type oxygen electrode for developing a sustainable

agriculture system for the rice plants.
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Chapter 2: Disposable Na* lon-Sensing Device for Research on Salt-Tolerant
Plants

2.1 Introduction

Concentration of Na* ions within plants were measured by techniques including atomic absorption
spectrophotometry [1], flame photometry [2], plasma spectrometry [3], and 2Na-NMR microscopy
[4]. However, they require a large volume of sample solution and expertise. In addition, these
techniques are invasive and require an expensive instrument. As simple inexpensive instruments,
portable electric conductivity meter (EC meter) are used. However, a problem with this method is
that the measurement is not specific; the EC meter responds to all ionic species in the solution. Also,
fluorescence measurement is often used in basic researches [5]. However, a problem is that

fluorescent dyes are chemically invasive.

To solve these problems, a glass capillary ion-selective electrodes (ISEs) were used for the
measurement of the Na* ion concentration in the plant cells [6-8]. However, the preparation of the
glass capillary ISEs requires expertise, collection of materials and reagents, and special instruments.
Therefore, if Na* ion concentration can be measured immediately using an inexpensive disposable

Na* ion-sensing device, it will be a great advantage.

An issue for the practical application of devices of this kind is stability during long-term storage
and reliability of measurements. In microfabricated electrochemical sensing devices of this kind, a
deterministic factor for lifespan is the Ag/AgCI electrodes used to measure potential difference. To
this end, we have used a thin-film Ag/AgCl electrode structure with AgCI grown from pinholes in a
protecting layer. In addition, an additional electrode was formed to grow AgCl in situ before the
measurement [10] or even after completing the device. In this study, we fabricated a disposable Na*
ion-sensing device to measure Na* ion concentration directly from the stem of the Welsh onion.
Composition of data with those obtained using glass capillary ISEs demonstrated that our device can

be research for on salt-tolerant plants.

2.2 Experimental procedure

2.2.1 Reagents and materials
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Materials and reagents used for the fabrication and characterization of the devices werepurchased
from the following commercial sources: a polyimide sheet (130 um thick) from JMT Corporation
(Osaka, Japan); a polyvinylchloride (PVC) sheet (120 um thick) from As One Corporation (Osaka,
Japan); a positive photoresist (S-1818G) from Dow Chemical (Midland, MI, USA); soda lime glass
capillaries (external diameter: ~1.8 mm, internal diameter: ~1.5 mm) from Asahi Glass (Tokyo,
Japan); bis(12-crown-4) and 2-nitrophenyloctyl ether (NPOE) from Dojindo (Kumamoto, Japan);
sodium tetraphenylborate from Sigma Aldrich (Buchs, Switzerland); agarose S from Nippon Gene
(Toyama, Japan); a silver wire (diameter: 1 mm) from The Nilaco Corporation (Tokyo, Japan); an
adhesive, Aron Alpha®, from Toagosei (Tokyo, Japan). PVVC powder, tetrahydrofuran (THF), and
other reagents were purchased from Wako Pure Chemical Industries (Osaka, Japan). The Welsh onion
was obtained from a local supermarket. Solutions were prepared with Milli-Q water (Millipore,

Tokyo, Japan).

2.2.2 Microfabrication of the Na* ion-sensing device

The microfabricated Na* ion-sensing device consisted of a Na* ISE and a RE. The device was
constructed with polyimide and PVC layers with electrodes and solution reservoirs (Fig. 2.1). We
used plastics considering the fabrication cost and the necessity of the deformation of the device when
it is placed and fixed on a part of a plant. Two sets of circular Ag/AgCl electrodes and concentric
platinum electrodes were formed on the polyimide base layer. The Ag/AgCl electrodes were used to
measure the potential of the ISE, whereas the concentric platinum electrodes were used to grow AgCl
additionally in situ after the device was completed. Reservoirs for the electrolyte solutions of the ISE
and the RE were formed by making through-holes in the second polyimide layer, which was bound
to the base layer using the adhesive. The top PVC layer with a Na* ion-selective membrane and the

through-hole for the liquid junction of the RE was bound to the second polyimide layer.

The electrodes were formed by a thin-film process. A 30-nm-thick chromium layer and a 300-nm-
thick platinum layer were sputter-deposited in this order on the polyimide base layer after the
formation of positive photoresist patterns, and the electrode patterns were formed by lift-off. The
chromium layer was used to promote the adhesion of the platinum layer to the base layer. Then, 600-
nm-thick silver patterns were formed only on the two circular platinum areas by lift-off in the same

manner.

The positive photoresist was also used for insulation and three pinholes of 40 um diameter were

18


https://en.wikipedia.org/wiki/Kumamoto,_Japan

(a)

Solution Solution
inlet  Ag/AgCl Platinum  inlet

Contact -

Contact
pad
- x‘
Solution
outlet

Solution
outlet

7 I
lon-selective Insulating Liquid
membrane layer  junction

(b)

lon-selective Intemal electrolyte Liquid

membrane Sﬁl{ﬁﬂ" unction
g | \-; \\J FPve

§ e e b Insulating
N .

e I !
Pinhole Ag/AgCl Platinum Silver

(c)

Solution inlet
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formed on each circular silver electrode. The thickness of the insulating layer was 2.7 um. Next, a100
mM KCI solution was placed on the silver pattern and the concentric platinum pattern, and AgCl was
grown from the pinholes into the silver layer by applying a constant current (50 nA) for 10 min using
a galvanostat (HA-151, Hokuto Denko, Japan) [10]. After the device was completed and used for
experiments, AgCl was additionally grown using the internal electrolyte solution (1.0 M KCI) by
applying 50 nA for 5 min in the same manner to guarantee the stable potential of the Ag/AgCl

electrode.

For the Na* ion-selective membrane, crown ether is a representative ionophore [11]. To form the
membrane, 101 mg of PVC powder was dissolved in 3 mL of THF. Then, 200 pL of NPOE, 10 mg
of bis(12-crown-4), and 6 mg of sodium tetraphenylborate were added. The mixture was thoroughly
stirred and 2 pL of the solution was injected into one of the through-holes (diameter: 1 mm) formed
in the PVC layer before adhering it to the underlying polyimide layer. Before the injection, the bottom
of the through-hole was closed with a sticky note paper, which was removed after the membrane was
formed. The PVC substrate with an ion-selective membrane was stored at room temperature for 24 h

and was fixed to the polyimide layer using an adhesive.

To make the liquid junction for the RE, a 2% agarose gel solution was prepared with a 1.0 M KCI
solution. The solution was heated on a hot plate for 30 min at 90 °C and was injected into the other
through-hole of the PVC layer without the ion-selective membrane after bonding the PVC layer to

the second polyimide layer.

To complete the Na* ion-sensing device, a 1.0 M KClI solution was injected into the reservoirs for
the ISE and the RE as internal electrolyte solutions using a micropipette. The solutions were
replenished with fresh solutions every time before conducting the new experiment.

2.2.3 Fabrication of the glass capillary ISE and RE

Na*" ISEs were also made with a glass capillary by an established technique and used for
comparison as a reliable device. It consisted of a soda lime glass capillary, an ion-selective membrane
formed at one end, a Ag/AgCI electrode, and an internal filling solution. One end of the glass

capillaries was made thinner (inner diameter: ~1 mm) using a puller (Narishige, Japan).

In forming the ISE, the glass capillary was washed with distilled water and dried overnight in a

covered plastic box. The materials used for the ion-selective membrane were the same as those used
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for the microfabricated ISE. To form the ion-selective membrane, the end of the glass capillary was
immersed in the mixture containing the ionophore and was removed. After that, the capillary was
kept in a plastic box overnight. The Ag/AgCl electrode was made by immersing a silver wire in a 100
mM KCI solution and growing AgCI on the surface by applying 250 pA for 10 min using the
galvanostat. The AgCl area was 0.8-cm long. Finally, the glass capillary with the ion-selective
membrane was filled with a 1.0 M KCI solution, and the Ag/AgCI wire was inserted there so that

only the part covered with AgCI contacted the solution.

The RE for the glass capillary ISE was fabricated in the same manner. It consisted of a glass
capillary with a liquid junction and a Ag/AgCl electrode immersed in an electrolyte solution. The
glass capillary with a smaller diameter at the end was prepared as the one used for the ISE. An agarose
gel (2%) containing 1.0 M KCI was used for the liquid junction. The agarose solution was heated on
the hot plate for 30 min at 90 °C, and the end of the glass capillary was filled with an electrolyte gel
by dipping its end into the solution. Finally, the Ag/AgCI wire was inserted into the capillary, and a
1.0 M KCl solution was introduced into the glass capillary to complete the RE. When not in use, the
glass capillary ISE and RE were stored in a plastic box after gently cleaning them with distilled water

and wiping with tissue paper.

2.2.4 Characterization of the devices

The response profile of the microfabricated ISE was obtained with NaCl standard solutions. One
of the solutions was placed on the chip to cover the ion-selective membrane and the liquid junction.
After the potential was stabilized, the solution was discarded, and the ion-selective membrane and
the liquid junction were cleaned with distilled water and dried with tissue paper. Then, the next

solution was placed there. The same steps were repeated for all solutions.

