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Metal nanoparticles (MNPs), especially magnetic NPs, have received many
research interests due to their outstanding properties and applications. Nevertheless,
there are few studies in the biosynthesis of magnetic NPs in living organisms, especially
in plants, even though several plant species are considered as metal-hyperaccumulators
which can uptake and store metal ions. Therefore, in this work, the capability of water
velvet (Azolla pinnata R.Br.), the metal-hyperaccumulator aquatic fern, was
investigated for its biosynthesis of iron and nickel NPs via the uptake Fe*" and Ni**
ions. The toxicity of single and combination of Fe** and Ni** ions was analyzed by the
morphological changes of leaves which suggested that both metals were toxic to the
plant in a dose-dependent manner and the additive toxicity when both metal were
combined in the treatment. At 50 mM of Fe** and Ni*' ions, the metal-uptakes were
investigated using energy dispersive X-ray fluorescence, which indicated the high
uptake levels of each metal in roots and shoots. The molecular profiles of the metal-
treated plants were analyzed by Fourier transform infrared (FTIR), which revealed the
changes of functional group vibrations. The FTIR results suggested the modulations of
some carbohydrates, proteins, and nucleic acids of the plants in response to metal
treatments. Also, the activities of some antioxidant stress-related enzymes (superoxide

dismutase, catalase, and glutathione reductase) were investigated. The results showed



v

the increases of these enzyme activities which were the highest in the Fe-treated plants,
followed by Fe/Ni-treated and Ni-treated plants. Transmission electron microscopy
images revealed the formation of FeNPs but not nickel nanoparticles (NiNPs) in the
plant roots, which were identified as herﬂatite (a-Fe203) and magnetite (Fe3O4) forms
of FeNPs. In cortical and vascular cells, FeNPs were detected in vesicles and
multivesicular bodies, or individually distributed in a vicinity of the cell membranes.
Due to no observation of NiNPs, the energy-dispersive X-ray spectroscopy (EDS)
analysis was employed and the result revealed the low detected level of Ni in the plant
roots. Thus, no formation of NiNPs was likely due to the insufficient Ni concentration
to form nanoparticles in the plant roots. Taken these results together, this work
demonstrated the responses of A. pinnata R.Br. to iron and nickel and the cellular
production of iron oxide NPs from the uptake iron ions by A. pinnata R.Br. These
results enlightened some information of the responses of the plants to metal stress,
especially on the formation of metal nanoparticles from the high accumulated levels of

the uptake metal ions.
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CHAPTER

INTRODUCTION

1.1 Background

The interest of metal nanoparticles (NPs) is currently increasing due to their
outstanding properties and various applications in fields of biomedicine, biosensor,
environmental remediation, material science, and engineering. Metal nanoparticles are
the metal particles with the diameter in a range of 1-100 nm, which can consist of single
or more metal components to improve their properties, such as iron-palladium, iron-
platinum, and iron-nickel (Akbarzadeh et al., 2012; Lu et al., 2007). Metal NPs,
especially magnetic NPs, have received many research interests due to their outstanding
properties including superparamagnetic behavior, biocompatibility, facile surface
modification, and catalyst support (Akbarzadeh et al., 2012; Lu et al., 2007; Reddy et
al., 2012; Tang and Lo, 2013). According to these properties, magnetic NPs are applied
in many technological applications, such as magnetic resonance imaging (MRI),
biosensors, drug carriers, protein or cell purification, and removal of environmental
contaminants (Reddy et al., 2012). Moreover, composite NPs, especially iron-nickel,
offer good support strength, wear resistance, and soft magnetic properties, which are
useful for several industrial applications including recording heads, transformers, and

magnetic shielding materials (Lovley et al., 1987; Zhang et al., 1998).



With a high demand for metal NPs, several synthesis approaches have been
developed, such as co-precipitation, thermal reduction, micelle synthesis, hydrothermal
synthesis, and laser pyrolysis. These methods provide a massive production of metal
NPs but require high pressure, energy, temperature, and hazard reagents. For these
reasons, a biosynthesis has received increasing interests as the alternative synthesis
approach since they offer simple, eco-friendly, non-toxic, and cost-effective processes.
The biosynthesis of metal NPs can divide into two major groups; the synthesis using
extracts derived from living organisms, and the synthesis in living organisms. Most
studies have reported on the use of extracts from plants, fungi, and bacteria as the
reducing and capping agents for the synthesis of metal NPs (Akbarzadeh et al., 2012;
Luetal., 2007; Pattanayak and Nayak, 2013; Weng et al., 2017). In contrast, the studies
of living organisms to transform metal ions to NPs are very few. Few species of bacteria
were reported to uptake and transform metal ions into membrane-bound NPs (Kim et
al., 2016; Park et al., 2010). Although plants have long been used for absorbing
contaminated metal ions in water and soil and detoxifying these metal ions, their ability
and mechanisms to transform these metal ions to NPs remain unknown. Thus, these
questions are the interests of this work. With the presence of metal ion detoxifying
enzymes and many biomolecules with reducing activity in plant cells, these enzymes
and biomolecules are hypothesized to function as reducing and capping agents to
possibly mediate the formation of metal NPs in plant cells.

The water velvet (Azolla pinnata R.Br.) is the fast-growing aquatic plant that
previously reported for the ability to uptake heavy metal ions (Rai, 2007; Wagner,
1997) Also, the ability of this plant to transform some metal ions to NPs were

previously studied in our laboratory. Therefore, it was selected as the plant model to



study the formation of iron and nickel NPs both single and composite NPs in this study.
In addition, the activity of some enzymes relating to metal responses was evaluated to
understand some parts of the formation mechanism of metal NPs in this plant.
Although, living organisms, especially bacteria, are known for their ability to
uptake and transform metal ions to NPs, this capability of plants is still unknown. The
molecules and enzymes with reducing and capping activities in plants are potentially
used as the components facilitating the formation of metal NPs. Thus, this work aimed
to study on the detection of metal NPs and the activity of some enzymes relating to
metal responses to understand some parts of the mechanism of metal NPs formation in

plants, which the water velvet is used as the study model.

1.2 Research objectives

1.2.1 To study the abilities of A. pinnata R.Br. to uptake and transform iron and
nickel ions into NPs.

1.2.2 To analyze the metal responses in 4. pinnata R.Br., including metal-toxicity,
metal-uptake, molecular profile of functional groups, and activity of the
oxidative stress-related enzymes (superoxide dismutase, catalase,

glutathione reductase).

1.3 Scope of the study

This work covers the studies of the toxic effects of iron and nickel ions in A.
pinnata R.Br., the formation and characterization of iron and nickel NPs in the plant
roots, and the activity of oxidative stress-related enzymes in response to these metal

exposures.



CHAPTER 11

LITERATURE REVIEWS

Nanotechnology has been used in a wide range of fields and their applications
have been seen in many daily life products. Among these applications, the metal NP is
one of the nanomaterials receiving many interests due to their potential applications.
The metal NPs refer to the metal particles with a diameter in the range of 1 to 100 nm,
which their properties are generally different from bulk material. The properties of NPs
have been used in the fields of catalysis, optical biosensors, removal of heavy metal
ions, and medical diagnosis/therapy. It is estimated that nanotechnology’s industrial

value can reach $3 trillion by 2020 and tended to increase yearly (Tran et al., 2013).

2.1 Iron and iron-nickel NPs

Iron NPs, especially ones exhibiting strong magnetic properties (magnetic
nanoparticles, MNPs), have drawn many research interests due to their various
applications in biomedical diagnostic and therapy (Ito et al., 2005), drug delivery
(Mody et al., 2013), catalysts (Lu et al., 2007), synthetic pigments, data storage
(Akbarzadeh et al., 2012), and environmental remediation (Tang and Lo, 2013). The
major groups of MNPs are ferric oxide including magnetite (Fe3O4) and maghemite (y-

Fe;03). The finite-size and surface effects of MNPs contribute the extraordinary



property, the superparamagnetic behavior, which can be used for many biological
applications, such as magnetic resonance imaging (MRI), biosensors, drug carrier
protein or cell purification, and removal of environmental contaminants (Reddy et al.,
2012). In addition, their surface can be easily modified, thus offering biocompatible,
non-toxic, and cell-targeting properties for biomedical applications as drug delivery
(Laurent et al., 2008).

Because of the widespread applications of MNPs, several methods for synthesizing
MNPs have been reported, which chemical and physical methods are mostly known.
The most convenient and efficient chemical method is the co-precipitation technique,
which synthesizes iron oxide NPs by adding the base solution to Fe**/Fe3* salt solutions
under an inert atmosphere at room temperature. For physical methods, the thermal
reduction, micelle synthesis, hydrothermal synthesis, and laser pyrolysis techniques are
well-known for providing high quality and yield of MNPs (Reddy et al., 2012).

