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Several aquatic plant species are considered as metal-phytoremediation plants 

as they efficiently uptake and store metal ions. Nevertheless, the possibility of these 

cellular metal ions to transform into metal nanoparticles (NPs) has remained unclear. 

Thus, this research aimed to investigate the capability of seven aquatic plant species, 

commonly distributed in Thailand, to absorb and transform copper (Cu), iron (Fe), 

lead (Pb), nickel (Ni), and silver (Ag) metal ions into NPs; Azolla pinnata R.Br., 

Salvinia molesta D.S. Mitch., Lemna minor L., Lemna perpusilla Torr., Spirodela 

polyrrhiza (L.) Schleid., Wolffia globosa (Roxb.) Hartog & Plas and Eichhornia 

crassipes (Mart.) Solms. The toxicity of these metal ions was determined by the 

morphological changes of leaves including witheredness and/or browning and the 

10% toxicity concentration was used to study the cellular formation of metal NPs. 

Energy dispersive X-ray fluorescence (EDXRF) analysis clearly showed the high 

uptake levels of these metal ions as compared with the control and the reduced levels 

of potassium and calcium elements suggested the effects of metal-stress on the 

balances of these cellular ions. The attenuated total reflectance-Fourier transform 

infrared (ATR-FTIR) results revealed the changes of functional group vibrations of 

organic compounds under metal-stress conditions. These results suggested the 

induction of phosphorus-containing biomolecules, lipids, gene expression, and 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background Problem 

Heavy metals have 2been excessively released into the environment due to rapid 

industrialization, thus leading to a major global concern on their effects to the 

environment and human health. Heavy metals such as copper (Cu), iron (Fe), lead 

(Pb), nickel (Ni), and silver (Ag) are often detected in industrial wastewater and 

sometimes in natural water reservoirs. Accumulation of these heavy metals in living 

organisms potentially lead to toxic and carcinogenic effects. Removal or reduction of 

contaminated heavy metals in the environment, therefore, is one of the approaches to 

improve the safety environment for living organisms. These approaches are such as 

chemical precipitation, ion-exchanging, membrane separation, reverse osmosis, 

electrodialysis, and solvent extraction (Wan and Hanafiah, 2008). Although these 

methods effectively remove heavy metals from the environment, they have some 

disadvantages such as high expense, time-consuming process, high energy operation, 

and long-term sludge disposal problem (Aziz et al., 2008). Thus, economical methods 

to diminish these heavy metals from the environment have received many research 

interests, including the uses of living plants to absorb the heavy metals and the uses of 

low-cost agricultural wastes and by-products (sugarcane bagasse, rice husk, sawdust, 

coconut husk, oil palm shell, and neem bark) as absorbent materials (Hegazi, 2013).  
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Phytoremediation offers an eco-friendly alternative method to remove 

contaminated heavy metals in the environment via the use of metal hyperaccumulator 

plants to absorb and accumulate heavy metals in their aboveground parts (Thakur et 

al., 2016). Glutathione (GSH) is a key component in such metal scavenging due to the 

high affinity of metals to its thiol (-SH) group and as a precursor of phytochelatins 

(PCs). Besides metal homeostasis, plants possess a well-equipped antioxidative 

defense system to manage the metal imposed oxidative challenge (Jozefczak et al., 

2012). Several aquatic plants are known in accumulating metals from water 

environment; Salvinia minima Baker, Lemna gibba L., Elodea canadensis Michx., 

Typha angustifolia L., Ceratophyllum demersum L., Vallisneria natans L., and 

Potamogeton crispus L. (Rezania et al., 2016; Verma and Suthar, 2015). However, the 

study of absorption and transformation of metal ions to nanoparticles (NPs) in aquatic 

plant cells is still lacking. Thus, this research was interested to investigate a biological 

synthesis of metallic NPs by seven common aquatic plants in three families; 

Salviniaceae (Azolla pinnata R.Br. and Salvinia molesta D.S. Mitch.), Araceae 

(Lemna minor L., Lemna perpusilla Torr., Spirodela polyrrhiza (L.) Schleid, and 

Wolffia globosa (Roxb.) Hartog & Plas), and Pontederiaceae (Eichhornia crassipes 

(Mart.) Solms) (Figure 1.1). Salviniaceae is a family of vascular seedless plants 

(Pteridophytes), which is in the group of aquatics, heterosporous ferns with 

endosporic gametophytes. With these characteristics, they are more similar to seed 

plants than other ferns (Lumpkin, 1983). For Salviniaceae family, two plant species 

(A. pinnata R.Br. and S. molesta D.S. Mitch.) belonging to the family Salviniaceae 

were chosen for the study. Araceae is a family of monocotyledonous flowering plants. 

For Araceae, four plant species were used as the representative plants; L. minor L., L. 
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perpusilla Torr., S. polyrrhiza (L.) Schleid., and W. globosa (Roxb.) Hartog & Plas. 

The first three plant species, L. minor L., L. perpusilla Torr., and S. polyrrhiza (L.) 

Schleid, are duckweeds that are commonly used as the model system for 

ecotoxicology and bioremediation studies. The latter one, W. globosa (Roxb.) Hartog 

& Plas, is the smallest flowering plant and considered as the nutritious food plant 

(Tel-Or and Forni, 2011). Pontederiaceae is the family of monocotyledonous 

flowering plants, also known as spiderwort family. For Pontederiaceae, one species 

was used, E. crassipes (Mart.) Solms or water hyacinth, which is a free-floating 

perennial aquatic plant and considered as one of the problematic invasive plant 

species in Thailand (Hassan and Edwards, 1992). 

 

 

Figure 1.1 Seven common aquatic plants used in this study. 
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1.2 Significance of the Study 

Alternative to chemical and physical methods, phytoremediation offers the eco-

friendly approach to remove contaminated metal ions with low cost. This research use 

plants to absorb and accumulate metal ions in their parts. Although, it is known that 

several plant species could uptake and accumulate metal ions in compartments, their 

ability, perhaps similar to some bacteria, to transform these metal ions to NPs is still 

the lack of study. Thus, this work was interested to use seven species of aquatic plants 

commonly found in natural reservoirs as the models to study the uptake and 

transformation of Ag, Cu, Fe, Ni, and Pb to NPs: Salviniaceae (A. pinnata R.Br. and 

S. molesta D.S. Mitch.), Araceae (L. minor L., L. perpusilla Torr., S. polyrrhiza (L.) 

Schleid, and W. globosa (Roxb.) Hartog & Plas), and Pontederiaceae (E. crassipes 

(Mart.) Solms). If some of these plants can produce metal NPs from the uptake metal 

ions, they will offer the phytoremediation means for these contaminated metal ions in 

water as well as the valuable by-products, the metal NPs. 