The stability of the microfabricated Ag/AgCl electrode was checked in a 1.0 M KCI solution in a
beaker. A commercial Ag/AgCI electrode (2060A, Horiba) was immersed there. A 3.3 M KCI
solution was used for the internal solution of the commercial electrode. The potential of the
microfabricated Ag/AgCl electrode was measured with respect to the commercial electrode.

2.2.5 Measurement of Na* ion concentration in Welsh onion
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For both types of ISEs, the potential of the ISE was measured with respect to the corresponding
RE using an electrometer (AutoLab PGSTAT12, Eco Chemie, Utrecht, Netherland). For pre-
conditioning, the ISE was immersed in a 100 mM NaCl solution for 30 min. The ion-selective
membrane and the liquid junction were cleaned with distilled water before and after the experiments.
To use it in other days, the microfabricated device was rinsed with water, gently dried with tissue
paper, and kept in a plastic box with a cover. Between measurements with the same Welsh onion

sample, ISE membrane on the device was dipped in the 100 mM NacCl solution.

Welsh onion was selected as model plant. Welsh onion was purchased from a local supermarket
of Tsukuba, Japan. Purchased Welsh onion and salt exposed Welsh onion were used for this study.
For the latter, the roots of Welsh onions were immersed continuously in a 100 mM NacCl solution in
a beaker and the solution was replaced with a fresh one every 2 days. The Na* ion concentration was
measured at several locations, which was indicated as distances from the bulb of the Welsh onion
(Fig. 2.2 (a)). Both sides of the same Welsh onion were used for the measurement using both
microfabricated and glass capillary ISEs. For the microfabricated ISE, a part of the stem surface of
the Welsh onion was peeled off (Fig. 2.2 (a)), and the ISE and RE areas were attached and fixed there
by applying pressure slightly by hand (Fig. 2.2 (b)).

The areas used for the measurement for the microfabricated ISE and RE were closed with a
polyimide tape and the locations used for the glass capillary ISE and RE were prepared on the other
side of the same Welsh onion by scratching the surface slightly. The glass capillary ISE and RE were
inserted there (Fig. 2.2 (b) and (c)).

The Welsh onions were discarded every time after measurement at all locations. The Na* ion
concentration was calculated on the basis of the calibration plot obtained with NaCl standard
solutions. The internal solutions of the ISE and RE for both the microfabricated device and the glass
capillary electrodes were replenished with a fresh solution every time prior to the measurement. The

experiments were conducted at 25 °C.

2.3 Result and Discussion
2.3.1 Performance of the Na* ion-sensing device

The adhesion of the platinum and silver electrodes to the underlying layer was sufficient even

after immersion in a 1.0 M KCI solution for at least 8 days. The stability of the potential of the thin-
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(a)

(b)

(e}

Fig. 2.2 Measurement of Na* ion concentration. (a) A predetermined part of the Welsh onion
was peeled off for the measurement using the microfabricated Na* ion-sensing device. (b) A part
of the Welsh onion is placed on the ion-selective membrane and liquid junction of the
microfabricated Na* ion-sensing device and slight pressure is applied. (c) For the glass capillary

ISE and RE, a part of the Welsh onion was scratched, and the electrodes were inserted there.
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film Ag/AgCl electrode was checked in the same 1.0 M KCI solution used for the internal electrolyte
solution. The potential could be maintained for at least 2.5 h accompanying a gradual drift in the
negative direction (—2 mV). Therefore, by reproducing AgCl prior to each measurement, reliable

measurements can be conducted.

Fig. 2.3 (a) shows the response profile of the microfabricated ISE when the standard NaCl solution
on the chip was changed sequentially. The potential was shifted in the positive direction with the
increase in Na* ion concentration. Fig. 2.3 (b) shows the relationship between the measured potential
and the Na* ion concentration of the microfabricated and glass capillary ISEs. As anticipated from
the Nernst equation, a linear relationship was observed for both cases in the examined concentration
range. The slopes of the plots for the microfabricated ISE and the glass capillary ISE were +55.1 and
+55.4 mV/decade, respectively, and was slightly smaller than the expected value at 25 °C (+59.2
mV/decade). The values obtained with the two types of ISE were close, demonstrating that the
microfabricated ISE along with the integrated RE can be used like the conventional ISE and RE made
with glass capillaries.

2.3.2 Measurement of Na* ion concentration in Welsh onion

In this study, Welsh onion was used as model plant. Although the device worked normally for
measurements over several days, we used a new one when we judged that the output became unstable.
The performance of the devices used was essentially the same as that mentioned in the Section 2.2.3
and no significant difference was observed. Two types of live Welsh onion were used. One was as
purchased from the supermarket and was not exposed with the salt. As for the other one, the root was
exposed to 100 mM NaCl. Changes in the Na* ion concentration was monitored for the two types of
Welsh onion using the microfabricated Na* ion-sensing device and the glass capillary ISEs (Figs. 2.4
and 2.5). The concentration of Na* ions increased in all locations of Welsh onion as time elapsed but
decreased as the location was distant from the root. The measured concentrations were very close
between the microfabricated device and the glass capillary device. The tendency agrees with that of
similar experiments conducted with rice [12], onion [13], and sorghum [14].

2.4 Conclusion

The microfabricated ISE is applicable to the direct measurement of Na* ion concentration without
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pinhole formed in the insulating layer. The AgCl can be grown repeatedly prior to measurements

using a platinum electrode formed within the same solution reservoir even after the device was

completed. The electrodes actually provided the potential as expected in a Ag/AgCl electrode for a

sufficiently long time needed for measurements. The Na* ion concentration measured using the

microfabricated ISEs agreed well with those obtained using the conventional ISEs made with glass

capillaries. Changes at different times and locations of the Welsh onion could be measured clearly.

On the basis of this technique, ion-sensing devices for other ions can also be realized. This device

will be a useful tool for the efficient screening of salt-tolerant plants.
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Chapter 3: Microfabrication of the Needle-Type lon-Selective Electrodes for

Researches on Salt Tolerant Rice Plants

3.1 Introduction

An electrochemical sensor can be defined as a device that transforms chemical reaction
information of the analyte into electrical signal and recorded by an instrument. The potentiometric
ion-selective electrodes (ISEs) respond to the activity of the analyte ions. The potential of the ISEs
changes in proportion to the logarithm of the activity. As the ion-selective membranes, glass [1],
plasticized polymers [2], or various crystalline materials have been used. A representative is probably
the pH glass electrode which is still one of the most important standard laboratory devices. On the
other hand, the ion-selective electrode is usually made from an organic polymeric matrix containing
an ionophore, a lipophilic ligand, and a lipophilic ionic species. The pH glass electrode guarantees
the operation of the ISE by keeping the total amount of measuring ions inside the membrane constant,
while the ion-selective electrode assures a selective response of the ISE to the target ion. ISEs are
cheap and simple devices that can be miniaturized easily, allowing on-line and in-situ measurements

and may provide speciation information.

In the plant research, ion-selective electrodes will be useful. Some micro-sensors are available,
but they used in the sample solution only. The measurement of the ion directly from the plant is less
studied. Although ion-selective electrodes made with glass capillaries are used particularly for
physiological researches, special care is needed for handling because they are easily broken. To meet
these requirements, we newly developed a needle-type Na* and K* ion-selective electrodes that can

measure ion concentrations in live plants directly.

3.2 Experimental Section
3.2.1 Reagents and materials

Material and reagents used for the fabrication and characterization of the devices were purchased
from the following commercial sources: a polyimide sheet (130 um thick) from JMT Corporation
(Osaka, Japan); a positive photoresist from Dow Chemical (Midland, USA); bis(12-crown-4) and 2-

nitrophenyloctyl ether (NPOE) from Dojindo (Kumamoto, Japan); valinomycin, dibutyl sebacate
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(DOS), tetrahydrofuran (THF), polyvinylpyrrolidone (PVP), polyvinyl chloride (PVC) powder,
potassium chloride (KCI), and sodium chloride (NaCl) from Wako Pure Chemical Industries (Osaka,
Japan); sodium tetraphenylborate, poly(HEMA) poly(2-hydroxyethyl methacrylate) (poly(2-
hydroxyethyl methacrylate)), and potassium tetrakis (4-chlorophenyl) borate (KTpCIPB) from Sigma
Aldrich (Buchs, Switzerland). Syringe needles (0.9 mm in inner diameter) were purchased from
Terumo (Tokyo, Japan). Solutions were prepared with Milli-Q water (Millipore, Tokyo, Japan).

3.2.2 Microfabrication of the needle-type and syringe needle-type Na* and K* ion-sensing

devices

The needle-type (type-1) and syringe needle-type (type-11) microfabricated Na* and K* ion-
selective electrodes (ISEs) consisted of indicator electrodes and reference electrodes (REs). The

fabrication process of the type-I ISEs and the reference electrode are outlined in Fig. 3.1.