In addition to iron NPs, iron-nickel composite NPs have received many research
interests for their industrial applications due to their soft magnetic and thermal
expansion properties, for example, computer storages and coating agents of recording
media (Gurmen et al., 2009; Moustafa and Daoush, 2007). Iron-nickel NPs provide
significantly increased strength, wear resistance, and soft magnetic properties suitable
for recording heads, transformers, and magnetic shielding materials. Iron-nickel NPs
have been prepared by many methods such as mechanical alloying, chemical method,
spray pyrolysis, film deposition, levitation melting in liquid nitrogen, and
electrodeposition (Gurmen et al., 2009; Qin et al., 1999). For a chemical reaction, iron-

nickel NPs are synthesized by a reduction reaction of iron and nickel salts using a



reducing agent (i.e. borohydrides and hydrazine) to reduce these ions to zero valences

(Chen et al., 2009b).

2.2 Biosynthesis of iron NPs

The biosynthesis of iron NPs has received increasing interest due to their simple,
eco-friendly, non-toxic, and cost-effective processes. Two major approaches are
reported; the use of extracts derived from different organisms, and the use of living
organisms as the bio-factory to produce iron NPs. For the use of extracts, most studies
focused on the use of plant extracts as reducing and capping agents for the formation
of nanoparticles. The proteins, amino acids, vitamins, flavonoids, and polysaccharides
are the major reducing and capping agents in these plant extracts. The examples of plant
extracts derived from different parts and species of plants to synthesize iron NPs are
mango leaves, rose leaves, jasmine leaves, and coffee seeds (Pattanayak and Nayak,

2013; Singh et al., 2016).

For the use of living organisms to produce iron NPs, most works reported on some
bacterial strains that were capable of forming iron NPs encapsulated in cellular vesicles,
such as Geobacter metallireducens GS-15 and thermophilic fermentative bacterial
strain TOR-39 (Lovley et al., 1987; Zhang et al., 1998). Although the ability of plants
to absorb and detoxify heavy metal ions is well-known, the capability to form metal
NPs has remained unclear. In some plant species, they are able to uptake and store high
levels of metal ions, which are known as phytoremediation and hyperaccumulation
plants (Suman et al., 2018). However, the capability of these plants to transform the

uptake metal ions into NPs has remained unknown. Based on the literature search, there



are very few reports on possible metal NPs in plants. In 2004, Rodriguez et al. reported
the discovery of nano-size iron oxide mineral distributing in roots and leaves of
Imperata cylindrica, which naturally grew in the extremely acidic environment with a
high content of various metals, including iron (Rodriguez et al., 2005). In 2014, Castro-
Longoria and colleagues reported the presence of lead particles in the aquatic water
fern, Salvinia minima Baker. In this study, they explored the potential application of
this plant as the lead-accumulators and suggested that cellulose, lignin, and pectin are

the major components to capture lead at the specific sites (Castro-Longoria et al., 2014).

2.3 The mechanism to detoxify metal ions in plants

Metals are classified into two major groups based on their functions for plant
growth, which are the essential micronutrients for plant growth (Fe, Mn, Zn, Cu, Mg,
Mo, and Ni) and nonessential elements with unknown biological and physiological
function (Cd, Sb, Cr, Pb, As, Co, Ag, Se, and Hg). Although these metals are important
to plants, their excess levels are toxic to the plants. In general, plants can retain low
concentrations of metal ions but some plant species are more tolerant and store metal
at a high level, known as metal-hyperaccumulation plants. These plants use the same
mechanisms to detoxify the uptake toxic metals and obtain the micronutrients from the
environment. Via these mechanisms, plant roots can uptake micronutrients and toxic
metal ions, which involve plant-produced chelating agents, plant-induced pH changes,
and plant-induced redox reactions (Jan and Parray, 2016). Plants protect themselves
from the damaging effects of metal toxicity via the mechanism illustrated in Figure 2.1.
When metal ions influx to the cell, the specific biomolecules such as phytochelatins

(PCs), metallothioneins (MTs), organic acids, and amino acids are used to chelate



metals and to prevent toxic reactions in the cytosol. If a number of metal ions exceed
the limit of the above mechanisms, the plant will suffer from the oxidative stress caused
by the production of reactive oxygen species (ROS) and the inhibition of metal-
dependent antioxidant enzymes. The presence of heavy metals inside cells can activate
genes of metal transporters and chelating compounds by hormone signal pathways.
When metal ions are high accumulated inside the cytosol, plants have to remove them
in order to reduce their toxic effects by using active efflux pumps to transport and

compartmentalize the ions to the tonoplast of vacuoles (Manara, 2012).
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Figure 2.1 Schematic representation of major functions of thiol and non-thiol
compounds, and their coordination with other defense system components

in metal exposed plants (Anjum et al., 2015).



ROS were recognized as the results of abiotic stresses, including free radicals like
superoxide (O>") and hydroxyl (OH") and non-radicals like hydrogen peroxide (H>O»)
and singlet oxygen (10»). In plants, ROS were produced mostly in mitochondria and
peroxisomes at basal levels, which generally derived from by-products of aerobic
metabolisms. ROS production in plants were also induced by several abiotic stress
conditions like salinity, heavy metals, or UV-B radiation. To cope with these stress,
plants had devolved strategies to control the levels of ROS. One of these strategies was
the antioxidant enzyme, such as superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), glutathione peroxidase (GPx), glutathione reductase
(GR), monodehydroascorbate reductase (MDHAR), and dehydroascorbate reductase
(DHAR) (Das and Roychoudhury, 2014; Sz6116s1, 2014).

The first line defense antioxidants have consisted of three keys enzymes; SOD,
CAT, and GPx that can breakdown ROS species to non-toxic molecules. The reactions
were shown in Figure 2.2. SOD is the metalloprotein required Cu, Zn, Mn, or Fe as
cofactors. SOD activity was catalyzed the transformation of the superoxide to hydrogen
peroxide and oxygen. CAT is the enzyme that required Fe or Mn as a cofactor. CAT
can reduce hydrogen peroxide to water and oxygen. GPx is a cytosolic enzyme that
reduces hydrogen peroxide to water and oxygen by catalyzing the reduced form of
glutathione. Then, the oxidized glutathione can be reversed to its reduced form by GR

enzyme (Ighodaro and Akinloye, 2018; Sz6116s1, 2014).
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éo
Stepl [ Oy + O, +2H" > O, + H,0,
CAT
Step 2 H,0, + H,0, > 2H,0 + O,
GPx
Step 3 H,0, + 2GSH > 2H,0 + GSSG
GR

Figure 2.2 Reaction of enzymatic antioxidant defense on scavenging free radicals and
hydrogen oxide. SOD, superoxide dismutase; CAT, catalase; GPx,

glutathione peroxidase; and GR, glutathione reductase (Peng et al., 2014).

2.4 The water velvet

Aquatic plants are the important organisms frequently used for heavy metal uptake
studies, heavy metal indicators, and biological treatments since they are widespread,
eco-friendly, low cost, and toxic tolerance (Jain et al., 1990; Rai, 2007). Examples of
aquatic floating plants reported for uptake some heavy metals are water hyacinth
(Eichhornia crassipes (C. Mart.) Solms), water ferns (Salvinia minima Baker),
duckweeds (Lemna minor L.), water cress (Nasturtium officinale W.T. Aiton) and water
velvet (4zolla pinnta R.Br.). (Ali et al., 2020).

Azolla pinnata R.Br., known as water velvet (Figure 2.3), is one of the seven plant
species in Azolla genus, which belongs to the family Salviniaceae. A. pinnata R.Br. has
a symbiosis relationship with Anabaena, usually producing high productivity combined

with its ability to fix nitrogen. The water velvet has been used for many applications
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due to this symbiosis, such as bio-fertilizer on rice and many other crops, an animal
feed, a human food, a medicine, and a water purifier (Wagner, 1997). Interestingly, five
species of Azolla (A. pinnata R.Br., A. caroliniana Wild., A. filiculoides Lam., A.
microphylla Kaulf., and 4. imbricata (Roxb.)) are reported the potential for removing
various heavy metals from contaminated water; mercury, chromium, lead, copper, zinc,
uranium, manganese, cobalt, iron, and nickel (Bennicelli et al., 2004; Jain et al., 1992;
Jain et al., 1989; Khosravi and Rakhshaee, 2005; Sela et al., 1988; Sood et al., 2012).

Therefore, A. pinnata R.Br. is chosen as the study model in this study.