 

1.3 Research Objectives 

The objectives of this study are as below: 

1.3.1 To investigate the toxicity of Ag, Cu, Fe, Ni, and Pb ion solutions to seven 

aquatic plant species: A. pinnata R.Br., S. molesta D.S. Mitch., L. minor L., L. 

perpusilla Torr., S. polyrrhiza (L.) Schleid., W. globosa (Roxb.) Hartog & Plas, and 

E. crassipes (Mart.) Solms.  

1.3.2 To study the ability of these plant species to uptake ions (copper (II) nitrate, 

iron (III) nitrate, lead (II) nitrate, nickel (II) nitrate, and silver nitrate) and the effects 

of the uptake ions on the levels of other ions in the plant roots. 
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1.3.3 To analyze the changes of functional groups of some biomolecules in the 

metal-treated plants. 

1.3.4 To determine and characterize the formed metal NPs in roots of the metal-

treated plants. 
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1.4 Scope of the Study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contaminated heavy metals in water are environmentally concerned. This work 

aims to study the capability of seven aquatic plant species to remove and transform 

some meal ions to NPs: Salviniaceae (A. pinnata R.Br. and S. molesta D.S. 

Mitch.), Araceae (L. minor L., L. perpusilla Torr., S. polyrrhiza (L.) Schleid., and 

W. globosa (Roxb.) Hartog & Plas), and Pontederiaceae (E. crassipes (Mart.) 

Solms). 

Outcomes 

New data on these plants to absorb and transform 

some metal ions to NPs 

I. Toxicity of metal solution to each plant  

II. Uptake and changes of ions in plant roots after exposing to metal solutions 

III. Changes of chemical functional groups of biomolecules in plants after treating 

with metal solutions 

IV. Determination of the formation and identity of metal NPs  



 

CHAPTER II 

LITTERATURE REVIEWS 

 

4.1 Toxicity Test 

Metal nanoparticles (NPs) have unique size-effect properties such as thermal, 

optical, chemical, magnetic, and mechanical properties, which are different from their 

bulk materials. Due to these special properties, they are used for various applications, 

including catalysis (Zhou et al., 2018), biomedical agents (Jiang et al., 2018), 

electronics, optics, biosensors (Yonezawa, 2018), textile industry, and food packaging 

(Tamayo et al., 2019). In general, production of metal NPs is carried out by chemical 

and physical methods as via "top-down" and "bottom-up" approaches (Wang and Xia, 

2004). Metal NPs such as silver nanoparticles (AgNPs), copper nanoparticles (CuNPs), 

iron nanoparticles (FeNPs), nickel nanoparticles (NiNPs), and lead nanoparticles 

(PbNPs), which are the interests of this work, have been continuously used and 

modified to enable their applications (Mody et al., 2010). The 

2.1.1 Copper nanoparticles 

Cu is the chemical element that has an atomic number of 29. In nature, Cu 

can be found less than 1% in the Earth's crust as the pure native Cu. The native Cu has 

a red-orange color with a very soft and flexible structure. In addition to the native form, 

Cu occurs as the compound by combining with various elements, such as 
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copper sulfide (CuS), azurite (Cu3(CO3)2(OH)2), cuprite (Cu2O), chalcopyrite 

(CuFeS2), chalcocite (Cu2S), and malachite (Cu2CO3)2 (Amcoff and Holényi, 1996).  

The morphology and color of native and compound forms of Cu are presented in Figure 

2.1. Unlike the bulk structure, CuNPs are the particles of Cu having sizes in a range of 

1  100 nm. The color of colloidal CuNPs is also changed according to the particle sizes 

as seen in Figure 2.2, in which the colors of CuNPs of 13.54  190.14 nm are varied 

from light yellow to dark brown (Yadav et al., 2017).  

 

 

Figure 2.1 The different colors of various forms of Cu; (A) native Cu, (B) copper 

sulfide, (C) azurite, (D) cuprite, (E) chalcopyrite, (F) chalcocite, and (G) 

malachite (Amcoff and Holényi, 1996). 
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Figure 2.2 The relation of color and size of colloidal CuNPs solution; (A) light 

yellow, (B) yellow, (C) brown yellow, (D) brown, and (E) dark brown 

(Yadav et al., 2017).  

 

The crystalline structure of CuNPs is often found in the face-centered cubic 

(FCC) form (Ojha et al., 2017). This FCC crystal structure has Cu atom at every corner 

of the cube and six atoms at each face of the cube as shown in Figure 2.3. Although the 

CuNPs are mostly produced in quasi-spherical and spherical shapes, the anisotropic 

shapes such as branched, truncated octahedral, and octahedral shapes are also reported 

(Ojha et al., 2017) as shown in Figure 2.4. 

 

 

Figure 2.3 The FCC structure of CuNPs (Cutton, 2018). 
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Figure 2.4 Various morphologies of CuNPs; (A) quasi-spherical shape, (B) spherical 

shapes, (C) branched shapes, (D) truncated octahedral shapes, and (E) 

octahedral shapes (Ojha et al., 2017). 

 

CuNPs have unique properties suitable for many potential applications; high 

melting point (1,083 °C) (Schaper et al., 2004), magnetism property (such as 

ferromagnetism of 80 nm CuONPs) (Gao et al., 2010), specific absorption at 550 nm 

(Mohindroo et al., 2016), electrical and thermal conductivity (Huang et al., 1997), and 

antibacterial activity (Chatterjee et al., 2014; Mahmoodi et al., 2018). Therefore, CuNPs 

have been used in various applications such as catalysts, colorimetric sensors, 

antibacterial agent, photocatalyst, and electrocatalysts (Tamilvanan et al., 2014). 

CuNPs are commonly used as electrocatalysts because of their low cost, high melting 

point, and corrosion resistance. Hirunsit and colleagues reported the use of colloidal 

CuNPs as electrocatalysts in the electroreduction process to produce the hydrogen 

energy, methane, and methanol, which they offered several advantages including the 

short reaction time and the single step process (Hirunsit et al., 2015). Moreover, Wang 

and colleagues reported the use of CuNPs as the antibacterial agent. The antibacterial 
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activity of CuNPs was proposed as shown in Figure 2.5. Cu ions that generated by 

CuNPs may interact with the negative charge of the bacterial membrane via the 

electrostatic reaction, causing the cell damage and death. In addition, small CuNPs can 

penetrate into the bacterial cells and interact with thiol (SH) and phosphate (PO4
) 

groups of proteins and nucleic acid, leading to the inhibition of electron transport chain, 

disruption of enzymatic functions and modulation of the bacterial metabolic processes 

(Wang et al., 2017). 

 

 

Figure 2.5 The proposed mechanisms of the antibacterial activity of CuNPs (Wang et 

al., 2017). 