The structure of the type-1 ISE is shown in Fig. 3.2. The type-I ISE device was constructed with a
polyimide film, silver, a polyvinylpyrrolidone (PVP) layer (act as an electrolyte layer) and a
polyvinylchloride (PVC) layers as a reservoir for the ISEs (Fig. 3.2). The polyimide film was used as
a substrate considering the fabrication cost. The Ag/AgCl electrode was formed at one end of the
silver layer (0.8 cm long) by depositing AgCIl. The Ag/AgCl electrodes were used to measure the
potential of the ISEs.

To prepare the electrolyte solution for the Na* ion-selective electrode, a 75 % PVP solution was
prepared by dissolving the PVP powder in a 0.1 M NaCl solution. The Ag/AgCl part of the electrode
was immersed in the 75% PVP solution and was removed from the solution immediately. The dry
PVP layer was obtained after drying for 30 min. THF was used as a solvent for making a 66% PVC
solution. The electrode with the PVP layer was immersed in the PVC solution to make the reservoir
of the electrolyte layer. The PVC-coated electrodes were formed after drying for 10 min. After
forming the electrolyte chamber, the end of the Ag/AgClI electrode was cut using a scissor. The Na*
ion-selective membrane was formed at the end by immersing the part in the Na* ion-specific

ionophore solution. The membrane was formed after drying for at least 24 h.

Similarly, the preparation of the type-1 K* ion-selective electrode was followed the preparation of
the type-l1 Na* ion-selective electrode. A 0.1 M KCI solution and K* ion-selective membrane was
used here. In case of the type-l RE, the internal solution and the membrane of the type-1 Na* ion-

selective electrode was replaced with the 3 M KCI solution and the poly(HEMA) liquid junction. The
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Fig. 3.1 The steps involved for making the electrolyte layer of the electrodes. The PVP solution
was dissolved in internal solution. The PVP was dissolved in the 0.1 M NaCl for the the Na* ion-
selective electrode, 0.1 M KCI for the K* ion-selective electrode, and 3M KCI for the RE. Then,
AgNO3 solution was added to the electrolyte solution for getting the expected potential during the
experiment. The prepared electrode can be used as Na* ion-selective electrode, K* ion-selective
electrode and RE by dipping the end in the Na* ion-specific solution, K* ion- specific solution,

and poly(HEAM) liquid junction solution, respectively.
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Fig. 3.2 Structure of the type-I ion-selective electrode. (a) A top view. (b) Cross section along the
x-x’. (c) Cross section along z-z’ direction. (d) Single electrode, and e) Multiple electrodes on
the palm of the hand.
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various step involved for the fabrication of the type-I ISE and RE are shown in Fig. 3.2.

Depending on the experiment, the type-I1 ISE and RE were fabricated. The structure of the type-
Il ISE and RE are shown in Fig. 3.3. The type-1l ISE is constructed with a syringe needle (inner
diameter: 0.9 mm), electrolyte solution, an Ag/AgCl electrode, and an ion-selective membrane. To
form the ion-selective membrane, the syringe needle was cleaned with 99.99% ethanol for 10 min
using a sonicator. Next, the syringe needle was dried on a hotplate for 20 min at 120 °C. The sharp

end of the syringe needle was immersed in an ionophore solution to form the ion-selective membrane.

Next, the Ag/AgCl electrode and internal solution (0.1 M NaCl for the Na* ion-selective electrode,
and 0.1 M KCI for the type-1l K* ion-selective electrode) were introduced into the syringe needle to
complete the ISEs. To fabricate the type-Il1 RE, a similar procedure was followed. Here, a 3.0 M KClI
solution was used instead of a 100 mM NaCl or KCI as an electrolyte solution. Also, the ion-selective
membrane of the type-I1 ISEs was replaced with a poly(HEMA\) liquid junction. To complete the RE,
internal solution and Ag/AgCl electrode was incorporated in the syringe needle.

Fig. 3.4 shows how the electrolyte solution was introduced within the needle chamber. Briefly the
electrolyte solution has taken into the conical centrifuge-tube. The Ag/AgCI electrode was
incorporated in the syringe needle. Then, the syringe needle with the electrode was vertically inserted
in the centrifuge tube. Next, the tube with electrode was placed introduced to the vacuum chamber
and was removed the bubble by using vacuuming process. Therefore, the electrolyte solution was
introduced within the needle chamber. Sometimes, these steps were followed two or three times

depending on the requirements, but maximum cases one time was followed.

A polyimide sheet was used as substrate. Dimensions of the polyimide sheet was 80 mm x 60 mm.
The surface of the sheet was made rough using the sand blaster. The sonicator was used to clean the
sandblasted sheet. The sonication was done three times and fresh acetone was used every time for
cleaning. Next, the electrodes were formed by a thin-film process. A 600-nm-thick silver layer was
sputter-deposited on the polyimide base layer. A positive resist was used to cover the silver layer.
Next the polyimide string with the silver was cut using dicing machine to form the multiple number
of the polyimide strings. Finally, a fresh acetone solution was used to remove the positive resist from

the polyimide strings.

The active area of the silver was protected by using a positive resist. During the protection, the
two ends of the silver were exposed. One exposed end (0.8 cm) was used for growing the AgCl
electrode, and other end was used for making the contact pad. The AgCl was grown in 0.8 cm silver
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Fig. 3.3 The structure of the type-11 ion-selective electrode and RE. (a) The structure of the type-
Il ion-selective electrode. The ion-selective membrane was formed at the sharp end of the needle.
(d) The structure of the type-Il RE. The end of the syringe needle was filled with poly(HEMA)

solution as liquid junction. (c) A syringe needle (innner diameter: 0.9 mm).
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(a) (b)

(d) (c)

Fig. 3.4 The process of the introduction of the internal solution within the chamber of the syringe
needle. (a) The electrolyte solution in the centrifuge tube. (b) Needle inserted vertically in the
solution of the centrifuge tube. (c) Needle in the solution. (d) Centrifuge tube with needle in the

vaccum chamber.
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layer by applying a constant current (50 nA) for 10 min using a galvanostat (HA-151, Hokuto Denko,
Japan) [26].

For the Na* ion-selective membrane, crown ether is a representative ionophore [5]. To form the
membrane, 101 mg of PVVC powder was dissolved in 7.6 x 10% pL of tetrahydrofuran (THF). Then,
200 pL of NPOE, 10 mg of bis(12-crown-4), and 6 mg of sodium tetraphenylborate were added. The
mixture was thoroughly stirred to mix completely. Then, the end of the type-I ISEs or the sharp end
of the syringe needle was immersed in the solution to form the membrane. The ISEs were stored in a

plastic box with cover at room temperature for at least 24 h prior to the experiments.

For the K" ion-selective membrane, 5 mg of ligand (valinomycin), 1 mg of lipophilic additive
(KTpCIPB), 134 mg plasticizer (DOS), and 60 mg of PVC were mixed together [3-4]. To form the
membrane, the mixer was dissolved in 2.5 x 10° pL tetrahydrofuran (THF) solution. The mixture was
thoroughly stirred to mix completely. Then the end of the type-I ISEs or the sharp end of the syringe
needle was immersed in the solution to form the membrane. The ISEs were stored in a plastic box

with a cover at room temperature for at least 24 h.

To prepare the liquid junction for the type-I and type-1l RE, a 0.05M poly(HEMA) powder was
dissolved in ethanol as solvent. The solution was thoroughly stirred to mix properly. The type-1 RE
electrode end and the sharp end of the syringe needle were dipped in the poly (HEMA) solution to
form the liquid junction. The liquid junction was inserted five times in poly(HEMA) solution and was
removed immidiately. Finally, the liquid junction was formed after drying for 24 h. To complete ISEs
and RE devices, a 0.1 M NaCl for the Na* ion-selective electrode (type-I and type-Il), 0.1 M KCI
solution for the K™ ion-selective electrode (type-I and type-Il), and 3 M KCI solution for the type-I
and type-11 RE were used as electrolyte solution.

3.2.3 Preparation of rice samples

The rice plant was grown in a greenhouse of the laboratory of crop sciences, Graduate school of
Bio-agricultural Sciences, Nagoya University, Japan. The rice variety, Nipponbare, was used for the
experiment. The rice plant was grown at control condition; high and low NaCl condition; and high

and low KCI condition are shown in (Fig. 3.5).

Type-1 ISEs were used to measure ion concentrations in dead plant parts. The experimental setup

and the preparation of sample solution are shown in Fig. 3.6. Briefly, the rice plant parts were dried
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Fig. 3.5 The rice plant condition and experimental set up of type-Il ISE with the live stem of the
rice plant. (a) control, (b) low NaCl, (c) high NaCl, (d) low KCI, (e) high KCI treated rice plant.
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(a) (b)

Fig. 3.6 The experimental set up of the type-1 ISE. The collected rice plant was washed with the
running tape water. The various part of the rice plant was dried with an oven at 120 °C for 24 h
and ground to form the powder. The centrifuge of the sample was done at 15000 rpm for 1 minutes.