Figure 2.3 Water velvet (4zolla pinnata R.Br.).
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2.5 Review of related studies

As some plants efficiently remove contaminated metals from the environment,
they are used as the effective approach for metal-phytoremediation. These processes
are based on metal stress-tolerance mechanisms, which allow plants to survive while
accumulating high concentrations of metals (Goldsbrough, 2000). Such plants,
typically represented by hyperaccumulators (Baker and Brooks, 1989), have the
capacity to accumulate significant amounts of metals and compartmentalize them
efficiently in the cell wall, vacuole, and to the specific compartments of the cytosol in
order to convert them into the nontoxic form and keep away from the important
metabolic sites in plant cells (Salt et al., 1998; Memon and Schroder, 2008).

The accumulation of nanoscale metal particles in plants was first discovered in
2002, alfalfa seeds were grown on an agar medium enriched with AuCls. After two
weeks of growth, the formation of AuNPs were identified by XAS and TEM analyses.
AuNPs were distributed in both roots and leaves of alfalfa at diameter of 2 to 20 nm.
However, there was no report of the possibly biological mechanism of AuNPs
formation and the specific location of this metal NPs in plant cells (Gardea-Torresdey
et al., 2002).

In 2004, Benaroya et. al. reported the accumulation of Pb in Azolla filiculoides.
After 6 days of treatment by 20 mg/L Pb**, in the Pb-treated frond, the electron-dense
deposits of Pb were observed by light microscope and TEM images. Also, the elemental
mass of Pb was confirmed by EDS. The electron dense of Pb was detected in vacuoles
and the larger areas were found mostly inside mature leaves. Nevertheless, this work

also did not purpose the possible mechanism of the formation of the Pb electron-dense,
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nor confirm the crystalline structure of the Pb electron dense as metal nanoparticles
(Oren Benaroya et al., 2004).

In 2014, Marchiol et al. studied the formation of AgNPs in Brassica juncea,
Festuca rubra, and Medicago sativa. These plants were grown in the high concentration
of AgNOs3 at 1,000 ppm, which the formation of AgNPs were detected by TEM and
TEM X-ray microanalysis. The formation of AgNPs was discovered in roots (in cortical
parenchymal cells and cell wall of the xylem vessels) and leaves (in cell wall, cytoplasm,
and chloroplasts). In this work, reducing sugars and antioxidant molecules were
proposed to involve the formation of NPs. Nevertheless, the crystalline structure of the
formed nanoparticles did not investigate to confirm their identity (Marchiol et al., 2014).

Based on these reviews, there are still very few studies for in vivo biosynthesis of
metal NPs form the uptake metal ions by plants. Also, the crystalline structure analysis
and the possible mechanisms for the formation of metal NPs are mostly lacking. Thus,
this work aimed to study the ability of 4. pinnata R.Br. to transform the uptake iron

and nickel ions into NPs as well as to characterize their crystalline structures.



CHAPTER III

MATERIALS AND METHODS

3.1 Materials

Ethylenediaminetetraacetic acid (EDTA), iron (III) nitrate (Fe(NO3)3), and nickel
(IT) nitrate (N1(NOs)2) were purchased from VWR (Leuven, Belgium). Glutaraldehyde
was purchased from Unilab (Auckland, New Zealand). The low viscosity embedding
media Spurr’s kit was purchased from Electron Microscope Science (Hatfield, PA). All

other chemicals used were of analytical grade.

3.2 Toxicity of Fe(NOs3)3 and Ni(NO3): solutions

Samples of A. pinnata R.Br. were collected from the botanical plant at the
Suranaree University of Technology, Nakhon Ratchasima, Thailand. The collected
plants were washed and incubated in deionized water for 24 h to remove any
contaminated residues before being exposed to various concentrations (10-100 M) of
both single and mixed solutions of Fe(NO3)3; and Ni(NOs)> at ambient temperature for
12 h. The plant samples were then washed with 10 mM EDTA followed by deionized
water to remove excesses of metallic elements from the surfaces of roots and leaves.
The toxicity effects of the Fe(NO3)s and Ni(NOs3), solutions were calculated as the
percent toxicity, which the number of damaged leaves (brown and/or withered leaves),

was counted and compared with the total number of leaves.
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Toxicity (%) = (Number of damaged leaves / Total number of leaves) x 100

3.3 Energy dispersive X-ray fluorescence analysis

To determine the uptake of iron and nickel ions, the modulation of these ions in 4.
pinnata R.Br. in response to Fe(NOs)3; and Ni(NO3), treatments was determined by the
energy dispersive X-ray fluorescence (EDXRF) spectroscopy (Horiba Scientific,
Kyoto, Japan). The A. pinnata R.Br. samples were treated with 50 mM Fe(NO3)s, 50
mM Ni(NO3)», and the mixture of both solutions at ambient temperature for 12 h. Then,
they were washed with 10 mM EDTA followed by deionized water to remove excesses
of these solutions. The metal uptake and changes of other elemental masses inside the
plants were determined by EDXRF using an X-ray analytical microscope system
(Horiba Scientific, Kyoto, Japan). The analysis was carried out by using the Rh X-ray
tube source, X-ray tube voltage of 50 kV, Peltier cooled silicon drift selector, and 100
s/frame count.

The accumulation of metal components was observed using the energy dispersive
spectroscopy (EDS) analysis. For sample preparation, control and treated plant tissues
were preserved using 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer overnight
and cut into 100 um cross-section with stainless steel blade followed by dehydration in
a graded series of ethanol (20—100%). Then, the plant sections were dried by vacuum
drying at room temperature and attached to the stub with carbon tape. Duplicate
samples of each condition were subjected to EDS spectroscopy (JEOL JSM 7800F,

Tokyo, Japan) operated at 2 kV, and EDS spectra were obtained from area mapping.
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3.4 Attenuated total reflectance-Fourier transform infrared

spectroscopy analysis

The changes of functional groups of biomolecules in the plant roots in response to
treatments were analyzed by attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) analysis. The plant samples were treated with 50 mM
Fe(NO3)3, 50 mM Ni(NOs)2, and the mixture of both solutions at ambient temperature
for 12 h. The excess residues of these solutions were removed by washing with 10 mM
EDTA and deionized water. The IR transmission of the dried plants was recorded by a
FTIR spectrometer (Bruker, Billerica, MA) in the frequency range of 400-4000 cm'.
For each condition, the analysis was confirmed by performing twice using different
sample sets. Spectral data were analyzed using the software system Opus 7.0 (Bruker,

Billerica, MA).

3.5 Accumulation of NPs in Azolla pinnata R.Br.

A transmission electron microscope (TEM) was used to examine the formation of
metal NPs inside the plant roots and leaves. The A. pinnata R.Br. samples were treated
with 50 mM Fe(NO3)3, 50 mM Ni(NOs3),, and the mixture of both solutions for 12 h.
After washing with 10 mM EDTA and deionized water, the plant samples were fixed
in 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer. Then, they were washed
three times with the sodium phosphate buffer, followed by distilled water. The samples
were subsequently dehydrated in acetone series (20—100%). The dried samples were
embedded in a resin and polymerized at 60 °C for 48 h. Ultrathin (70—100 nm) cross-

sections of the roots and leaves tissues were obtained using an ultramicrotome
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PowerTome-XL (RMC Boeckeler, Tucson, AZ) with a diamond knife. Ultrathin
sections were placed on bare 200 mesh copper grids and examined by transmission
electron microscope (TEM; Tecnai G2 20 S-Twin, FEI, Hillsboro, OR) operating at
120 kV and the image was captured by Gatan Orius 200 CCD Camera (Gatan,

Pleasanton, CA).

3.6 Characterization of NPs

To analyze the crystalline structure of the formed NPs, the ultrathin sections of the
treated and control root samples were analyzed by selected area electron diffraction
(SAED) using a Tecnai G2 S-Twin TEM operating at an accelerating electron source
of 200 kV. In addition, the elemental composition of the synthesized nanoparticles was
characterized by energy-dispersive X-ray (EDX) spectroscopy carried out on a Tecnai
G2 20 S-Twin TEM equipped with an EDAX r-TEM SUTW detector (FEI, Hillsboro,

OR) operating at an accelerating voltage of 15 kV.

3.7 Enzyme activities

The activities of superoxide dismutase (SOD), catalase (CAT), glutathione
reductase (GR), and Fe(III) chelate reductase enzymes in response to metal treatment
were evaluated. The leaves and roots of A. pinnata R.Br. (0.2 g fresh weight) were
ground using a chilled mortar and pestle using liquid nitrogen and suspended in ice-
cold homogenization buffer (phosphate buffer, 100 mM, pH 7.4). The suspensions of
plant extracts were centrifuged at 10,000 g for 20 min.