 

2.1.2 Iron nanoparticles 

Fe is an abundant metal element with an atomic number of 26. This metal is 

found at approximately 5.0% in the continental crust (Huber, 2005). As seen in Figure 

2.6, Frey and Reed reported some Fe complexes that were naturally found in the 

continental crust, including mononuclear Fe, dinuclear Fe (2Fe−2S), ternary iron-
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nickel-sulfur (Fe−Ni−S) clusters, Fe protoporphyrin X, and many other complexes 

(Frey and Reed, 2012). 

 

 

Figure 2.6 Fe complexes in the continental crust; (A) mononuclear Fe, (B and C) 

dinuclear irons, and (D) Fe protophorphyrin X (Frey and Reed, 2012). 

 

FeNPs are particles of Fe in the diameter of 1100 nm. In general, FeNPs are 

easily oxidized by oxygen atoms to form oxides of Fe such as ferrous oxide (FeO), 

hematite (Fe2O3), magnetite (Fe3O4), greigite (Fe3S4), goethite (FeO(OH)), and 

maghemite (γ-Fe2O3). Among the FeNPs, hematite and maghemite are mostly used in 

various fields of applications because of their magnetic properties and colloidal stability 

in aqueous solutions (Moacă et al., 2018). The crystal structure of various FeNPs is 

shown in Figure 2.7. The magnetite has an inverse spinel pattern with alternating and 

overlapping of tetrahedral-octahedral layers (Yew et al., 2018). The hematite crystal 

structure shows a Rietveld refinement pattern, which is based on the hexagonal close 
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packing of oxygen atoms with two-thirds of the octahedral site by iron atoms (Tadic et 

al., 2017). Unlike magnetite, the maghemite has a spinel pattern in its crystal structure. 

This pattern is formed by capping the tetrahedral site on the hexagonal layer (Albrecht 

et al., 2019). Based on the literature, the various morphology of FeNPs were reported, 

including spherical, microdisks, drum-like, spindles, and hexagonal as shown in Figure 

2.8 (Xu et al., 2015).  

 

 

Figure 2.7 The crystal structure of various iron oxide NPs (Albrecht et al., 2019; 

Odkhuu et al., 2014; Tadic et al., 2017). 

 

 

Figure 2.8 Different morphology of FeNPs with diameter ranges of 100500 nm; (A 

and B) spherical, (C) microdisks, (D) drum-like, (E) spindles, and (E) 

hexagonal particles (Xu et al., 2015). 



14 

FeNPs with the diameter of 10  50 nm were used for many applications such 

as microelectronic devices, gas sensing, catalyst, nanocarrier for targeted drug delivery, 

and energy storage devices (Chifiriuc and Grumezescu, 2016; Cortalezzi et al., 2003; 

Lee, 2015; McKerracher et al., 2015; Paul and Sharma, 2010; Saif et al., 2016; Yadav 

and Raizaday, 2016). The magnetic FeNPs (such as gregrite, magnetite, and 

maghemite) attack increasing attention because they have excellent magnetic properties 

and can be potentially used in a large number of biological applications such as to 

isolate of genomic and plasmid DNA, control drug delivery, remove contaminated 

mercury from industrial effluent, support enzyme immobilization for bio-catalysis, and 

extract pharmaceutical chemicals. Also, FeNPs can be used in many biomedical 

applications as shown in Figure 2.9 (Fu and Ravindra, 2012). 

 

 

Figure 2.9 Biomedical applications of FeNPs (Fu and Ravindra, 2012). 
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2.1.3 Lead nanoparticles 

Pb is a heavy metal element with the atomic number of 82, which is found 

approximately 0.001% in the Earth’s crust. Various forms of Pb are naturally detected 

such as lead monoxide (PbO), lead tetroxide (Pb3O4), lead dioxide (PbO2), and lead 

sulfide (PbS) (Moody, 2013) as seen in Figure 2.10. If lead exceeds the optimal level, 

it is toxic to human health. The contaminated lead in food, air, and water when enters 

the human body can cause damage to the nervous system and respiratory system.  

PbNPs are particles of Pb in the dimension size of 1 – 100 nm. PbONPs are 

used in various applications such as storage, pigment, sensor, and electronic device. 

PbNPs can be synthesized in different shapes including nanoplate, nanorod (Kwon et 

al., 2011), nanocube (Abeywickrama et al., 2018), nanosphere (Yousefi et al., 2014), 

flower-like, and hexagonal nanostructure (Pratap and Nath, 2011) as seen in Figure 

2.11. 

 

 

Figure 2.10 Various forms of lead oxide complexes (Volkmann et al., 2019). 
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Figure 2.11 Different shapes of PbNPs; (A) nanoplate, (B) nanorod, (C) nanocube, (D) 

nanosphere, (E) flower-like, and (F) hexagonal nanostructure 

(Abeywickrama et al., 2018; Kwon et al., 2011; Pratap and Nath, 2011; 

Yousefi et al., 2014) 

 

Among PbNPs, lead sulfide NPs (PbSNPs) are one of the important 

nanomaterials, which are widely used in semiconductor devices for optoelectronic 

applications. Gerdes and colleagues reported various shapes of the synthesized PbSNPs 

such as quasi-spherical, octahedral, star-structured, and irregular-structured shapes 

(Figure 2.12) by controlling the ratio of acetic acid and 1,2-dichloroethane, which were 

used as reducing and stabilizing agents, respectively. They hypothesized that the ratio 

of reducing and stabilizing agents was important for seed formation and growth process 

at (100) and (111) planes, resulting in the formation of different shapes of PbNPs 

(Gerdes et al., 2015).  
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Figure 2.12 Different shapes of PbSNPs synthesized by controlling the reducing and 

stabilizing agents; (A) quasi-spherical, (B) octahedral, (C) star-structured, 

and (D) irregular-structured shapes (Gerdes et al., 2015). 

  

2.1.4 Nickel nanoparticles 

Ni is a metal element, which has the atomic number of 28. Ni occurs in the 

continental crust at approximately 0.01%. Major forms of Ni in nature include nickel 

sulfide (NiS), nickel oxide (NiO), and nickel silicate (NiO3Si). Geological phenomena 

including weathering, volcanoes, and human activities such as industrial processes, 

agricultural activities, and combustion of fossil fuels can release Ni into an environment 

(Schaumlöffel, 2012). Ni element can be deposited to the surface of water and soil. 

Therefore, it can accumulate in microorganisms, plants, and animals living in that 

environment (Ahmad and Ashraf, 2011; Iyaka, 2011). The main effect of Ni on human 

involves unusual inhalation, ingestion, and dermal retention (Zambelli et al., 2016). 