The sensor was inserted into the sample solution for measuring the ion concentration.
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on a hot plate at 120 °C for 48 h. The dried plant parts were crushed using a crusher to make powder.
10 + 0.5 mg of the powder was taken in the Eppendorf tube. Milli-Q water was used to obtain 1 mL
solution. The vortex mixer was used to mix the powder completely with water. Finally, the sample

solution was centrifuged for 2 min at 15000 rpm to remove debris in the solution.

For the type-1l1 ISEs, the Nipponbare rice plant was removed from the soil of the pot and
immediately used for the measurement. The plant was cleaned with the running water and dried with
tissue paper. The locations of measurement and the experimental set up are shown in Fig. 3.7. The
stem base was the origin (0 cm) and the other locations were measured from there. The ISEs were
inserted in the locations and the concentration of ions was measured one by one. The different rice

plant was used for each experiment to measure the Na* and K* ions

The results obtained using the ISEs were compared with those obtained using an inductively
coupled mass plasma spectrometry (ICP). The standard method was followed for the ICP sample
preparation. Briefly, the dried plant part was heated on the hotplate at 120 °C for 48 h using a crusher
to make the powder. A 20+0.2 mg of powder sample was taken into the Teflon tube. Nitric acid was
added to the tube and the solution was kept overnight. The tube was heated in an oven for 24 h at
120°C to extract ions completely from the sample. Next, the tube was cooled down for 30 min or
longer, 10 ml of the milli-Q water was added, and the solution was mixed well using a vortex mixer.
Next, 4.95 pL of its supernatant was taken into the other tube and was stirred again using the vortex

mixer. Finally, the sample solution was filtered with a filter paper (pore diameter: 0.45 um).

3.2.4 Characterization of the devices

The response profile of the needle-type and syringe needle-type-1SEs was obtained with NaCl and
KCI standard solutions, respectively. To characterize the performance of the ISEs, the ISE and the
RE were immersed in a standard solution. After the potential was stabilized, the solution was
discarded. The ion-selective membrane and the liquid-junction of the RE was cleaned with distilled
water and then dried with a tissue paper. The next solution was then placed there. The same steps

were repeated for all solutions.

Stability of the type-1 and type-11 RE was checked in a 3.0 M KCI solution in a beaker. Stability
of the REs were tested in a concentrated KCI solution to check their performance under the extreme
condition where the saline content may be high. Although the REs was tested in such extremity, the

stability of the REs was not shown any significant change even after a exposing long time. A
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Fig. 3.7 The experimental set up of type-I1 ISE. (a) measured locations in the stem. (b) ISE inserted
in the lower part of the stem (5 mm distance from the stem base). (c) the ISE inserted into the

upper part (10 mm distant from the stem base).
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commercial Ag/AgCl electrode (2060A, Horiba, Kyoto, Japan) was immersed in the solution. A 3.3
M KCI solution was used for the internal electrolyte solution of the commercial electrode. The

potential of the type-I and type-1l REs was measured with respect to the commercial electrode.

3.2.5 Measurement of Na* ion concentration in rice plants

The potential of the ISEs were measured with respect to the corresponding RE using an
electrometer (AutoLab PGSTAT12, Eco Chemie, Utrecht, Netherland). For preconditioning, the Na*
ion-selective electrode was immersed in a 100 mM NaCl and K* ion-selective electrode in the 100
mM KCI for 1 h. The ion-selective membrane and the liquid junction were cleaned with distilled
water before starting the experiment. To use it on the other days, the ISEs were rinsed with water,
gently dried with a tissue paper, and kept in a plastic box with a cover. Between the measurements
with the same rice plant, the Na* ion-selective membrane was immersed in 100 mM NaCl solution,

whereas K* ion-selective electrode in 100 mM KCI solution.

For the measurement, the type-I ISEs were used in the sample solution of the root, stem base, stem,
green leaf and dead leaf, upper and lower part of the stem. Next, the type-11 ISEs were inserted directly
into the upper and lower part of the stem of the live rice plant. The rice plant was discarded every
time after the measurement. Na* ion concentration was calculated based on the calibration plot
obtained with NaCl standard solutions. The concentration was calculated using the calibration plot
obtained with the standard solution. The internal solutions of ISE and RE for syringe needle-type
(type-11) ion-selective electrodes and the REs were replenished with a fresh solution every time prior
to the measurement. For the type-I ISEs and RE, the solid internal layer of the electrodes was wet by
dipping them into the 0.1 M KCl and 3 M KCI for 5-10 minutes, respectively. The experiments were
conducted at 25 °C.

3.3 Results and discussion
3.3.1 Performance of the ISEs

The stability of the type-1 and type-I1 reference electrode was checked in a 3.0 M KCl solution. A
commercial Ag/AgCI reference electrode (2060A, Horiba, Kyoto, Japan) was immersed there. A 3.3
M KCI solution was used for the internal solution of the commercial electrode. The potential settled

at approximately 0 mV for the type-1 and type-11 reference electrodes, which are expected from the
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Nernst equation. The potential was stable for at least 12 h for the type-1 RE and 20 h for the type-
Il RE. It indicates, a reliable measurement can be conducted for a long time (Fig. 3.8). Fig. 3.9 shows
the calibration plots of the needle type-I ion-selective electrodes. For the type-I and type-Il Na* ion-
selective electrodes, the potential was changed with the changes of the standard NaCl solution
sequentially with an ISE. The potential was shifted in the positive direction with the increase in Na*

ion concentration.

Fig. 3.9 (a-b) shows the relationship between the measured potential and the Na* ion concentration
of the needle-type Na* ion-selective electrode with respect to the commercial and the poly(HEMA)
based reference electrode. As anticipated from the Nernst equation, a linear relationship was observed
for both cases in the examined concentration range. The slopes of the plots for the type-1 Na* ion-
selective electrode with respect to the commercial and poly(HEMA) based RE were +50.0 and +52.9
mV/decade, respectively. The slopes of the plots for the type-1l Na* ion-selective electrode with

respect to the commercial and poly(HEMA) based RE were 56.9 and +57.8 mV/decade, respectively.

Similarly, the type-I and type-1l1 K* ion-selective electrode were characterized with the standard
solution of the KCI with respect to the commercial Ag/AgCl electrode and the poly(HEMA) based
reference electrode. The potential was shifted in the positive direction with the increase in K* ion
concentration. The slopes of the calibration plots for the type-1 Na* ion-selective electrode with
respect to the commercial and poly(HEMA) based RE are +55.9 and +50.9 mV/decade, respectively
(Fig 3.9 (c)). The slopes of the plots for the type-11 Na* ion-selective electrode with respect to the
commercial and poly(HEMA) based RE are +50.4 and +51.0 mV/decade, respectively (Fig 3.9 (d)).
The values obtained with the two needle-types Na* and K* ion-selective electrodes were close to
Nernst slope, demonstrating that the needle-type ISEs along with the RE can be used for the

measurement. The experiment was conducted at 25 °C.

3.3.2 Measurement of Na* ion concentration in rice plants

The measurement of the ion concentration is very much important to know the growth, height,
weight, seed yield, etc. The ion has both positive and negative effect on the plant. The excess level
of the salt is harmful for the plant. The Nipponbare rice variety was used for the experiment. We
measured the ion concentration in the rice plant using both type-I and type-1l ISEs. Measurement of
the ion concentration with the type-1 ISEs are shown in Fig. 3.10. Na* ion concentration was found
higher in the roots than in the shoots (Fig.3.10 (a)). Also, Na* ion concentration was found higher at

the lower part of the stem and found lower at upper part (Fig. 3.10 (b)). Alternatively, K* ion
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Fig. 3.8 Checking the stability of the needle-type reference electrode in a 3 M KCI solution with
respect to the commercial reference electrode. (a) The stability of the type-lI poly(HEMA)
reference electrode. (b) Checking the stability of the type-1l poly(HEMA) RE. (c) Structure of the
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concentration was found higher in the shoot than the roots (Fig.3.10 (c)). The upper part of the stem
has shown higher K* ion concentration than the lower part (Fig.3.10 (d)). Both the Na* and K* ion
concentration was increased with the increases of the salt concentration at the root of the rice plant.

These results are agreed with the results obtained by [6].

The obtained results with the type-1 Na* and K* ion-selective electrodes were compared with the
inductive coupled plasma atomic emission spectrophotometry (ICP-AES) method (Table 3.1). ISEs
has shown similar tendencies like ICP method. The concentration measured with both method was
found similarities. But some cases the differences were observed between two methods. Preparation

of the sample preparations and the ages of the plant are the probable causes for this variation.

Depending on the measurement, the type-11 ISEs were fabricated. ISEs were inserted into a live
rice plants. A two-week old seedling Nipponbare rice plant was used for the experiment. The
measured ion concentration is shown in Fig. 3.11. The ion was measured at upper part and the lower
part of the stem. The Na* ion concentration was found higher in the lower part than the upper part.
Alternatively, the K* ion concentration was observed lower in the lower part than the upper part. In
both cases of ion, the concentration was increased with the increases of the salt concentration at the
root system. The tendency of the measured ion concentration has shown similarities with the type-I
ISE. These results indicated that the type-1l ion-selective electrode could be used for the direct

measurement of the ions in the live rice plants.