The SOD activity was assayed by measuring its ability to inhibit the photochemical

reduction of nitro blue tetrazolium (NBT) (Stewart and Bewley, 1980). The 2-ml
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reaction consisted of 50 mM phosphate buffer (pH 7.8), 2 mM EDTA (pH 8.0), 9.9 mM
L-methionine, 55 uM NBT, and 0.025% Triton-X100. The plant extract (40 ul) and 1
mM riboflavin (20 pl) were added into the reaction mixture. The reaction was initiated
by illuminating the samples under a 15 W fluorescent tube for 10 min in the foil-covered
box. The mixtures were measured absorbance at 560 nm immediately after the reaction
was stopped. One enzyme unit of SOD is defined as the amount of protein (in mg)
causing a 50% inhibition of the photoreduction. The SOD activity was calculated by

the equation (1).

SOD activity = (W /50%)/mg protein of plant extract (1)
control

The CAT activity was determined using the UV spectrophotometric method (Aebi,
1984). The reaction solution contained 10 mM H>O; in 50 mM potassium phosphate
buffer, pH 7.0. The reaction was carried out by adding 100 pul plant extract to 2,900 ul
reaction solution. The decrease in absorbance at 240 nm was monitored and CAT
activity was calculated by equation (2) using 40 mM-!' cm™! as an absorbance coefficient
(¢) of H20,. One unit of CAT is defined as the amount of enzyme that is needed for the
decomposition of 1 umol H>O» in 1 min at 25 °C. The decrease in absorption at 240 nm
was negligible in the absence of H>O; or in the absence of protein extract in the reaction

solution. The CAT activity was calculated by the equation (2).

AAjr4xtotal volume of reaction

CAT activity = (2)

€ x fresh weight



20

The GR activity was assayed according to the report of Smith and colleagues
(Smith et al., 1988). The increase in absorbance at 412 nm was measured when 5,5'-
dithiobis(2-nitrobenzoic acid) (DTNB) was reduced to 5-thio-2-nitrobenzoic acid
(TNB) by glutathione (GSH) in the reaction. In the 1-ml reaction, ten microliters of
plant extract were used along with 0.75 mM DTNB and 0.1 mM NADPH. To initiate
the reaction, 1 mM oxidized glutathione (GSSG) was added. The increase in absorbance
was recorded every 30 s for 3 min. The extinction coefficient of TNB (14.15M ' cm™)
was used to calculate the activity of GR which expressed in terms of mmole TNB min™!

g ! (fresh weight). The GR activity was calculated by the equation (3).

AA41oxtotal volume of reaction

GR activity =

€)

¢ X fresh weight

3.8 Statistical analysis

All the quantitative data were displayed as mean * standard deviation. The
comparison of mean among groups was analyzed by one-way ANOVA and Tukey’s
honestly significant difference with SPSS 17.0 (Chicago, USA). P-values of less than

0.05 were considered statistically significant.



CHAPTER 1V

RESULTS AND DISCUSSIONS

4.1 Toxicity effects of Fe(NOz3)s and Ni(NOz3)2 on Azolla pinnata R.Br.

To elucidate the toxicity effects of Fe(NOs3)3; and Ni(NO3)» solutions in 4. pinnata
R.Br., the plants were exposed to various concentrations of Fe(NOs3)3; and Ni(NO3), for
12 h. Figure 4.1(A) shows the morphological changes of leaves in response to metal
exposures. In response to Fe-treatment, discolored and withered leaves were observed.
Similarly, withered leaves were detected in Ni-treated plants. The corresponded %
toxicity of each meal was determined and shown in Figure 4.1(B). The toxicity was
increased according to the increasing concentrations of both metals. Also, Fe(NOs3)3
solution was more toxic to the plants than the Ni(NOs)> solution. As calculated via the
GraphPad software, the 50% toxicity values of Fe(NOs3)3; and Ni(NO3), solutions were
32.61 and 84.33 mM, respectively.

In principle, iron is an essential nutrient for plants that involves the electron-
transport chains of photosynthesis and respiration and functions as the cofactor of many
antioxidant enzymes such as Fe-SOD, catalase, ascorbate peroxidase, and guaiacol
peroxidase. However, an excess amount of iron is toxic to the plants, resulting in visibly
damaged morphology and even death of the plants. The obvious visual symptom in
response to iron exposure is "bronzing" that is the orange-brown area on plant leaves,
which caused by an accumulation of oxidized polyphenol content in leaves due to a

high level of iron (Miiller et al., 2015). Also, the uptake iron can cause high production
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of free radicals and induce plant defending systems (Becker and Asch, 2005; Onyango
et al., 2019; Sikirou et al., 2016). Similar to iron, the nickel-stress condition leads to
oxidative stress, inhibition of photosynthesis, reduction of growth, inhibition of mitotic
activities, and interference of other metal uptakes (Chen et al., 2009a; Yusuf et al.,
2011). However, the effects of nickel on plants are generally considered less toxic (at
least 100 times) to other metal trace elements as evaluated by its toxic concentration

(Kiipper and Andresen, 2016).
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Figure 4.1 Toxicity effects of Fe(NO3)s and Ni(NO3), in Azolla pinnata R.Br. as
determined by (A) morphological changes of leaves and (B) the

corresponded % toxicity.
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Based on the previous experiments, the 50 mM of Fe(NO3)3 and Ni(NO3), caused
the negative effects on A. pinnata R.Br.; however, at this concentration, the plants were
still alive and properly functioned. Thus, this concentration was chosen for the next
experiment, in which the plants were still capable to induce the cellular formation of
NPs under the metal stress. Therefore, the toxicity of both solutions as single and the
combination was also determined, in which the plants were treated with 50 mM
Fe(NOs3)s and/or 50 mM Ni(NOs).. The percent toxicities of 50 mM Fe(NO3)3, 50 mM
Ni(NO3)2, and the mixture of both metal solutions were 94.15 + 0.97%, 4.02 + 0.46%,
and 97.75 £ 0.65%, respectively (Figure 4.2). The results clearly showed that at the
same concentration Fe(NO3); was very toxic as compared with Ni(NO3),. Also, the
additive toxicity effect, not synergistic effect, was detected when both metal solutions
were used to treat the plants. Although the antagonistic relationship between iron and
nickel was reported as nickel competes for the uptake of iron via the inhibition of the
interaction between iron and its transporters (Ghasemi et al., 2009; Shevyakova et al.,
2011). In this work, the additive toxicity effect of both metals might due to the
observation only the changes of leaf morphology, not the analysis of metal levels in the
plants.

The toxicity effect of Fe(NO3)s was reported to involve the formation of an oxide-
hydroxide Fe’" layer on the plant root, thus blocking nutrient absorption and causing
nutrient deficiencies. Also, excess irons can accelerate the formation of reactive oxygen
species (ROS), such as O2~, H202, '02, HO2, OH, OH ™, and RO, via the Fenton/Haber-
Weiss reaction. These radical species can damage proteins, lipids, carbohydrates, and
DNA leading to cell death (Ahmad et al., 2017). Unlike Fe(NOs3)s, the toxicity of

Ni(NOs3)2 does not directly involve the induction of ROS (Ahmad and Ashraf, 2011).
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Excess nickel in plants causes the reduction of cell division in meristematic cells and
production of chlorophylls, carotenoids, total sugar, amino acids, proline, and proteins.
Moreover, nickel can compete for the uptake with other essential nutrients, thus causing
the nutrient deficiency in plants (Lal, 2017). Based on the effect of iron on high ROS
production, it might take part in the greater toxicity of Fe(NO3)s than Ni(NO3), as

reported above (Gajewska and Skk.odowska, 2010; Ghasemi et al., 2009).
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Figure 4.2 Toxicity effect of single and combination of Fe(NO3); and Ni(NOs3)>

solutions in Azolla pinnata R.Br.

4.2 Uptake of iron and nickel ions

To investigate the uptake and modulation of ion levels, A. pinnata R.Br. treated
with 50 mM Fe(NOs3); and/or Ni(NOs3)> solutions were analyzed by EDXRF. The
images of elemental mapping of 4. pinnata R.Br. in response to metal exposure are

shown in Figure 4.3. Based on thirty-one elemental analysis, there are remarkable
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modulated levels of 17Cl 19K, 20Ca, 26Fe, and 23Ni. The results revealed the significant
levels of 26Fe and 2sNi in 4. pinnata R.Br. according to the given metal exposures but
not in the control plants, suggesting that both ions were efficiently uptake and
translocate to other parts of the plant.