Nevertheless, Ni can be used for many applications, especially NiO that has excellent 

electric and thermal properties and potentially used in a variety of applications (El-

Kemary et al., 2013). As compared with the bulk of Ni, NiNPs have superior properties 

in surface energy, magnetism, and surface area to volume ratio (Magaye and Zhao, 

2012). Most synthesized NiNPs were in a spherical shape with a body-centered cubic 

lattice (BBC). The BBC has an atom centered in the body of the cube, unlike the FCC 
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crystal structure that has atoms at each corner of the cube and six atoms at each face of 

the cube (Tian et al., 2005) as seen in Figure 2.13. 

 

 

Figure 2.13 Morphology and crystal structure of NiNPs; (A) spherical shape, (B) BBC 

crystal structure, and (C) FCC crystal structure (Redwing, 2019). 

 

In addition to a spherical shape, Kim and colleagues synthesized the different 

shapes of NiNPs including cube-shaped, elongated hourglass-shaped, hexagonal-

shaped, octagonal-shaped, large sea urchin-like, and hourglass-shaped NiNPs (Figure 

2.14). These different shaped NiNPs were synthesized by controlling the ratio of the 

reducing and stabilizing agents (hexadecylamine and trioctylphosphine, respectively) 

under the hydrogen pressure (Kim et al., 2014).  

NiNPs are more commonly used as an anode device of solid-oxide fuel cells 

or conductive electrolytic layer of proton exchange membrane fuel cells in renewable 

energy applications. Gao and colleagues reported that NiNPs demonstrated the high 

effectiveness of NiNPs to improve the electrocatalytic activity over nonmetallic carbon 

materials (Gao et al., 2001).  
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Figure 2.14 TEM image of the different shaped NiNPs; (A) cube-shaped, (B) elongated 

hourglass-shaped, (C) hexagonal-shaped, (D) octagonal-shaped, (E) 

large sea urchin-like, and (F) hourglass-shaped (Kim et al., 2014). 

 

2.1.5 Silver nanoparticles 

Silver is one of the chemical metals with the atomic number of 47. The silver 

element occurs in the earth crust approximately 7.9  10−6%. Naturally, it is often found 

to complex with gold. With their nanometer size, AgNPs exhibit excellent physical, 

chemical, and biological properties, thus they are incorporated into many commercial 

products. The global market of AgNPs is predicted to reach 2.45 billion USD by 2022 

according to a new study by Grand View Research, which is on account of rising 

demands from various industries such as electronic devices, appliances, textiles, and 

antimicrobial agents (Tran and Le, 2013). The development of synthesis approaches of 

AgNPs is also received tremendous interests as indicated by the number of articles 
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published by the standard publishers from 1980 to September 2014 as seen in Table 2.1 

(Keat et al., 2015).  

 

Table 2.1 Publication scenario of synthesis of AgNPs under standard publishers (1980 

– 2014). 

Scenario 

number 
Name of the publishers 

Total number of journal 

articles 

1 
American Chemical 

Society 

3,323 

2 WILEY 3,026 

3 
Royal Society of 

Chemistry 

2,140 

4 Elsevier Science 8,790 

5 Springer 2,668 

6 Taylor & Francis 299 

Reference: (Keat et al., 2015). 

 

Several methods are employed to synthesize AgNPs, including physical, 

chemical, and biological methods. For physical methods, an evaporation-condensation 

is mostly used to synthesize AgNPs. The advantage of this processes is to provide a 

mass production but it has several drawbacks including a requirement of high space for 

production, consumption of high temperature and energy, and long reaction time (Abou 

El-Nour et al., 2010). Other physical methods for producing AgNPs are included 

microwave irradiation, ultrasonic irradiation, photoinduction, photocatalytic reduction, 

irradiation reduction (Firdhouse and Lalitha, 2015). In addition, different sizes and 
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shapes of AgNPs can be synthesized via the control of salt precursor, reducing agent, 

stabilizing agent, and the wavenumber of light (Abou El-Nour et al., 2010). For 

chemical methods, a chemical reduction is a mostly used approach to synthesize stable 

AgNPs with high mass production. The chemical reaction is based on the use of 

chemical reagents to reduce silver ion (Ag+) to zero-valence silver (Ag0), which initiate 

a formation of Ag nuclei. Later, the growth of seed nuclei leads to a formation of AgNPs 

that are stabilized by capping agents (Agnihotri et al., 2014). However, this process has 

several drawbacks including a generation of toxic chemical byproducts, a requirement 

of high energy and temperature, and time-consuming (Bhattarai et al., 2018). From the 

above limitation, biological methods are, thus, proposed as the alternative methods for 

the production of AgNPs, which are simple, rapid, stable, biocompatible, eco-friendly, 

and cost-effective. In biological methods, plant extracts, proteins, amino acids, organic 

acids, vitamins, flavonoids, alkaloids, polyphenol compounds, and polysaccharides 

were reported to function as reducing and stabilizing agents to mediate a formation of 

AgNPs (Duan et al., 2015). In addition to the use of phytochemicals and biomolecules 

to facilitate the production of AgNPs, some microorganisms were found to be able to 

synthesize AgNPs. These microorganisms generally have the ability to accumulate and 

detoxify heavy metal via the actions of their cellular and secreted enzymes, resulting in 

the extra- and intracellular syntheses of AgNPs (Singh, 2016).  

AgNPs have the unique optical property with their characteristic surface 

plasmon resonance (SPR) is about 400 nm. They can interact with light causing the 

conduction of electrons on the metal surface to undergo a collective oscillation. The 

unique SPR peak can be used to speculate sizes, shapes, and amounts of AgNPs (Figure 
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2.15). In addition, the colors of colloidal AgNPs are varied, depending on their sizes 

and shapes as some examples are seen in Figure 2.16 (Helmlinger et al., 2016). 

 

 

Figure 2.15 UV-Vis spectra of colloidal AgNPs with (A) different sizes and (B) shapes 

(Mukherji et al., 2019). 

 

 

Figure 2.16 The colors of colloidal AgNPs (upper) and their TEM images (lower) 

(Helmlinger et al., 2016). 
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2.2 Syntheses of Metal Nanoparticles 

2.2.1 Chemical and physical syntheses of metal nanoparticles 

Metal NPs are commonly synthesized via two strategies: "top-down" and 

"bottom-up" as seen in Figure 2.17 (Fendler and Tian, 2007). A "top-down" synthesis 

method implies that the nanostructures are synthesized by etching out crystal planes 

(removing crystal planes), which are already present on the substrate. Thus, a "top-

down" approach can be viewed as an approach that the building blocks are removed 

from the substrate to form the nanostructure. In a "bottom-up" approach, the 

nanostructures are synthesized onto the substrate by stacking atoms onto each other, 

which gives rise to crystal planes and the crystal planes further stack onto each other, 

resulting in the synthesis of the nanostructures. Therefore, a "bottom-up" approach can 

be viewed as a synthesis approach that the building blocks are added onto the substrate 

to form the nanostructures (Wang and Xia, 2004). 