3.4 Summary and conclusions

The needle-type (type-1) and syringe needle-type (type-Il) ISEs were fabricated. The electrodes
can be very inexpensive due to the use of polyimide as a substrate and many electrodes produce
through single batch-fabrication process. Depending on the experimental purpose, the type-I ISE used
in the sample solution and the type-Il ISE was used in the live plant for direct measurement of the
ion. Therefore, the syringe needle-type ISE can be inserted directly into the stem of the rice plant or
other hard samples. The type-Il ISE is applicable to the direct measurement of Na* and K* ion
concentration without any pretreatment. Thin-film Ag/AgCl electrodes were used for the fabrication
of the ISE and RE. For making the RE we used poly(HEMA\) to make the liquid junction. The stability
of the liquid junction. The stability of the type-1 and type-lIl RE were examined. The electrodes
actually provided stable potentials expected as an Ag/AgCl electrode for a sufficiently long time
needed for measurements. The ion concentration measured using the type-1 ISEs agreed well with
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Table 3.1. Comparative study of the type-1 Na* ion-selective electrode and K* ion-selective
electrode with the ICP-AES method. The blue color for the type-l1 Na* ion-selective electrode and

the red color for the type-1 K* ion-selective electrode.

Measured | NacClsalt ICP-AES Type-l Na-ISE KcCl salt ICP-AES Type-l K-ISE
parts treatment | 10%mg/kg) A0%maikg) | treatment | .1 u5{mgfkg} :10°(mgrkg)
Control 0.30 0.20 Control 0.02 003
Roots
High-Na 043 0.53 High-K 0.02 0.05
Control 0.04 0.03 Control 0.08 0.09
Stem base
(fresh) High-Na 0.05 0.08 High-K 0.12 0.12
Control 0.42 0.24 Control 0.10 0.1
Stem _ -
High-Na 042 0.62 High-K 0.11 0.14
Control Control
Green 0.07 0.01 0.07 0.06
leaves
High-Na 0.09 0.22 High-K 0.91 0.82
Control 025 0.36 Control 0.16 013
Dead
le
e High-Na 0.32 0.53 High-K 0.13 0.44
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Fig. 3.11 The measurement of the ions in the live plant using type-Il ISE. (a) The measurement of
Na* ion with type-11 Na* ion-selective electrode. (b) The K* ion concentration with the type-11 K*
ion-selective electrode.
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those obtained using the conventional ICPs method. On the basis of this technique, ion-sensing

devices for other ions can also be realized. The developed ISEs will be a useful tool for the efficient

screening of salt-tolerant plant.
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Chapter 4: Easily Batch-Fabricated Clark-Type Oxygen Electrodes for Plant

Researches

4,1 Introduction

Dissolved oxygen is one of the most important parameters for understanding of the mechanism of
the nitrogen fixation in rice plants. To increase the production of rice without application of chemical
fertilizers, the nitrogen-fixing mechanism in rice plant needs to be improved urgently. But, the
nitrogen-fixing mechanism is completely depending on the nitrogen-fixing bacteria. The nitrogen-
fixing bacteria can survive in the soil of the root system in presence of the oxygen. Oxygen deficiency
is causing the death of the bacteria. Therefore, the information of dissolved oxygen concentration in
the rice root and its parts at various points of the technological line is essential for developing a

sustainable agriculture system.

The sample analysis method (Winkler method) has used to measure the dissolve oxygen level in
the laboratory. But it has required high resolution of data to measure the compounds. Also, it is costly
process, time consuming, and requires technical operator. Moreover, the accuracy, reliability and
complexity of the method is very less. Now a day one of the main encounters is the advance of
methods to accomplish the rapid both laboratory and filed based analyses. These methods must be
sensitive and accurate, and able to determine various substances with different properties in ‘‘real-

life’” samples.

To this end, the Clark-type oxygen might be a good choice. Because, it is inexpensive, high
selectivity, high sensitivity, and rapid, which are able to use in the real samples. Also, the oxygen-
electrode made with immaobilization of organisms and enzymes have been used to analyze the various
biological samples. Various tools have already been used to measure the dissolved oxygen level in
biological samples. Among them, the Clark-type oxygen-electrode has been used in clinical analysis,

fermentation monitoring, scientific research, food industry, and development of biosensors [1].

Various miniature Clark-type oxygen-electrodes have been proposed based on CMOS
(Complementary Metal Oxide Semiconductor) or MEMS (Micro Electro-Mechanical Systems)
techniques over the last two decades [2-12]. Although some of them have been commercialized, they
are extremely expensive. Also, many of them were not necessarily suited for the application to plant
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researches. To solve these problems, we fabricated simple cost-effective oxygen electrodes

particularly aiming for measurement of the oxygen in the rice plant.

4.2 Experimental section
4.2.1 Reagents and materials

Materials and reagent used for the fabrication and characterization of the devices were purchased
from the following commercial sources: a polyimide film (130 pum thick) from JMT Corporation
(Osaka, Japan); a silicone adhesive (KE42) from Shin-Etsu Chemical (Tokyo, Japan); a positive
photoresist (S-1818G) from Dow Chemical (Midland, USA); polyvinyl chloride (PVC) powder,
tetrahydrofuran (THF), polyvinylpyrrolidone (PVP) and the other reagents from Wako Pure Chemical
Industries (Osaka, Japan). Syringe needles (1.2 mm in inner diameter) were purchased from Terumo

(Tokyo, Japan). All solution was prepared with Milli-Q water (Millipore, Tokyo, Japan).

4.2.2 Fabrication of the needle-type oxygen electrode

The structure of the needle-type (type-1) oxygen electrode is shown in Fig. 4.1. It consists of a
cathode, an anode, an oxygen-permeable membrane, an electrolyte layer, and a PVC coating
(reservoir) layer. The electrode was prepared by sputtering and dicing process. For this purpose, both
side of a polyimide substrate were sandblasted using a sandblaster for 20-30 s to make the substrate
surface rough and improve the adhesion of metal films to the substrate. Next, the substrate was
cleaned with distilled water and acetone using a magnetic stirrer. The substrate was further cleaned
three times in acetone using a sonicator for 15 min in total (5 min x 5 min x 5 min). Fresh acetone

was used each time.

Platinum and silver layers were sputter-deposited on both sides of the polyimide substrate (80 mm
x 65 mm) to make the cathode and anode, respectively. The thickness of the platinum and silver
layers were 150 nm and 560 nm, respectively. One end of the electrodes was used as contact pads
and the other end (1 mm) was used as the sensitive area. To this end, the active areas of the electrodes
were delineated with a polyimide layer. To form the layer, the polyimide prepolymer solution was
spin-coated and was baked for 30 min at 80 °C. Next, a positive photoresist was spin-coated and was
baked for 30 min at 80 °C.
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Fig. 4.1 The structure of the type-I oxygen electrodes. (a) A top view. (b) Cross section along x-
x’ direction. (c) Cross section along y-y’ direction. (d) Cross section along z-z’ direction. (€)

Single electrode. (f) Multiple electrode on the palm of the hand.
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For patterning of 1 mm sensitive area, a positive photoresist pattern was formed on the polyimide
film using a mask aligner. The photoresist was developed in a developer solution for 1 min. After
that, the substrate was rinsed with distilled water for 1 min and in ethanol for 2 min. Finally, the
substrate was cured at 150 °C for 15 min, at 200 °C for 15 min, and at 280 °C for 30 min. The
polyimide substrate with electrodes was cut into thin strings using a dicing machine. The length and
pitch of the electrode was obtained as 65 mm and 0.5 mm, respectively.

The fabrication process of the type-1 oxygen electrode is shown in Fig. 4.2. An electrolyte layer
was then coated on the electrodes. To this end, a 75% PVP solution was prepared by dissolving the
PVP powder in a 0.1 M KCI solution. The electrode end was immersed in the PVP solution and was
removed from the solution immediately is shown in the Fig. 2 (b). The dry PVP layer was obtained
after drying for 30 min (Fig. 4.2 (c)). THF was used as a solvent for making a 66% PVC solution.
The polyimide string with the dry electrolyte layer was immersed in the PVC solution (Fig. 4.2 (d)).
The PVC-coated electrodes were dried for 10 min to form the reservoir for the electrolyte layer. (Fig.
4.2 (e)). After forming the electrolyte chamber, the end of the Ag/AgCI electrode was cut using a
scissor (Fig. 4.2 (f)). The cut end was inserted in the silicone adhesive (Fig. 4.2 (g)) to form the
oxygen-permeable membrane at the cut end. The oxygen-permeable membrane was formed after
drying for 24 h (Fig. 4.2 (h)).

When an appropriate potential is applied to the working electrode (cathode) with respect to the
reference electrode (anode), oxygen is reduced on the cathode, generated current changes in

proportion to dissolved oxygen concentration under the diffusion limiting condition.