The process of iron uptake in higher plants except those in the Graminaceae family
is the reduction-based strategy, which includes three steps: acidification, reduction, and
transport. If iron in the rhizosphere is in an insoluble form, it requires acidification. In
this step, H*-ATPase pumps protons across the plasma membrane following by driving
more iron into solution. On the other hand, solubilized iron may freely enter the
apoplast, the cell-wall space of the outer root cell layers. In the reduction step, Fe(III)
is reduced to Fe(Il) mainly via an enzymatic process by the ferric chelate reductases
(FRO). For the translocation step, the iron-regulated transporter (IRT1), a member of
the ZIP family (zinc-regulated transporter, iron-regulated transporter-like protein) of
metal transporters, and NRAMP (natural resistance-associated macrophage protein) are
divalent metal transporters responsible for the transport of reduced iron across the
plasma membrane into root cells (Brumbarova et al., 2015; Jeong and Connolly, 2009;
Kobayashi and Nishizawa, 2012). In addition to metal transporter, iron translocation in
a plant from root to shoot is also associated with appropriate chelators, such as citrate
and nicotinamide (NA). Citrate in the xylem is a major chelator of iron and these Fe-
citrate complexes are trafficked into xylem part via ferric reductase defective 3 (FRD3),
an Arabidopsis transporter of the multidrug and toxic compound extrusion (MATE)
family transporter FRD3. NA is a major chelator of metals in plants, which is capable
to capture various transition metals, mainly Fe(Il) and Fe(III), as well as copper (Cu),

nickel (Ni), cobalt (Co), manganese (Mn), and zinc (Zn) (Conte and Walker, 2011).
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When iron transports into plant cells, it is distributed to required compartments for
cellular activity and accumulated in some restricted area mainly in the chloroplast,
mitochondrion, and vacuole to alleviate metal ion toxicity (Kobayashi and Nishizawa,
2012).

For a nickel, it is generally taken up in the plant body through the root system via
passive diffusion (apoplast) and active transport (symplast) pathways depending on its
concentration. Previous studies suggested that the uptake of nickel is mainly via low-
affinity transport systems of the ZIP family in the plants. But no high-affinity Ni influx
transporter was reported in higher plants yet (Deng et al., 2018; He et al., 2012). In the
cytoplasm of root cells, nickel is rapidly complexed with organic chelators in order to
decrease the toxicity, such as citrate, malate, glutamine, and NA. Moreover, some
amino acids, such as histidine (His), exhibit strong nickel chelation with high affinity
through the imidazole ring of nickel (Yusuf et al., 2011). Nickel is then efficiently
exported from xylem parenchyma and loaded into xylem vessels, which may be due to
the high expression of Ni efflux transporter(s) at parenchyma cell membranes. Once
reaching leaves, the main storage organ, Ni is then transferred across the whole
apoplastic space via leaf veins. Here, nickel is either absorbed by leaf cells (symplast)

or remains in the apoplast (Deng et al., 2018).
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Figure 4.3 XRF mapping of »cFe, 23Ni, 17Cl, 19K, and »0Ca in Azolla pinnata R.Br.
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treated with 50 mM Fe(NO3)3 and/or Ni(NO3), solutions.

The corresponded levels of metal ions in the metal-treated plants are shown in
Figure 4.4. In roots (Figure 4.4(A)), when A. pinnata R.Br. samples were treated with
the combination of Fe(NOs3)3 and Ni(NO3), the 26Fe level in the plants was lower than
the single Fe(NO3)s exposure; 59.45 + 6.20 and 91.44 + 6.00% mass, respectively.
Similarly, the 23Ni level in the plant treated with the combination of both metals was
lower than the single Ni(NO3) exposure; 34.41 + 6.27 and 83.45 £+ 3.43% mass,
respectively. It is possible that nickel and iron ions share the same route of transport
and translocation, thus the levels of iron and nickel in the roots exposed to the single
metal solution are higher than those exposed to the combination of both metal solutions
(Ghasemi et al., 2009). Nickel and iron ions share the same loading and transport
processes, including transmembrane proteins for active transport (IRT and YSLs) and
primary chelators responsible for the metal mobility in plants (NA and citrate) (Nishida

etal., 2011).
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It was also noted that the significantly reduced levels of 17Cl, 19K, and »0Ca were
detected in each metal-treated samples as compared with the control. The levels of 17Cl
in the control, Fe-treated, Ni-treated, and Fe/Ni-treated samples were 10.40 +1.70, 0.03
+ (.04, 0.83 = 1.71, and 0.04 + 0.06% mass, respectively. Those of 19K were 36.72 +
7.85,0.01 £0.04, 1.88 £2.26, and 0.17 + 0.15% mass, respectively. Those of 20Ca were
28.49 £+ 8.50, 2.01 = 0.49, 4.63 = 0.70, and 1.00 = 0.15% mass, respectively. The
reduced levels of these metal ions in the cells were reported as the toxicity effects of Fe
and Ni ions via the oxidative stress that caused lipid peroxidation, membrane

dismantling, and finally ion leakage (Hossain et al., 2012).
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Figure 4.4 XRF quantitative analysis of roots (A) and shoots (B) of metal-treated

Azolla pinnata R.Br.

Several pieces of research reported the depletion of potassium and calcium caused

by the iron and nickel toxicity. Both iron and nickel could induce deficiency of other
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macronutrients and micronutrients, such as N, K, Zn, Mn, Ca and Cu, by interfering
with their uptakes (Ahmad et al., 2011; Baruah and Bharali, 2015; Brune and Dietz,
1995). The toxicity of iron and nickel partially caused by the induction of ROS, which
could cause the oxidative damage of cell membranes and other biomolecules, leading
to the leakages of ions from the root cell (Hossain et al., 2012; Piechalak et al., 2005).
Therefore, the changes of cellular potassium and calcium ions in 4. pinnata R.Br. roots
and leaves were probably due to their leakages from the injured membranes.

In shoots, similar results were observed, in which 4. pinnata R.Br. treated with the
combination of Fe(NOs3)3 and Ni(NO3) had the lower level of »Fe than the single
exposure; 40.37 £ 5.09 and 73.94 £ 24.13% mass, respectively (Figure 4.4(B)).
However, the 23Ni level in the plant treated with the combination of Fe(NOs); and
Ni(NO3) was higher than the single Ni(NOs) exposure; 48.14 + 11.45 and 55.17 +
4.93% mass, respectively. The previous literatures reported that in hyperaccumulator
plants, nickel was easily loaded into the xylem and could rapidly transport to the shoots
(Deng et al., 2018). As the result, the major localization of nickel was found in shoots
and leaves, but not in roots (He et al., 2012).

Similar to roots, in shoots, the significant reduction levels of 17Cl, 19K, and 20Ca
were detected. The levels of 17Cl in the control, Fe-treated, Ni-treated, and Fe/Ni-treated
samples were 9.69 = 2.10, 0.00 £ 0.00, 7.32 + 2.33, and 0.03 = 0.02% mass,
respectively. Those of 19K were 48.68 = 5.41, 0.00 + 0.00, 27.57 + 5.25, and 0.00 +
0.00% mass, respectively. Those of 20Ca were 21.95 £ 6.93, 2.67 = 1.28, 4.48 + 1.35,

and 1.54 £ 0.20% mass, respectively.
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4.3 Accumulation of metal NPs in Azolla pinnata R.Br.

The Azolla plants were reported for their capability to tolerate and accumulate high
heavy metals in their tissues (Bennicelli et al., 2004; Wagner, 1997). However, the fate
of the uptake-metal ions inside the cells to convert to metal NPs is still questioned. In
this work, TEM images were used to analyze the formation of metal NPs in the root
tissues of 4. pinnata R.Br. treated with Fe(NO3)3, Ni(NO3)2, and both solutions.

4.3.1 Cortical cells

In cortical cells, the accumulation of FeNPs was apparently detected at the
cell membrane of Fe-treated and both metal-treated root cells (Figure 4.5). In the Fe-
treated cells, dispersive FeNPs were dominantly detected in a vicinity of the cell
membrane, whereas the additional vacuoles and multivesicular bodies (MVBs) were
detected in the cells treated with both Fe(NO3)s, N1(NO3),. In contrast, no observation
of NiNPs was detected in the cells treated with Ni(NO3),. It was noted that the
plasmolysis was also observed in the cells treated with both solutions as the shrunken
cell membrane was detected.