 

 

Figure 2.17 Scheme of "top-down" and "bottom-up" approaches to synthesize metal 

NPs (Wang and Xia, 2004). 

 

The traditional and most widely used methods for synthesis of metal NPs are 

the wet-chemical procedures. A typical procedure involves growing NPs in a liquid 
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medium containing various reactants, in particular reducing agents (e.g. sodium 

borohydride, potassium bitartrate, methoxy polyethylene glycol, and hydrazine). To 

prevent the agglomeration of metal NPs, a stabilizing agent, such as sodium dodecyl 

benzyl sulfate, and polyvinyl pyrrolidone, is also added to the reaction mixture. 

Generally, the chemical methods are low-cost for high volume production; however, 

they have some drawbacks such as contamination from precursor chemicals, use of 

toxic solvents, and generation of hazardous by-products. 

2.2.2 Biosynthesis of metal nanoparticles 

Biological synthesis offers a cost-effective, eco-friendly, and simple method 

for the production of metal NPs. In addition, the obtained metal NPs are suitable for 

biomedical and environmental applications. Among metal NPs, AgNPs are mostly used 

in the medical field due to their antimicrobial effects, while zinc and titanium dioxide 

NPs (ZnNPs and TiO2NPs) are frequently used in cosmetics. AgNPs and ZnNPs are 

also used in food packaging, wound dressings, catheters for drug delivery and so on, 

due to their broad range of antimicrobial effects. The second application area of 

biological NPs is the development of sensors for various biomolecules related to 

environment and agriculture. Furthermore, NPs are also used in gene delivery, cell 

labeling, and medicine. Some applications of metal NPs are still in extensive 

development, such as photoimaging, photothermal therapy, and magnetically 

responsive drug delivery. The biological methods to synthesize metal NPs can be 

divided into 2 main approaches; the synthesis by living microorganisms (yeasts, 

bacteria, and fungi) and the synthesis mediated by biomolecules extracted from 

microbes, plants, and animals (Figure 2.18). 
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Figure 2.18 Biological synthesis of metal NPs in biomedical and environmental fields 

(Domènech et al., 2012). 

 

2.2.2.1 Living microorganisms  

Living microorganisms can function as bio-factories to produce metal 

NPs, which offer immense potential advantages in eco-friendly and cost-effective 

process, no toxic or harsh chemicals produced, and no requirement of high energy input. 

Up to our knowledge, some bacteria, yeast, and fungi were reported to synthesize metal 

NPs from the uptake of metal ions. Detailed information is described as follows. 

Naturally, microorganisms have the capability to accumulate and 

detoxify heavy metals via the use of various reductase enzymes that are able to reduce 

metal salts and subsequently form metal NPs with narrow size distribution and less 

polydispersity. Over the past few years, microorganisms, including bacteria (such as 

actinomycetes), fungi, and yeasts, have been studied for their extra- and intracellularly 

syntheses of metal NPs (Singh, 2016). The mechanism of microbial-mediated synthesis 

of metal and metal oxide NPs is not clear; however, it is hypothesized via the following 

three phases (Figure 2.19). First, the metal cation is trapped by bacterial or fungal cell 

wall due to electrostatic interactions between the negatively charged cell wall and the 

positively charged metal cation. Second, bacterial and fungal cells release reductase 
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enzymes to reduce the metal cations into the zero-valent metal atom. Third, these atoms 

aggregate and form metal NPs. The formed NPs are capped by biomolecules produced 

by bacteria or fungi, which prevent further aggregation of metal NPs. The formed NPs 

can diffuse out from the cell wall or remain inside the cells depending on each bacterial 

and fungal species. Lists of microorganisms capable of producing metal NPs are in 

Table 2.2. 

 

 

Figure 2.19 Mechanism of microbial-mediated synthesis of metal and metal oxide NPs 

(Muhammad and Rani, 2016). 
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Table 2.2 Intracellular synthesis of metal NPs by various microorganisms.  

Microorganisms Metal NPs Methods 

Rhodopseudomonas capsulate  Au Reduction  

Morganella sp. Ag Reduction  

Pseudomonas stutzeri  Ag and Cu Reduction 

Rhodococcus sp. Au Reduction  

Escherichia coli Pd, Pt, and CdS Reduction 

Plectonema boryanum  Ag Reduction 

Enterococcus faecium  Ag and Pt Biosorption and reduction  

Lactobacillus strains  Ag and Au Reduction 

Rhodococcus sp.  Au Reduction 

Candida glabrata CdS Reduction 

Schizosaccharomyces pombe  CdS Reduction  

Torulopsis sp.  Pb Reduction 

Cryphonectria sp. Ag Enzyme mediated 

Bipolaris nodulosa  Ag and Au Reduction 

Pestalotia sp.  Ag Reduction 

Aureobasidium pullulans  Au Reduction 

Neurospora oryzae Ag Reduction 

Rhizopus oryzae Au Reduction 

Clostridium thermoaceticum Ag Reduction 

E.coli K12Geobacillus sp. Ag Reduction 

Reference: (Khandel and Kumar, 2016) 
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2.2.2.2 Biomolecule extracts from microbes, plants, and animals 

Microbial extracts 

A synthesis of metal NPs mediated by microbial extracts was to use the 

extracts or culture media of bacteria as reducing and/or stabilizing agents (Narayanan 

and Sakthivel, 2010). The mechanism of extracellular synthesis of metal NPs in fungus 

was proposed to involve the microbial reductase enzymes that reduce metal ions to 

metal nanocrystal outer the microbial cells as illustrated in Figure 2.20. (Khandel and 

Kumar, 2016). The production of extracellular metal NPs by some microbes is 

summarized in Table 2.3. 

 

 

Figure 2.20 Mechanism of extracellular synthesis of AgNPs by fungi (Khandel and 

Kumar, 2016). 
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Table 2.3 The extracellular synthesis metal NPs by various microbes. 