In the oxygen electrode, the state of AgCl in the Ag/AgCl anode influences the stability and
determines the lifespan. To form the AgCI layer during the fabrication process is not efficient, as the
layer is easily damaged by the dissolution of AgCIl accompanying the formation of silver complexes

[21]. Therefore, AgCl was grown during the operation of the oxygen electrode.

Depending on the experiment, the oxygen electrode needs to be directly inserted into a plant. For
this purpose, another type of oxygen electrode that employs a syringe needle (type-I1) was fabricated.
The structure of the syringe needle-type (type-1l) oxygen electrode is shown in Fig. 4.3. The type-II
oxygen electrode is constructed with a syringe needle (inner diameter: 1.2 mm), electrolyte solution,
an anode, cathode and oxygen-permeable membrane. The polyimide string with the cathode and
anode used in the type-1 oxygen electrode that was also used fabricating the type-11 oxygen electrode.

An electrolyte layer and the PVC coating formed in the case of the type-I device were not formed
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Fig. 4.2. Fabrication of the needle type (type-1) oxygen electrode. The preparation of electrolyte
layer, reservoir and oxygen permeable membrane.
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Fig. 4.3. The structure of the type-I1 oxygen electrode. (a) The type-I oxygen electrode. (b) A
syringe needle (inner diameter: 1.2 mm).
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here. As in the case of the previous device, a 0.1 M KClI solution used for making the electrolyte layer,

which was also used as an electrolyte solution for the type-I1 oxygen electrode.

To form the oxygen-permeable membrane, the syringe needle was cleaned with 99.99% ethanol
for 10 min using a sonicator. Next, the syringe needle was dried on a hotplate for 20 min at 120 °C.
The sharp end of the syringe needle was inserted in a silicone adhesive to form the oxygen-permeable
membrane. The membrane was used for the experiment after drying it for 24 h. Next, polyimide
electrode (cathode and anode) string and internal solution (0.1 M KCI) were incorporated in syringe
needle. The electrodes were introduced within the needle chamber using forceps before doing the
vacuuming. A 0.1 M KCI solution was introduced within the needle chamber by using a vacuum

desiccator. The vacuum process was also effective to remove bubbles from the chamber.

4.2.3 Electrical connection to the electrodes

The connection between alligator clip and the electrodes are shown in Fig. 4.4. The electrodes
were connected to a potentiostat for amperometric measurement (Autolab PGSTAT12; Eco Chemie,
Utrecht, Netherlands). One side of an alligator clip was insulated with polyimide tape, and the other
side was wrapped with an aluminum foil. For the connection of clip to the electrodes, the aluminum
foil insulated side was connected to the either anode or cathode. If the alligator clip is connected to
the cathode and polyimide tape wrapped side connected to the anode, then it will act as a connector
for the cathode. Similarly, while the aluminum foil insulated side of an alligator clip is connected to
the anode and polyimide tape wrapped side connected to the cathode, then it will act as connector for

the anode. Finally, the other end of an alligator clip was connected to the potentiostat.

4.2.4 Preparation of rice plant samples and RS1 bacterial medium

The rice plant was grown at a greenhouse of the laboratory of crop sciences, Graduate school of
Bio-agricultural sciences, Nagoya University, Japan. The plant was grown in plastic pot (Fig. 4.5) A
two-week old seedling plant stem and root were used for the measurement. First, dissolved oxygen
concentration was measured in the bacterial medium. To observe the activity of the bacteria at
different oxygen level, the two types of oxygen medium were prepared. For this purpose, the
nitrogen-fixing bacteria (Burkholderia vietnamiensis) was isolated from the sweet potato and was

grown at the bacterial medium. The bacteria were collected from sweet potato. Because, this

56



Electrodes

=

Insufated with polysmide tape

\ v
-

Insulated with alumnum foil

Fig. 4.4. The connection between alligator clips and electrodes.
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10 cm

Fig. 4.5. A Nipponbare rice plant and the experimental setup. (a) Control Nipponbare rice plant.
(b) Control liquid medium (0% oxygen). (c) Semi-solid bacterial medium (21% O). (d) Insertion
of the type-I oxygen electrode in the soil. (€) Measured location in the rice stem. (f) Type-11 oxygen
electrode inserted in the stem of the live rice plant.
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bacterium can fix the atmospheric nitrogen to produce the nitrogen fertilizer for the sweet potato.

4.2.5 Characterization of the oxygen electrodes

Cyclic voltammograms of the bare platinum electrode was examined with an electrolyte solution
(0.1 M KCI) in respect to the commercial Ag/AgCI reference electrode (2060A, Horiba) and a
platinum auxiliary electrode. A 3.3 M KCI solution was used for the internal solution of the
commercial Ag/AgCI reference electrode. The bare platinum electrode, platinum counter electrode

and Ag/AgCI reference electrode were inserted into the solution.

For checking the stability of the electrode, the oxygen-permeable end of the electrode was
immersed into the buffer solution saturated with air at 25 °C. An approximately 1 cm length of the
oxygen electrode was dipped into the solution. The solution was gently stirred using a magnetic

stirrer. The response of the electrode was checked before and after the experiment.

4.2.6 Measurement of the oxygen level in the bacterial medium

Both the control (solution) and semi-solid (gel) bacterial medium are shown in Fig. 4.5 (a-b). The
type-1 oxygen electrode was inserted at 0 mm (surface), 1 mm, 2 mm, 3 mm and 4 mm depth of both
medium. Next, the dissolved oxygen level was measured using the type-I oxygen electrode. The type-
I oxygen electrode was also used for measuring the oxygen level in the soil of the rice root system to
record the current change at various depths of the soil. On the other hand, the type-I1 oxygen electrode

was inserted into the stem of the rice plant to observe the oxygen level at the different depths.

4.2.7 Measurement of the oxygen level in the stem of the live rice plant

The syringe needle-type oxygen electrode (type-11) was used for the measurement of the dissolved
oxygen in the stem of the rice plant. The electrode was inserted into the stem of a live rice plant as
shown in Fig. 4.5 (e). The control rice variety Nipponbare was used to measure the level of the
dissolved oxygen in the stem. The locations are fixed at 1, 5 and 10 cm in stem of the live rice plant.
The type-11 oxygen electrode was inserted in each location at different depths of the stem. Therefore,
the collected bacteria were cultured in the bacterial medium and then observed how bacteria survive
at different state of the oxygen level.
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Depending on the survival capability at the medium, then it will be released to the experimental
pot of the rice plant. Then the growth rate of the rice will be observed at different days interval. For
this purpose, the bacteria were cultured in the control and 21% oxygen containing media to observe
the survival capability of the bacteria at different level of the oxygen. Burkholderia vietnamiensis is
a nitrogen-fixing bacterium. It can secret EPS (external polymeric substances) in high-concentration
of oxygen in the medium. EPS will not be secreted by the bacteria at low oxygen level. We want to
observe which level of the oxygen is perfect for secreting the EPS. EPS secretion will be confirmed

the activity of the bacteria in the media. All measurements were carried out at room temperature.

4.3 Results and discussion
4.3.1 Characterization of the needle types oxygen electrodes

Firstly, the electrochemical behavior of oxygen reduction in the miniature Clark-type oxygen
electrode was investigated. Cyclic voltammograms of the bare platinum electrode was taken in
electrolyte solution (0.1 M KCI solution) is shown in Fig. 4.6 (a) shows a typical cyclic
voltammogram of oxygen reduction occurring in a miniature Clark-type oxygen electrode. The
limiting current for oxygen reduction is observed to indicate that the reduction current measured in

the region can be used to estimate the oxygen concentration.

The stability of the both types of the oxygen electrodes was also checked in an air saturated buffer
solution at 25°C for 2 h. The current was gradually drifted in negative direction to ensure the longer

life time of the electrodes. The result of checking the stability is shown in Fig. 4.6 (b).

The response profile of the oxygen electrodes was obtained by changing the oxygen concentration
between the air saturated state to the Na>SOs saturated state. First, the electrode was immersed in
distilled water to measure the stable current. Next, Na>SO3 was added, and the current was measured.
The results of the reduction currents of the type-I and type-1l oxygen-electrode has observed when
the electrodes were applied at —0.8 V vs. cathode by the amperometry method. Fig. 4.7 (a-b) shows
the typical response curves of the type-1 and type-11 oxygen electrodes, respectively. though the
fabricated oxygen electrode is much smaller than the commercialized conventional oxygen
electrodes, it showed clear, stable, reproducible responses. The 90% response time was less than 10
s for increasing changes and 50 s for decreasing changes. While conducting the experiments,

however, an unnegligible residual current was detected.
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Fig. 4.6 The cyclic voltammogram and the stability of the type-1 oxygen-electrode. (a) The cyclic
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Fig. 4.7 Characterizations of the needle-type oxygen electrodes. (a) Response profile of the type-
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4.3.2 Measurement of the oxygen level in the bacterial medium

Some nitrogen-fixing bacteria has secreted the EPS in response to high Oz concentration. We have
checked the oxygen concentration in the liquid medium (0% O3) (Fig. 4.8 (a)) and liquid medium
(21% 0Oy) using the type-l oxygen electrode (Fig. 4.8 (b)). The approximately 15-hour bacterial
culture medium was used for this experiment. The Burkholderia vietnamiensis bacteria was the
culture in the medium. However, the electrode was inserted into the bacterial medium to record the
current change at various depths of the medium. A 0 mm (surface), 1 mm, 2 mm, 3 mm and 4 mm

depth of both medium has used for measuring the dissolved oxygen level.