The formation of FeNPs was hypothesized to occur via two mechanisms; the
formation of dispersed metal NPs near the cell membrane and the formation of metal
NPs in the storage vacuoles. The formation of FeNPs in the vicinity of cell membrane
was hypothesized to occur via the transport of Fe?* ions, reduced from Fe* to Fe?" by
FRO, across cell membranes into the plant cells. The phytochemicals near the cell
membrane might reduce Fe?" in the presence of oxygen, thus forming iron oxide seed
nuclei. These seed nuclei eventually grew into the stable nanoparticles via the
assistance of stabilizing phytochemicals. For the formation of FeNPs in the vacuole, it

was hypothesized that Fe?" ions were bound an iron transporters, such as IRT1



32

transporter, and transported into endosomal compartments and vacuoles, where the NPs
were formed inside by some reduced and capped biomolecules (Jeong et al., 2017). As
a result, Fe’" ions were sequestered, thus preventing oxidative stress and shoot

transportation to harm the plant (Briat et al., 2010).

Figure 4.5 TEM images of cortical cells of Azolla pinnata R.Br. roots of control (A),
Fe(NO3)s-exposure (B), Ni(NO3)2-exposure (C), and both metal-exposure
(D-E). The letter ¢ is cortical cell, the letter v is vacuoles, the arrows
indicate multivesicular bodies, and the arrowhead indicates the

plasmolysis.

The detected MVBs, the late endosomes containing membrane-bound
intraluminal vesicles, were hypothesized to appear when plants were under attacked by

biotic or abiotic stress. Therefore, it was very likely that the formation of MVBs is one
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of the important defense mechanisms to iron stress in this work. It was noted that in
cortical cells, the detection of these MVBs was only in the condition with both metal
treatments. It was hypothesized that nickel ions could interfere the radial transport of
Fe ions from the cortical cells to the vasculature (Ghasemi et al., 2009). As the results,
very high concentrations of iron ions were in cortical cells, resulting in the formation
of MVBs between the cell wall and the plasma membrane of cortical cells.

As vacuoles were also present in Fe-treated cells, it was likely that these
vacuoles were formed via the heterotypic fusion between the prevacuolar compartments
(PVC)/MVBs to maintain iron in a captured area, thus help to prevent the severe iron
toxicity inside the cells (Hu et al., 2020).

The plasmolysis, the cytoplasmic shrinkage, was existed only in both metal-
treated root cells, denoting the cell damage from losing water as the cells were in a
hypertonic solution. These cells were known as the plasmolyzed cells (Adamakis and
Eleftheriou, 2019).

In this work, it was hypothesized that no formation of NiNPs was likely due
to its low accumulated concentration at the root cells. In general, Ni*>" ions were
specifically bound to intra-cellular chelators, such as NA, His, and organic acids (citric
acid and malate ions). Via these chelators, Ni** ions were transported to shoot and
mostly accumulated in the plant leaves (Chen et al., 2009a; Robinson et al., 2003). As
the results, this low concentration of Ni** ions in the root cells was not sufficient to
induce the formation of nanoparticles.

4.3.2 Vascular cells
In vascular cells, TEM images of root cells treated with Fe(NO3)3, Ni(NO3)2,

and both metal solutions are shown in Figure 4.6. Similar to the results in cortical cells,



34

the presence of dispersive FeNPs was detected near the plasma membrane and there
was no detected NiNPs. The plasmolysis was also detected in the cells treated both
metal ions. Interestingly, the paramural bodies (PMBs; membranous or vesicular
structures between cell walls and plasma membranes) were detected in the vascular
cells treated with Fe(NOs)3 (Figure 4.6(B)). These PMBs were formed by the fusion
between MVBs and the plasma membrane. This mechanism involved the induction of
local cell wall appositions (papilla) at the attack sites and the accumulation of metal
ions, resulting in the production of PMBs (Wang et al., 2020). It was noted that PMBs
were detected only in the cells treated with Fe(NO3)s but not ones treated with both
Fe(NOs)3 and Ni(NOs3),. It was likely that iron ions could translocate to vascular cells,
therefore they could form FeNPs and accumulated as PMBs at the sufficient

concentration.
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Figure 4.6 TEM images of vascular cells of Azolla pinnata R.Br. roots exposed to
Fe(NO3)3 (A-B) and the combination of Fe(NOs)3 and Ni(NO3)> (C-D). The
letter p is pericycle, the letter mx is metaxylem, the letter ph is phloem, and

the arrowheads indicate the plasmolysis.



36

4.4 Identity of the metal NPs

The identity of the metal NPs was determined by SEM-EDS and TEM-SAED
analyses.
4.4.1 SEM-EDS

SEM-EDS was used to analyze the level of metals in 4. pinnata R.Br. treated
with Fe(NO3)3, Ni(NO3),, and both metal solutions. The analyses of 92 elements were
performed both in roots and shoots of the plants as shown in Figure 4.7.

In roots, SEM-EDS results showed that the untreated A. pinnata R.Br.
contained two major elements, carbon (C) and oxygen (O), which were the major
components of the organic compounds. It was noted that the presence of sodium (Na)
was resulted from the sodium phosphate buffer used for the sample preparation. In Fe-
treated plants, in addition to C and O, Fe was predominantly detected at 8.90 %wt,
suggesting that the plant could uptake Fe ions from the solution into their roots. In Ni-
treated plants, a similar result was observed, in which Ni was also detected at 0.20 %wt
in addition to C and O. Although the same molar concentrations of Fe(NO3); and
Ni(NO3)2 were used to treat 4. pinnata R.Br., the low detection level of Ni as compared
with Fe might be resulted from their feasible lost in solution during a sample
preparation since Ni mostly in a form of soluble ions, not the membrane-localized,
undissolved nanoparticles. In both metal-treated plants, the Fe and Ni were detected in
the roots as expected; 7.55 and 0.16 %wt, respectively.

In shoots, the Fe-treated samples contained 0.96 %wt Fe, which was
apparently lower than the Fe level in roots. The excessed Fe was typically accumulated
in roots as the major sink pool rather than translocated to shoots to prevent the oxidative

stress in various vital organelles in leaves. In contrast, the Ni-treated shoots contained
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0.56 %wt Ni, which was higher than that in the root, implying that Ni likely preferred
to transport and accumulate in shoots more than roots. In both metal ions-treated shoots,
the levels of Fe and Ni were at 0.57 and 0.59 %wt. This Fe level was lower than that in
roots. In contrast, but this Ni level was higher than that in roots. These results were
agreeable with each metal treatment in shoots. Taken together, these results
demonstrated the different fates of Fe and Ni ions in uptake, transport, and

accumulation in 4. pinnata R.Br.
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Figure 4.7 SEM-EDS analysis of roots (left) and shoots (right) of Azolla pinnata R.Br.
under untreated (A), Fe(NOs)s-treated (B), Ni(NOs),-treated (C), both

metal-treated (D) conditions.
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4.4.1 TEM-SAED

The crystalline structure of the metal NPs in the plant cells was analyzed by
TEM-SAED (Figure 4.8). In Fe-treated plants, two forms of FeNPs were detected;
Fe304 (magnetite) and a-Fe>Os (hematite). The detection of the lattice planes at 3.68,
2.66, 2.23, and 1.67 A suggested the presence of a-Fe,Os (hematite), in which these
lattice planes attributed to the hlk planar of a-Fe,Os; (012), (104), (113), and (116),
respectively. The detection of Fe;O4 (magnetite) was indicated by the lattice planes at
4.82,2.93, and 2.51 A, corresponding to the hlk planar of (111), (220), and (311) of
Fes0q4, respectively. Similarly, in Fe- and Ni-treated plants, the concentric diffraction
rings of 3.64, 2.23, 1.85, and 1.66 A were detected, corresponding to the hlk planar of
(012), (113), (024), and (116) of a-Fe203. The concentric diffraction rings of 2.97, 2.54,
2.41, and 1.46 A corresponded to the hlk planar of (220), (311), (222), and (440) of
Fe304. These analyses were based on the comparisons with the standards JCPDS 01-
1053 for FeoO3 (Muraro et al., 2020) and JCPDS No. 01-1111 for Fe3;04 (Khaghani et
al., 2017). It was noted that SAED analysis revealed no lattice plane of any metal
nanoparticles in the plant cells, confirming that there was no formation of NiNPs in

these plant cells.
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Figure 4.8 SAED-TEM analyses of FeNPs in cortical cells of Azolla pinnata R.Br.
roots treated with Fe(NO3)3 (A) and the combination of Fe(NO3); and

Ni(NO3)2 (B).

4.5 Changes of functional groups of biomolecules

The changes of bio-molecular profiles of 4. pinnata R.Br. in response to Fe(NO3)3
and Ni(NOs); treatments were determined by FTIR spectra in the range of 4000 — 400
cm! (Figure 4.9).