Microorganisms Metal NPs Methods 

Verticillium sp. Ag Reduction 

Escherichia coli Pd and Pt Reduction 

Rhodopseudomonas capsulata Au Reduction 

Pseudomonas aeruginosa Au Reduction 

Delftia acidovorans Au Reduction 

Shewanella sp. As Reduction 

Desulfovibrio desulfuricans Pd Reduction 

Bacillus sphaericus JG-A12 Cu, Pb, Al, and Cd Biosorption and reduction 

Klebsiella pneumonia Ag Reduction 

Escherichia coli Ag Reduction 

Enterobacter cloacae Ag Reduction 

Lactobacillus sp. Ag Biosorption and reduction 

Enterococcus faecium Ag Biosorption and reduction 

Lactococcus garvieae Ag Biosorption and reduction 

Pediococcus pentosaceus Ag Biosorption and reduction 

Fusarium oxysporum Cd Enzyme mediated 

Aspergillus fumigatus Ag Reduction 

Reference: (Thakkar et al., 2010) 
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Animal extracts 

The extracts derived from animal tissues were also reported to facilitate 

the formation of AgNPs. Khamhaengpol and Siri reported the synthesized colloidal 

AgNPs using the extract of weaver ant larvae at the 3rd instar stage (Figure 2.21) under 

the fluorescent irradiation (Khamhaengpol and Siri, 2016). The dominant proteins of 

76 and 27 kDa in the extract was proposed to exhibit the reducing and antioxidant 

activities, thus serving as a good electron donor for reducing Ag+ and eventually 

forming AgNPs. The results revealed the dispersed and spherical AgNPs of 

approximately 8 nm with the maximum SPR peak at 435 nm. Moreover, this colloidal 

AgNPs showed antibacterial activity against both Escherichia coli and Staphylococcus 

aureus, suggesting their potential use as an effective antibacterial agent (Figure 2.22).  

 

 

Figure 2.21 Images of (A-B) the weaver ant larvae image at the 3rd instar stage, and 

(C) their extracted proteins visualized on a 12.5% SDS-PAGE gel 

(Khamhaengpol and Siri, 2016). 
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Figure 2.22 Images of (A) TEM analysis of the synthesized AgNPs and (B-C) their 

growth inhibition zones against Escherichia coli and Staphylococcus 

aureus, respectively. 1: the negative control (distilled water), 2: the 

positive control (ampicillin), and 3: the synthesized AgNPs (25 μg). 

 

Plant extracts 

The uses of plant extracts derived from different parts or whole plants 

have been reported for the production of metal NPs, which the mechanism of plant 

extracts to mediate synthesis of metal and metal oxide NPs are based on three phases: 

activation, growth, and NPs formation. The activation phase involves the reduction of 

metal ions and the metal atoms undergo nucleation. The growth phase involves the 

spontaneous coalescence of small adjacent NPs into the metal cluster. Finally, the NPs 

formation is occurred by agglomeration of the growth nanocluster to the stable NPs 

(Muhammad and Rani, 2016). The end products are obtained after they are air-dried or 

calcined in air to get final metal NPs. The schematic diagram of the synthesis 

mechanism of NPs using plant extracts is shown in Figure 2.23. Moreover, the 

biosynthesis of metal NPs using the extracts of some plant species is presented in Table 

2.4. 
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Figure 2.23 Mechanism of plant extracts to mediate the synthesis of metal NPs 

(Muhammad and Rani, 2016). 

 

Plant extracts have been extensively reported for their potential uses to 

mediate the synthesis of various metal NPs, which they function as reducing and 

stabilizing agents. The reaction containing only metal salts and plant extracts under heat 

or light activation is sufficient to induce the formation of metal NPs. These findings 

raise our questions such as whether similar reactions can occur in plant cells, whether 

plant cells can uptake metal ions and transform them into metal NPs, whether plants 

can produce metal NPs from any metal ions, and where the formation and accumulation 

of metal NPs occur in the plant cells. Therefore, this work was interested to address 

these questions and chosen some phytoremediation plants to study since they are 

efficiently uptake metal ions. 
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2.3 Phytoremediation of Contaminated Heavy Metals in Water  

Phytoremediation offers an eco-friendly alternative method to remove 

contaminated heavy metals in water by plants. Metal hyperaccumulator plants are used 

to absorb and accumulate heavy metals in aboveground parts. After the plants are 

harvested, heavy metals are removed and further supplied for industrial uses (Lone et 

al., 2008). The principle of the phytoremediation system includes phytoextraction, 

phytodegradation, phytostabilization, phytovolatilization, and rhizofiltration. 

Phytoextraction is the uptake of heavy metal ions from the soil and direct translocation 

into the plant biomass. Phytodegradation is the process that some plants can enhance 

microbial degradation of organic contaminants in the rhizosphere, implied in both soil 

and water. Phytostabilization is the process that metal ions become less available in the 

soil due to absorption and precipitation in the roots and root zone, implied in both soil 

and water (Shafi et al., 2015). Phytovolatilization is the process that plants uptake heavy 

metal ions (Hg, Se, and volatile hydrocarbons) from the soil and emit them into the air 

in volatile form through transpiration, implied in both soil and water. Rhizofiltration is 

the process that metal ions are uptake and removed from contaminated water by plant 

roots, implied in surface water. Among these, phytoextraction, rhizofiltration, and 

phytostabilization are commercially important (Thakur et al., 2016). In this work, seven 

common aquatic plants used for metal phytoremediation were chosen to study their 

capability to uptake some metal ions and transform them to metal NPs. Important 

characteristics and metal removal capabilities of these plants are described as following. 
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2.3.1 Azolla pinnata R.Br. 

A. pinnata R.Br. (mosquitofern, feathered mosquitofern, or water velvet) is 

a species of small fern belonging to Azolla genus and Salviniaceae family. It is an 

aquatic plant that grows in or near water and can be classified as emergent, submerged 

or floating plants. A. pinnata R.Br. have been symbiotic relationships with nitrogen-

fixing cyanobacteria (Anabaena azollae) and was used as a biofertilizer in agriculture 

worldwide (Qiu and Yu, 2003). The growing A. pinnata R.Br. and A. azollae are 

presented in Figure 2.24.  

 

 

Figure 2.24 Images of (A) the growing Azolla pinnata R.Br. and (B) Anabaena azollae 

(Qiu and Yu, 2003). 

 

The aquatic A. pinnata R.Br. plants were well recognized for removing heavy 

metal and herbicide in wastewater (De et al., 2017). In term of the bioremediation of 

heavy metal, A. pinnata R.Br. has been accepted as a hyperaccumulating plant, which 

is used to remove various metals in contaminated water including mercury, cadmium, 

lead, zinc, arsenic, and chromium (Jain et al., 1990; Rai, 2008; Sarkar and Jana, 1986; 

Talebi et al., 2019). Heavy metal pollutant tolerance of this species is due to its high 
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capability to uptake metals into cell wall and vacuoles through an intensive carrier 

transporting system as well as an evolution of specific metal resistance enzymes and 

alteration of cellular metabolites (Abdel et al., 2011).  