The largest current was recorded at the 0 mm (surface) and the lowest current was recorded at 4
mm. The current was decreased with increases the distance from the surface to the depth of the
sample. Also, the measured current in the liquid medium was found comparatively lower than the
21% oxygen medium. Because in the solid medium, the oxygen scavenging bacteria has used the

oxygen for his survivability.

4.3.3 Measurement of oxygen concentration in the soil of rice root

The measurement of oxygen concentration in the rice plant root is important to know the better
environment for the growth of nitrogen-fixing bacteria. Most of the nitrogen-fixing bacteria survive
in the presence of oxygen. The type-1 oxygen electrode was inserted into the soil of the around rice
root system. The measured current was observed at the 0 mm (surface), 3, 7 and 10 mm depth of the
soil. The highest current was observed at the surface and the lowest one was observed at the 10-mm
depth of the soil (Fig. 4.9 (a)). The increasing and decreasing the current indicated the level of the

oxygen.

4.3.4 Measurement of the oxygen level in the stem of the live rice plant

On the other hand, the type-I1 oxygen electrode was used to measure the dissolved oxygen level
in live rice plants. A 1, 5 and 10 cm location of the stem have used for the measurement of the
dissolved oxygen level. The locations were settled from the stem base. The current was measured in
each location at the different depths of the stem i.e., 0 (surface), 1 and 2 mm. The 1 cm location has

shown the highest current level rather than the others. In case of the depth measurement, the
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electrodes. (a) The current changes were observed at the various depth of the soil of the rice plant.
(b) The type-11 oxygen electrode was used to measure the current changes in the various locations
of the stem of the live rice plant.
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surface has shown highest level of the oxygen rather than the 2-mm depth of the stem (Fig. 4.9 (b).
The similar tendencies were observed in all location of the stem of the live rice plant.

4.4 Conclusion

Microfabricated Clark-type oxygen electrodes were demonstrated to measure the dissolved oxygen
level in the salt stress plant. The type-I and type-Il oxygen-electrodes were easily fabricated using
sputtering and dicing process. Multiple numbers of oxygen electrode can produce through two
batches of sputtering. Therefore, we can easily minimize the cost of fabrication rather than the
previously reported fabrication of oxygen electrodes. The fabricated both type electrodes showed a
sensitivity in the 1 mm length of the sensitive area. Depending on the research interest, the type-II
oxygen electrode was also demonstrated due to its sharp end that could be beneficial to insert into the
live plant. The fastest response time has been achieved for both electrodes compared with the

previously reported electrodes.
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Chapter 5: Summary

In the objective of this study was to develop novel technique that may change the methodology of

plant research.

In Chapter 1, the background of the study was introduced, and the objective of this study was

mentioned.

In Chapter 2, a microdevice for the measurement of Na* ion concentration was described. The
device was fabricated using a flexible polyimide film. Thin-film Ag/AgCIl electrodes with a pinhole
structure were used to improve stability. The pinhole structure was used to improve the stability of
the Ag/AgCI electrode. A concentric platinum electrode was used for in situ growth of AgCl even
after completing the device. The slope of the calibration plot was closed to that anticipated from the
Nernst equation. Welsh onion was used to check the applicability of this device. It was found that the
concentration was highest near to bulb area. Also, the salt concentration was found higher in all
locations of salt exposed plant than control plant. For comparison, we also used a glass capillary ISE
the similar tendency was observed as like as the microfabricated ISE.

In Chapter 3, needle-type ISEs for the measurement of the concentration of Na* and K* ions were
introduced. The needle-type (type-1) and syringe needle type (type-11) was fabricated. The type-I ISE
device was constructed with a polyimide film, silver, a PVP layer (act as an electrolyte layer) and a
PVC layers as a reservoir for the ISEs. The polyimide film was used as a substrate considering the
fabrication cost. The Ag/AgCI electrode was formed at one end of the silver layer (0.8 cm long) by
depositing AgCI. To prepare the electrolyte solution, electrode was first coated with a PVP layer
containing NaCl or KCI. The electrolyte layer was coated with a PVC layer. Finally, the ion-selective
membrane was formed at the end of the needle end. The needle-type (type-1) polyHEMA junction
RE was fabricated. The main difference in the electrolyte PVP layer. A 3 M KCI solution was used

for making the electrolyte solution.

Depending on the experiment, the type-1l ISEs and RE were fabricated. Components were
incorporated in syringe needle (inner diameter: 0.9 mm). The ion-selective membrane and the liquid
junction (poly(HEMA)) were formed at the sharp end of the syringe needle for the ISE and RE. The
polyimide substrate with the Ag/AgCl electrode was inserted into the syringe needle. The electrolyte

solution was introduced within the chamber. The fabricated ISEs were characterized using a
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poly(HEMA) liquid junction RE and a commercial RE. In both case of ISEs, the slopes of the
calibration plot were found close to the Nernst slope.

Next, the type-1 ISE was used to measure the concentration of ions in a liquid sample, and the
type-11 ISE was used for direct measurement of concentration of ions in the stem of a live rice plant.
It was found that Na* ion concentration was higher in the lower part of the stem than the upper part.
On the other hand, K* ion concentration was higher in the upper part rather than the lower part. Also,

the ion concentration was observed higher in the salt exposed rice plant than the control rice plant.

Chapter 4 describes the needle type (type-1) and syringe needle (type-11) oxygen electrodes were
fabricated. Platinum and silver electrodes were formed on both sides of a polyimide substrate. The
electrolyte layer was formed with the PVP solution. The chamber for the electrolyte layer was formed
by coating the PVC layer. A 1 mm length of the sensitive area was formed at one end of the cathode
and other parts was delineated with the polyimide layer. The end of the electrode was cut to form the

oxygen-permeable membrane there.

Depending on the experiment, the oxygen electrode needs to be directly inserted into a plant. For
this purpose, another type of oxygen electrode that employs a syringe needle (type-11) was fabricated.
The type-Il oxygen electrode is constructed with a syringe needle (inner diameter: 1.2 mm),
electrolyte solution, anode, cathode and oxygen-permeable membrane. The polyimide string with the
cathode and anode was also used to fabricate the type-11 oxygen electrode. An oxygen-permeable
membrane was formed at the sharp end of the syringe needle. To complete the oxygen electrode, a
0.1 M KCI solution was introduced into the syringe needle in a vacuum. The vacuum process was

also effective to remove bubbles trapped in the sensing region.

The needle-type (type-1) oxygen electrode was inserted in the solution and gel sample. The current
was observed higher in the liquid medium than the solid medium. Next, the type-I electrode was
inserted in the different depth of the soil of the rice root system. Then, the current changes were
observed at different depths of the soil. The current was observed higher at the surface of the soil than
the longer depth. On the other hand, the type-Il oxygen electrode was inserted in the different
locations of the stem of the live rice plant. The current at 1 cm was higher than that of 5 cm and 10
cm. The type-1l oxygen electrode was inserted at the 0 (surface), 1 and 2 mm depth of each location
of the stem. We observed that the current became larger when the sensor inserted longer depth of the

stem of the rice stem.

In this dissertation, some electrochemical sensors for the plant research were presented. These
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sensors could be a milestone in agriculture to identify the salt tolerant and oxygen deficiency plant.
Because the developed sensor is inexpensive, it can replace with the traditional large experimental
setups. Needless to say, these sensors are applicable to other plants. We believe that the sensors will

contribute to the basic researches of agriculture in the near future.
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Appendix

Information of reagents, materials, equipment used for the fabrication, trial and evaluation of

devices as well as experiments mentioned in chapter 2 to chapter 4 are summarized below.

Reagents and materials

= Polyimide sheet (130 pm thick) from JMT Corporation.

=  Polyvinylchloride (PVC) sheet (120 pum thick) from As One Corporation.

= Soda lime glass capillaries (external diameter: ~1.8 mm, internal diameter: ~1.5 mm) from
Asahi Glass.

=  Positive photoresist (S-1818G) from Dow Chemical.

= Bis(12-crown-4) from Dojindo (Kumamoto, Japan).

= 2-nitrophenyloctyl ether (NPOE) from Dojindo (Kumamoto, Japan).

= Sodium tetraphenylborate from Sigma Aldrich (Buchs, Switzerland).

= Agarose S from Nippon Gene.

=  Silver wire (diameter: | mm) from The Nilaco Corporation.

=  Adhesive, Aron Alpha®, from Toagosei.

=  PVC powder from Wako Pure Chemical Industries.

= Tetrahydrofuran (THF) from Wako Pure Chemical Industries.

= KCI from from Wako Pure Chemical Industries.