In roots (Figure 4.9(A)), the FTIR spectra of metal-treated and control plants
revealed several differences of functional groups, including peak intensity and
appearance of new peaks. In the metal-treated plants, the reduction of peak intensity
was detected at 3342-3329, 1057-1032, and 1632-1616 cm™!, which corresponded to
the functional groups of O—H stretching of primary alcohol of carbohydrate, C—O (C—
C-0) asymmetric stretching of primary alcohol of carbohydrate, and N—H primary
amine of protein, respectively (Coates, 2006; Smith, 1998). With the presence of metal

ions, these reduced peak-intensities might be attributed to the interaction of divalent
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metal ions ant O—H functional groups of carbohydrates (i.e. poly-galacturonic acid) in
cell wall, thus preventing translocation of metal ions to other parts of the plants
(Krzestowska, 2011). The reduction of C-O stretching might be attributed to a
reduction of peroxidation products that was due to a disruption of lipid peroxidation
process by metal ions (Lei et al., 2012). A reduction of N—H primary amine suggested
the reduction of protein content in the metal-treated A. pinnata R.Br., which might
cause by a disruption of newly synthesized protein in metal-stressed cells (Hasan et al.,
2017). In addition to the reduced spectral peaks, the increased spectral peaks were
detected in the metal-treated A. pinnata R.Br. These peaks were detected in the ranges
of 1373-1384 and 12431232 cm ™!, assigning to the symmetrical of carboxyl groups
(COO-) of carbonyl group (Coates, 2006), and antisymmetric of PO, (Garidel et al.,
2000). The induction of carbonyl group in metal-treated A. pinnata R.Br. might involve
a metal detoxification process in plants, such as the induction of pectin to localize and
prevent metal translocation via the interaction between metal ions and anion carboxy
groups of homogalacturonan domain of pectin (Celus et al., 2018). Also, the induction
of phosphate ions suggested the increase of nucleic acids in metal-treated 4. pinnata
R.Br., in which the expression of several genes, especially oxidative and genotoxic
relating genes, were induced to facilitate the metal-detoxification process in the cells
(Dutta et al., 2018). In the FTIR spectra, two new emerged peaks were detected at
1556—1539 and 672 cm™!, which attributed to N-H bending vibration of amine II and
M (Metal)-O bond vibration. The new emergent of amine Il peak might be related to a
new synthesis of metal stress-related proteins, such as phytochelatins, metallothioneins,

and antioxidant enzymes (Kong and Yu, 2007). It was noted that the occurrence of new
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M-O bond vibration might support the formation of metal oxide nanoparticles in the
plant cells in this work (Doaa et al., 2019; Hamadneh et al., 2019).

In shoots (Figure 4.9(B)), the FTIR profiles were similar to those in roots, in which
the reduction and induction peaks were detected. The summary of the FTIR profiles in
the roots and shoots was reported in Table 4.1. Three reduction peaks were detected in
the ranges of 3337-3291, 1636—1614, and 1030—1025 cm™, suggesting the reduction
of carbohydrates, proteins, and carbohydrates, respectively (Coates, 2006; Smith,
1998). Two induction peaks were detected in the ranges of 1385-1366 and 1517 cm™!,
suggesting the induction of carbohydrates and proteins, respectively (Coates, 2006;
Kong and Yu, 2007; Smith, 1998). These results suggested the modulation of
carbohydrates and proteins in response to metal-treatments. Some induction and
reduction of some carbohydrates were reported to involve metal-stress responses in
plants; induction of pectin and hemicellulose of cell walls, and reduction of
photosynthesis products (glucose and starch) due to the disruption of chlorophyll
contents and decrease in the photochemical efficiency of photosystem II by metal ions
(Krzestowska, 2011; S. Singh et al., 2016). Similarly, the modulation of proteins was
reported in metal-stressed plants; induction of some metal stress-related antioxidant
enzymes and amino acids (citrate, malate, and proline) (Hasan et al., 2017), and
disruption/reduction of RuBisCO and other enzymes relating to photosynthetic
machinery by metal stress (Hossain and Komatsu, 2013).

Unlike in roots, the FTIR peaks in a range of 1244-1242 cm™' were slightly
decreased in the metal-treated samples in the shoots, suggesting the reduced content of

nucleic acids. In general, the expression of gene was more active in the shoots than the
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roots, therefore the effect of metal ions to suppress gene expression was more obvious

in shoots, such as photosynthesis-relating genes (Jaskulak et al., 2018).
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Table 4.1 Summary of the FTIR profiles in roots and shoots of Azolla pinnata R.Br.

in response to metal-treatments.

Azolla pinnata R.Br. treated with

Wavelength
Biomolecules » Roots Shoots
(cm))

Fe Ni Fe/Ni Fe Ni Fe/Ni
Carbohydrates
O-H stretching 3400-3300 R R R R R R

3335 3329 3335 3311 3308 3310
COO- symmetric 1420-1300 I I I I I I
stretching 1373 1384 1384 1373 1385 1366
C—C-O asymmetric ~ 1070-1000 R R R R R -
stretch of primary 1057-  1057- 1053— 1068 1056— 1070—
alcohols 1030 1034 1036 1025 1030 1025
Proteins
N-H bending of 1° 1650-1590 R R R R R R
amine 1632 1632 1632 1635 1636 1634
N-H bending of 2° 1575-1480 New New New I I I
amide 1556 1539 1556 1517 1517 1517
Nucleic acids
antisymmetric PO,  1260-1215 I I I R R R

1232 1234 1232 1242 1244 1242
Metal-O
Metal—oxide 500-700 New New New - - -

672 672 672

Noted: The data were compared with the control. R, Reduction and I, Induction.
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4.6 Effect of iron and nickel ions on the oxidative stress enzymes

One of the defense mechanisms of plant cells to metal-stress is the actions of
antioxidant enzymes, which major ones are superoxide dismutase (SOD), catalase

(CAT), and glutathione reductase (GR) that are related to the reactive oxygen species

(ROS) scavenging. SOD is the enzyme to dismutate the superoxide anion (02 ™) to
hydrogen peroxide and oxygen. The hydrogen peroxide can be further reduced to water
and oxygen by CAT enzyme (Ighodaro and Akinloye, 2018). Also, glutathione
peroxidase (GPx) can reduce hydrogen peroxide to water by the redox reaction, which
glutathione is also oxidized. The oxidized glutathione can be reversed to its reduced
form by GR enzyme. Therefore, the activity of GR indirectly indicates the presence of
reactive oxygen species (ROS) (Couto et al., 2016). Therefore, this study evaluated the
activities of these enzymes in response to each metal-treatment for the better
understanding of the metal-stress responses in A. pinnata R.Br.
4.6.1 Roots

In roots (Figure 4.11), the SOD activity was increased in all metal-treated
plants as compared with the control plants. The highest SOD activity was detected in
the Fe-treated plant, followed by the Fe/Ni-treated, Ni-treated, and control plants,
respectively; 264.56 + 21.02, 199.78 + 18.63, 134.21 + 19.27, and 88.83 + 6.62 U/mg
protein. Similarly, the CAT activity was increased in response to metal treatments as
compared with the control. The highest CAT activity was detected in the Fe-treated
sample, followed by the Fe/Ni-treated, Ni-treated, and control plants, respectively;
88.95 + 5.23, 77.00 + 2.90, 55.57 + 3.12, and 32.93 + 5.49 nmol min"! g'' FW. The
results of GR activity were well-agreed with the above enzymes, in which the GR

activity was induced in response to all metal-treatments. The highest GR activity was
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detected in the Fe-treated sample, followed by the Ni-treated, Fe/Ni-treated, and control
plants, respectively; 3.46 + 0.03, 2.53 £ 0.03, 2.58 £ 0.06, and 2.14 £ 0.06 pmol min"!
g FW.

The SOD, CAT, and GR activities indirectly implicated that Fe** ions
induced the most toxicity to 4. pinnata R.Br. as indicated by the highest activities of
these enzymes. It is likely that Fe** ions are the redox heavy metal, which can generate
a high content of ROS via the Fenton/Haber-Weiss reaction. Unlike Fe, Ni is the non-
redox heavy metal, which does not directly involve the generation of ROS, but can
indirectly induce the activities of some antioxidant enzymes such as SOD, CAT, GPx,
GR, and ascorbate peroxidase (APX). The SOD activity was reduced when the plants
were treated with Fe/Ni ions as compared with the Fe-treated plants. It might be
explained that Ni*>* ions could compete the uptake of Fe** ions (Nishida et al., 2012),
resulting in the lower Fe** uptake as supported by the EDXRF analysis. With the lesser
uptake, the SOD activity in the Fe/Ni-treated plants was lower than that in the Fe-
treated plants.