2.3.2 Salvinia molesta D.S. Mitch. 

S. molesta D.S. Mitch. (giant salvinia or kariba weed) is a free-floating plant 

belonging to Salvinia genus and Salviniaceae family that has spread to most tropical 

and sub-tropical countries. Rapid growth rates allow it to blanket still or slow-moving 

water bodies very quickly, causing environmental, sociological and economic problems 

(Giardini, 2004). Aquatic S. molesta D.S. Mitch. leaves were divided into two types 

including the emergent and submerged leaves. The emergent leaves have a green color 

with approximately 2.2 cm long and 1.3 cm wide of maturity. The submersed leaves 

have a brown color as seen in Figure 2.25 (Titus and Urban, 2009). This plant species 

was generally used for bioremediation of heavy metal and pollutant in the sewage 

system due to their fast glowing and environmental friendly (Rezania et al., 2016). 

Heavy metal accumulation in this plant species is quite rapid and involves the passive 

uptake through adsorption of metal ions onto the plant surface and/or active uptake into 

plant cells (Abid et al., 2016).  

 

 

Figure 2.25 The morphology of  Salvinia molesta D.S. Mitch. (Claudia et al., 2017). 
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2.3.3 Lemna minor L. 

L. minor L. (lesser duckweed) is a free-floating aquatic plant belonging to 

Lemna genus and Araceae family, which is generally found in natural lakes and streams 

(Joshua et al., 2013). Lesser duckweed includes fronds leaves (few leaves) and rootlet 

(single root) without a stem. The morphology of L. minor L. was presented in Figure 

2.26. It is widely distributed in the tropics to temperate zones with from the freshwater 

to brackish water (Ekperusi et al., 2019). This plant is capable of removing heavy metals 

in contaminated water via different mechanisms such as photodegradation, hydrolysis, 

plant uptake, and phytodegradation (Zhang et al., 2017). Compared to other duckweed 

plants, L. minor L. is considered as the fast-growing and wide distribution plant that 

has a high capacity to remove Cd, Cr, and Pb in wastewater treatment pond (Liu et al., 

2017; Miretzky et al., 2004). Rezania and colleagues showed that this plant species 

could remove several heavy metals in wastewater, such as Cr, Pb, Cd, Cu, Zn, As, and 

Hg (Rezania et al., 2016). In addition, Ohlbaum and colleagues reported its capacity to 

remove the Se metal in seleniferous soil leachate at the highest amount (97%) as 

compared with other metals (Ohlbaum et al., 2018).  
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Figure 2.26 The morphology of Lemna minor L.; the fronds leaves (black narrow) and 

rootlet (white narrow) (Khataee et al., 2012). 

2.3.4 Lemna perpusilla Torr. 

L. perpusilla Torr. (minute duckweed) is small floating aquatic herbs 

belonging to Lemna genus and Araceae family. This plant has an approximately 3 cm 

roots length with only 1.54.0 mm of diameter. Leaves of this plant have a pale green 

color as seen in Figure 2.27 (Azer, 2013). Tang and colleagues proposed that this plant 

contains a lot of cellulose, lipid, lignin, pentosan, pectin, and minerals, which can be 

used as biosorbent to remove heavy metals (Tang et al., 2013). The capacity of this 

aquatic plant to remove potentially toxic heavy metals from water is well documented 

such as Cd, Pb, Ni, Ag, and Cu (Zhang et al., 2014). 
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Figure 2.27 The morphology of Lemna perpusilla Torr. (Chouhan and Sarma, 2013). 

2.3.5 Spirodela polyrrhiza (L.) Schleid. 

S. polyrrhiza (L.) Schleid. (great duckweed, Figure 2.28) belonging to 

Spirodela genus and Araceae family under the group of monocotyledons was selected 

for the present study because of its fast growth, wide distribution, short life span, and 

stability to environmental changes. This plant is considered as the phytoremediation 

plant capable to remove various heavy metals contaminated in wastewaters and ponds 

(Chaudhuri et al., 2014; Singh et al., 2016). It was reported for the efficient capability 

to remove Cd, Co, Cr, Cu, Pb, Ni, and Zn from wastewater (Gaur et al., 1994; Miretzky 

et al., 2004). 

 

Figure 2.28 The morphology of Spirodela polyrhiza (L.) Schleid. (Cheng et al., 

2013). 
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2.3.6 Wolffia globosa (Roxb.) Hartog & Plas 

W. globosa (Roxb.) Hartog & Plas (Asian watermeal) in the family of 

Araceae (duckweed) is a rootless free-floating aquatic plant consisting of small leaves 

without xylem or phloem cells and considered as the smallest and fastest growing 

angiosperms. It is distributed globally in aquatic ecosystems and has been used for 

wastewater treatment. W. globosa (Roxb.) Hartog & Plas (Figure 2.29) is very tiny with 

lesser than a millimeter wide. Generally, this plant is edible and makes nutritious food 

(Kaplan et al., 2018). Its structural simplicity makes it an interesting model plant for 

studying elemental behavior (Tel-Or and Forni, 2011). Recent studies showed that this 

plant efficiently removed Cd, Pb, Sr, and Mg from wastewater (Egila et al., 2011). It 

also effectively removed As and resisted up to 400 mg As/kg of its dry weight (Abid et 

al., 2016). 

 

 

Figure 2.29 The morphology of Wolffia globosa (Roxb.) Hartog & Plas (Hartog and 

Plas, 1970). 
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2.3.7 Eichhornia crassipes (Mart.) Solms 

E. crassipes (Mart.) Solms (water hyacinth) grows abundantly throughout 

the tropical and subtropical regions of the world and is also widely distributed in the 

southwest regions in Japan. Water hyacinth (Figure 2.30) has thick, glossy, and ovate 

leaves with the rise above of the water surface as much as 100 cm in height. In addition, 

the water hyacinth has long, spongy, and bulbous stalks (Reddy and DeBusk, 1984). 

This plant has also received much attention because of its potential for removal of 

pollutants when utilized as a biological filtration system (Muramoto and Oki, 1983). 

Their mechanisms of metal and color removal by biosorption can be classified as 

extracellular accumulation or precipitation, cell surface sorption or precipitation, and 

intracellular accumulation. Water hyacinth is one of the most commonly used plants in 

constructed wetlands because of its fast growth rate and large uptake of nutrients and 

contaminants. The adsorption efficiency of the water hyacinth to adsorb heavy metals 

in various forms is listed in Table 2.7, where most of the studies were carried out on 

the adsorption of heavy metals from the aqueous metal solution (Sanmuga and 

Senthamil, 2017).  

 

 

Figure 2.30 The morphology of Eichhornia crassipes (Mart.) Solms (Middleton, 

2008). 
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Table 2.5 Capacity of water hyacinth to adsorb heavy metals. 