= NaCl from Wako Pure Chemical Industries.

= Milli-Q water from Millipore.

= Microposit developer (MF319) from Shipley.

=  Acetone from Wako Pure Chemical Industries.

=  Ethanol from Wako pure chemical industries.

= Toluene from Wako Pure Chemical Industries.

= 2-propanol from Wako Pure Chemical Industries.

=  Silver nitrate from Wako Pure Chemical Industries.

= Low temperature agarose powder: Agarose-S from Wako Pure Chemical Industries.

=  Polyvinylpyrrolidone (PVP) from from Wako Pure Chemical Industries.

=  Poly(2-hydroxyethyl methacrylate) poly(HEMA) from Sigma Aldrich.

* Potassium tetrakis (4-chlorophenyl) borate from Sigma Aldrich.
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* Dibutyl sebacate from Wako Pure Chemical Industries.

*  Asyringe needle (0.9 mm in inner diameter) from the Terumo.
= A syringe needle (1.2 mm in inner diameter) from the Terumo.
= Silicone adhesive (KE42) from Shin-Etsu Chemical.

*  Welsh onion from local supermarket, Tsukuba, Japan.

= A Nipponbare rice variety from Japan.

»  Bacteria (Burkholderia vietnamiensis) isolated from sweet potato.

Equipment’s

=  Sputter deposition equipment: CFS-4ES-231, Shibaura Eletec.

=  Spin coater: 1H-D7, Mikasa.

=  Mask aligner: MA-10, Mikasa.

* Dicing equipment: A-WD-10A, Tokyo seimitsu.

= Dryoven: OF-450, AS ONE.

=  Hot plate: ND-1, AsOne.

=  Pure water manufacturing equipment: Direct Q 3 UV with pump, Millipore.
=  Potentiostat/galvanostat: HA-151, Hokuto denko.

= Potentiostat/galvanostat: PGSTAT12, Autolab, Eco Chemie.

=  Thermostatic bath: WBS-80A, As one.

=  Microscope: SMZ1500, Nikon.

= Digital cameras: NEX-5N, Sony.

= Laser microscope: VK-8510, Keyence,

=  Entity fluorescence microscope system: VB-G25, Keyence.

=  Fluorescence microscope: 1X-73, Olympus, Japan

=  Silver / silver chloride reference electrode: # 2080A-06T, Horiba.
=  Ag/AgCl reference electrode # 2060A, Horiba.

=  Mask drawing software: Adobe illustrator CS6, 2015.

= Sandblaster: SG 106, Hozan Tool Industries Company Limited.
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Fabrication of the electrochemical sensors

1. Sand blasting of the polyimide substrate

A polyimide sheet was used for sand blasting. The surface of the sheet was made rough using the

sand blaster. The rough surface increases the adhesion of the metal with the base polyimide layer.

2. Cleaning of the substrate

The substrate was cleaned with distilled water and acetone using a magnetic stirrer. The substrate
was further cleaned three times in acetone using a sonicator for 15 min in total (5 min X 5 min X 5

min). Fresh acetone was used each time.

3. Lift-off process

The electrodes were formed by a thin-film process. A 30-nm-thick chromium layer and a 300-nm-
thick platinum layer were sputter-deposited in this order on the polyimide base layer after the
formation of positive photoresist patterns, and the electrode patterns were formed by lift-off. The
chromium layer was used to promote the adhesion of the platinum layer to the base layer. Then, 600-
nm-thick silver patterns were formed only on the two circular platinum areas by lift-off in the same

manner.

4. Formation of the pinhole structure and insulating layer for the microfabricated Na* ion-

sensing device

The positive photoresist was used for insulation and three pinholes of 40 um diameter were formed

on each circular silver electrode. The thickness of the insulating layer was 2.7 um.

5. Forming the Ag/AgCl electrode for the microfabricated Na* ion-sensing device
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A 100 mM KClI solution was placed on the silver pattern and the concentric platinum pattern, and
AgCl was grown from the pinholes into the silver layer by applying a constant current (50 nA) for 10
min using a galvanostat (HA-151, Hokuto Denko, Japan). After the device was completed and used
for experiments, AgCl was additionally grown using the internal electrolyte solution (1.0 M KCI) by
applying 50 nA for 5 min in the same manner to guarantee the stable potential of the Ag/AgCl
electrode.

6. Forming the liquid junction for the microfabricated Na* ion-sensing device

To make the liquid junction for the RE, a 2% agarose gel solution was prepared with a 1.0 M KCI
solution. The solution was heated on a hot plate for 30 min at 90 °C and was injected into the other
through-hole of the PVC layer without the ion-selective membrane after bonding the PVC layer to

the second polyimide layer.

7. Preparation of the sodium ion selective membrane solution

For the Na* ion-selective membrane, crown ether is a representative ionophore. To form the
membrane, 101 mg of PVC powder was dissolved in 3 mL of THF. Then, 200 uL of NPOE, 10 mg
of bis(12-crown-4), and 6 mg of sodium tetraphenylborate were added.

8. Formation of the dry electrolyte layer and ion-selective membrane for type-I ISE

To prepare the electrolyte solution for the sodium ion-selective electrode, a 75 % PVP solution
was prepared by dissolving the PVP powder in a 0.1 M NaCl solution. The Ag/AgCI part of the
electrode was immersed in the 75% PVP solution and was removed from the solution immediately.
The dry PVP layer was obtained after drying for 30 min. The dry PVP layer was obtained after drying
for 30 min. THF was used as a solvent for making a 66% PVC solution. The electrode with the PVP
layer was immersed in the PVC solution to make the reservoir of the electrolyte layer. The PVC-
coated electrodes were dried for 10 min. After forming the electrolyte chamber, the end of the
Ag/AgCI electrode was cut using a scissor. The sodium ion-selective membrane was formed at the
end by immersing the part in the sodium ion-specific ionophore solution. The membrane was formed

after drying for 24 h.
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9. Preparation poly(HEMA) solution for the needle-type reference electrode (RE)

To prepare the liquid junction for the type-I and type-1l RE, a 0.05M poly(HEMA) powder was
dissolved in the ethanol as solvent. The solution was thoroughly stirred to mix properly. The type-I
RE electrode end and the sharp end of the syringe needle were dipped in the poly (HEMA) solution
to form the liquid junction. The liquid junction was inserted five times in poly(HEMA) solution and
was removed immediately. Finally, the liquid junction was formed after drying for 24 h. To complete
ISEs and RE devices, a 0.1 M NaCl for the sodium ion-selective electrode (type-I and type-11), 0.1 M
KCI solution for the potassium ion-selective electrode (type-I and type-I1), and 3 M KCI solution for
the type-1 and type-11 RE were used as electrolyte solution.

10. Patterning of the protective layer for the oxygen electrode

To form the protective layer, the polyimide prepolymer solution was spin-coated and was baked
for 30 min at 80 °C. Next, a positive photoresist was spin-coated and was baked for 30 min at 80°C.
The polyimide substrate by placing the printed designed mask and exposing it to ultra violet light
emitted from the mask aligner for 40 s. The photoresist was developed in a developer solution for 1
min. After that, the substrate was rinsed with distilled water for 1 min and in ethanol for 2 min.
Finally, the substrate was cured at 150 °C for15 min, at 200 °C for 15 min, and at 280 °C for 30 min.

11. Cleaning of the syringe needle

To form the oxygen-permeable membrane, the syringe needle was cleaned with 99.99% ethanol
for 10 min using a sonicator. Next, the syringe needle was dried on a hotplate for 20 min at 120 °C.
The sharp end of the syringe needle was inserted in a silicone adhesive to form the oxygen permeable

membrane. The membrane was used for the experiment after drying it 24 hours.

12. Introduction of the electrolyte solution within chamber

The electrolyte solution has taken into the centrifuge tub. A Ag/AgCl electrode was incorporated
in the syringe needle. Then, the syringe needle was vertically inserted in the centrifuge tube. Next,

the tube with electrode was placed into the vacuum chamber and was removed the bubble. Therefore,
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the electrolyte solution was introduced within the needle chamber. Sometimes, these steps were
followed two or three times depending on the requirements, but maximum cases one time was

followed.

13. Formation of oxygen-permeable membrane

The end of the syringe needle and needle-type oxygen electrode was inserted in the silicone
adhesive, to form the oxygen-permeable membrane. The oxygen-permeable membrane was formed
after drying for 24 h.

14. Making the electrical connection for the electrodes

To make the electrical connection to the electrodes, the aluminum foil insulated side of the alligator
clip was connected to the either anode or cathode. While the aluminum foil side of an alligator clip
was connected to the cathode and polyimide tape wrapped side connected to the anode, then it was
act as a connector for the cathode. Similarly, while the aluminum foil insulated side of an alligator
clip connected to the anode and polyimide tape wrapped side connected to the cathode, then it was
act as connector for the anode. Finally, the other end of an alligator clip was connected to the

potentiostat.

15. Dicing and sputtering

The electrode was prepared by sputtering and then dice. After dicing the multiple number of

polyimide string obtained.
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