4.6.2 Shoots

Similar to the results in roots, the SOD, CAT, and GR activities were induced
in response to metal-treatments. Also, the highest enzyme activities were detected in
the Fe-treated plant, followed by Fe/Ni-treated, Ni-treated, and control plants. Their
SOD activities were 39.79 + 1.93, 30.21 £ 3.77, 28.17 = 1.37, and 23.22 + 0.43 U/mg
protein, respectively. Their CAT activities were 45.35 + 3.02, 33.48 + 27.71 + 0.00,
and 20.12 £3.17 nmol min"! g"!' FW, respectively. Their GR activities were 2.49 £ 0.26,
2.33+0.14,1.92+£0.06 and 1.26 = 0.13 umol min"! g'' FW, respectively. It was noted

that the maximal activities of SOD, CAT, and GR in the roots were higher than those
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in the shoots. In general, metal ions were mostly accumulated in roots to prevent the

translocation of metal ions to other parts of the plants (Ghori et al., 2019). As the results,

ROS was more produced in roots than the other parts of the plants.
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CHAPTER V

CONCLUSIONS

In this study, the ability of water velvet (Azolla pinnata R.Br.), the metal-
hyperaccumulator aquatic fern, was investigated for its biosynthesis and the identity of
iron and nickel nanoparticles via the uptake Fe** and Ni** ions. Also, the metal
responses by the plant were investigated; metal-toxicity, metal-uptake (EDXRF),
molecular profile (FTIR), and activity of oxidative stress-related enzymes (SOD, CAT,
and GR). The conclusion of this study was as follows and the data were also
summarized in Table 5.1.

The toxicities of Fe(NO3)3 and Ni(NO3)» to 4. pinnata R.Br. were investigated as
the plant was treated with single and combination of both solutions, which the results
showed that both metals were toxic to the plant in dose-dependence. Fe(NOs3); was
more toxic than Ni(NO3)2, which their 50% toxicity values were 32.61 and 84.33 mM,
respectively. Also, the additive toxicity was detected when both metals were used. The
uptakes of these metals in the plant were confirmed by EDXRF analysis, which
indicated the high contents of both metal ions in roots and shoots, suggesting the uptake
and translocation of both metals by this plant. Interestingly, the exposure of both metals
resulted in the lower uptake of each metal as compared with the single-metal exposure.
This result suggested the competitive uptake between both metals as they shared the
same transportation route. The molecular responses to these metals were further

investigated by FTIR analysis. The results revealed the induction and reduction of
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spectral peak profiles that attributed to function groups of carbohydrates, proteins, and
nucleic acids, suggesting the modulation of these macromolecules in 4. pinnata R.Br.
in response to both metals. Also, the FTIR spectral peak indicated the M-O vibration,
suggesting the possible formation of metal oxide nanoparticles in the plant cells. In
response to these metal exposures, the activities of the antioxidant enzymes (SOD,
CAT, and GR) were also investigated. The activities of SOD, CAT, and GR were the
highest in the Fe-treated plants, followed by Fe/Ni-treated and Ni-treated plants. These
results implied the formation of ROS in response to metal exposures in this plant. Also,
since Fe ions were redox-active, it could generate a high content of ROS via the
Fenton/Haber-Weiss reaction, resulting in the induction of higher activities of SOD,
CAT, and GR in the plant.

The formation of metal nanoparticles was identified by TEM images of the metal-
treated plants. Interestingly, only the formation of iron nanoparticles (FeNPs) was
detected, but not nickel nanoparticles (NiNPs). The identity of FeNPs was confirmed
by TEM-SAED analysis, which indicated hematite (c-Fe>O3) and magnetite (Fe3O4)
forms of FeNPs. FeNPs was accumulated in vesicles and multivesicular bodies, or
individually distributed in a vicinity of the cell membranes of cortical and vascular
cells. Since the formation of NiNPs was not detected, SEM-EDS analysis was carried
out to detect the content of Ni element in the roots. The result showed the low Ni mass
in the plant roots, thus suggesting that the low Ni level was insufficient to induce a
formation of NiNPs in the plant roots.

In this work, the formation of FeNPs were detected, either the accumulation in the
distribution near cell membrane or late endosome and storage vacuole of cortical and

vascular cells (Figure 5.1). For the distribution of FeNPs near the cell membrane, it was
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hypothesized that some Fe?* ions that entered the cell could be reduced to iron oxide
seed nuclei. Then, the metal atoms were continuously aggregated to the seed nuclei and
increased the particle size. The particles might be capped with some biomolecules in
plant cells to stabilize the formed nanoparticles (Geonmonond et al., 2018). For the
formation of FeNPs in late endosomes and vacuoles, it was hypothesized that the excess
Fe?" ions were bound to iron transporters at the cell membrane and transported into the
endosomal compartments (MVBs and PMBs) and storage vacuoles, where the NPs
were formed inside by some reduced and capped biomolecules.

Taken these results together, this work demonstrated the potential cellular
production of iron oxide NPs from the uptake iron ions by water velvet, suggesting that
this plant species is not only a metal bioremediation plant, which could remove the
toxic heavy metal ions from the environment, but also a cellular factory for the
production of iron oxide NPs from that contaminated heavy metal ions.

For the future study, these cellular iron oxide NPs have to be isolated from the
plant cells, which calcination and chemical cell-lysis methods are proposed (Lee et al.,
2017; Yew et al., 2020). Isolation and purification of iron oxide NPs can easily be
carried out as they can be traped by the external magnets. Their physical and chemical
properties should be studied, for instance superparamagnetic behavior, catalytic
properties, charge, solution stability, and zeta potential (Belanova et al., 2018; Shifrina
and Bronstein, 2018). Finally, their potential applications should be investigated such
as catalyst, water remediation agent (heavy metal ion removal), magnetic storage, and
biomedical material (Yew et al., 2020).

Based on this study, the formation of NiNPs was not detected, which was

hypothesized to relate to the insufficient concentration of Ni** ions. To answer this
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question, the formation of NiNPs under different concentrations of Ni** ions should be
investigated, both in roots and shoots. As there was a report of the primary
accumulation sites of nickel in newly formed leaves (Page and Feller, 2015), the young
leaves should be included in this experiment. In addition, different zones of roots
(division, elongation, and maturation zones) should be compared for the formation of

NiNPs.
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Figure 5.1 Proposed mechanism of the formation of FeNPs in Azolla pinnata R.Br.
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Table 5.1 Summary of the results.

Experiments Control Fe-treated  Ni-treated Fe/Ni-treated
Toxicity TC 50 (mM)

- 32.61 84.33 -
Elemental mass (EDXRF) % mass

Roots ¢Fe 433+£1.70 91.44+6.00 4.27+090 59.45+6.20
2sN1 032+0.16 1.01+1.05 83.45+3.43 3441+6.27

Shoots 26Fe  3.68 £1.31 73.94+24.13 1.70+ 042 40.37+5.09
N1 0.45+032 0.74+0.73 55.17+4.93 48.14+11.45

Biomolecular profiles (FTIR)

Roots — = Reduction peaks of carbohydrates and
proteins.
= [nduction peaks of carbohydrates and
nucleic acids

= New peaks of proteins and Metal-O

Shoots — = Reduction peaks of carbohydrates,
proteins, and nucleic acids.
» [nduction peak of carbohydrates and

protein

Activities of antioxidant enzymes (SOD, CAT, and GR)

Roots = Highest activities in Fe-treated followed

by Fe/Ni- and Ni-treated

Shoots = Highest activities in Fe-treated followed
by Fe/Ni- and Ni-treated

= [ower activities than roots
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Experiments Control Fe-treated

Ni-treated Fe/Ni-treated

Formation of metal nanoparticles (TEM)

- - FeNPs in
cortical and
vesicle cells

- Distributed
and

captured in

- FeNPs in
cortical and
vesicle cells

- Distributed
and

captured in

PMBs MVBs
Identity of metal nanoparticles (TEM-SAED)
- a-Fe;03 - a-Fe;0;
(hematite) (hematite)
and Fe3O4 and Fe;O4
(magnetite) (magnetite)
Elemental composition (SEM-EDS) Yowt
Roots C 58.90 56.06 58.55 55.41
O 38.99 32.16 39.25 31.01
Na 2.11 2.89 2.01 2.07
Fe - 8.90 - 7.55
Ni = - 0.20 0.16
Shoots C 56.16 58.37 60.14 56.77
O 40.15 38.90 37.62 40.70
Na 3.69 1.76 1.68 1.37
Fe - 0.96 - 0.57
Ni - - 0.56 0.59
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