Source of water 

hyacinth 
Metal Adsorption capacity 

Water hyacinth root Cu and Pb  75% for Cd and more than 90% for Pb 

Water hyacinth plant Pb, Cd and 

Zn 

Sorption capacities of 26.32, 12.60, and 

12.55 mg/g for Pb, Cd, and Zn, respectively 

Water hyacinth plant Zn and Cd 0.65 mg/g maximum metal uptake 

Water hyacinth roots As 90% Arsenic removal 

Water hyacinth plant Fe 67.07 mg Fe per 1 kg dry weight 

Water hyacinth plant Al Phytoremediation efficiency of 63% 

Water hyacinth plant Mn Phytoextraction of manganese removal 

Water hyacinth plant Cu, Cd, Pb, 

Zn 

98, 99, 98, and 84% for Cd, Cu, Pb, and Zn 

Water hyacinth plant Zn and Cr 95% of Zn, and 84% of Cr 

Water hyacinth plant Fe, Zn, Cu, 

Cr and Cd 

(>90%) of metals; 15 day-experiment 

Water hyacinth plant Cd and Zn Metal uptake by the plant was dependent 

upon the concentration of the metal and the 

duration of the exposure time 

Water hyacinth plant Pb, Cd, and 

Zn  

Metal sorption followed the order Pb>Cd>Zn 

Water hyacinth plant Cd and Zn Cd in shoots 0.12, roots 2.06 mg/g. Zn in 

shoots 1.90 mg/g, roots 9.46 mg/g. 

Reference: (Sanmuga et al., 2014) 
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2.4 Review of Related Studies 

As mentioned above, several phytoremediator plants are capable to detoxify and 

store high content of heavy metals but the question remains whether they are able to 

induce the formation of metal NPs from these uptake metal ions, which is the interest 

of this research.  

Based on the literature review, the accumulation of metal ion in plant cells is 

proposed to involve the interaction with some polysaccharides, such as pectin and 

alginic acid, in cell wall of the plant cells, which play a crucial role in defense strategy 

response to heavy metal (Krzeslowska, 2011). Pectin is a high-molecular-weight 

carbohydrate that is mainly founded in the plant cell walls (Flutto, 2003). It has 

negatively charge and can bind to divalent and trivalent metal cations (Figure 2.31).  

 

 

Figure 2.31 Chemical structure of pectin (Flutto, 2003). 

 

The functional groups of carboxylic (–COOH), hydroxyl (–OH) of pectin and thiol 

group (–SH) of some proteins play a crucial role in heavy metal binding and 

accumulation in the cell wall (Figure 2.32). These metal-carbohydrate and metal-

protein complexes are deposited in the plant cell wall and detected as the electron dense 

areas, generally having the average size of 200 nm as seen in Figure 2.33. But this metal 

accumulation was detected after the metal exposure for at least 72 h. Nevertheless, these 
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metal-carbohydrate and metal-protein complexes were not characterized whether they 

were metal NPs. 

 

 

Figure 2.32 The possible cross-linking between metals and (A) pectin and (B) alginic 

acid (Krzeslowska, 2011). 
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Figure 2.33 TEM images of Pb deposits (black arrows) in cell wall of (A) Funaria 

hygrometrica plant, (B) closer view of cell wall (C) SEM images of 

control Funaria hygrometrica plant, and (D) lead deposit on surface of 

Funaria hygrometrica (Krzeslowska, 2011). 

 

In 2014, Taylor and colleagues reported the synthesized gold NPs (AuNPs) in 

Arabidopsis thaliana L. cells from the uptake gold ions with various concentrations. 

The plant was grown in both hydroponic nutrient and nutrient agar plates for 10 days 

(Figure 2.34). The results showed that the presence of electron-dense areas in the cell 

wall, chloroplasts, and vacuoles of cortical and vascular bundle cells of the Au-treated 

roots as seen in Figure 2.35. The electron dense areas had an average size of 5100 nm 

(Taylor et al., 2014). However, the characterization including crystal structure, lattice 

parameters, and element composition of agglomerated particles in plant cells was still 

lacking. 
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Figure 2.34 The uptake of gold ions by Arabidopsis from (A) hydroponic culture and 

(B) nutrient agar plates (Taylor et al., 2014). 

 

 

Figure 2.35 TEM images of (A) chloroplasts in cortex of untreated plants and electron 

dense of goobserving in the treated plants; (B) chloroplast, (C) closer view 

of chloroplast cell (D) vacuole in cortical cell, (E) chloroplast in vascular 

bundle from untreated plant, (F) cytoplasm and (G) plasma membrane of 

the xylem cells, and (H) phloem cells (Taylor et al., 2014). 
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In 2016, Kouhi research team has studied the anatomical and ultrastructural 

responses of the Brassica napus plant after the long-term exposure to excess zinc ions 

in a hypotonic system. Results showed that B. napus can bio-accumulate zinc metal in 

its roots and leaves as shown in Figure 2.36. In this work, although the accumulated 

metal in this plant cells was shown as the electron dense in TEM images, the 

characterization of these electron dense areas and the formation of metal NPs in this 

plant species were not studied (Kouhi et al., 2016). 

 

 

Figure 2.36 TEM micrograph of cross ultrathin sections of the root cortical cells of 

Brassica napus L.; (A) Control plants, (B) plants treated with 300 µM 

Zn2+and (C) 350 µM Zn2+ (Kouhi et al., 2016). 

 

Based on these reviews, the ability of most phytoremediation plants to synthesize 

metal NPs from the uptake metal ions and the characterization of the produced electron 

dense areas in the plant cells after exposure to metal ions are still lacking. Therefore, 

this work is interested to use 7 commonly phytoremediation plants to investigate the 

above questions. 

 



 

 

CHAPTER III 

MATERIALS AND METHODS  

 

3.1 Materials 

Plant specimens 

Seven species of plant samples were collected from the plant nursery at Suranaree 

University of Technology, Nakhon Ratchasima, Thailand (14°52'37.9"N 

102°01'05.4"E); Salvaniaceae (A. pinnata R.Br. and S. molesta D.S. Mitch.), Araceae 

(L. minor L., L. perpusilla Torr., S. polyrrhiza (L.) Schleid., and W. globosa (Roxb.) 

Hartog & Plas), and Pontederiaceae (E. crassipes (Mart.) Solms). Upon arrival to the 

laboratory, plant samples were washed with distilled water, followed by incubating in 

distilled water for 48 h to remove any impurities from the plant surface.  

 

3.2 Experiments 

3.2.1 Toxicity analysis 

In this experiment, the toxicity of each metal ion to each plant species was 

determined. The plant samples (5 g) were incubated in 25 mL of each metal ion 

solution at various concentration (2  700 mM) for 12 h. The negative control was 

deionized (DI) water. The experiments were performed under the condition with a 

1212 h of light/dark diurnal cycle at ambient temperature. The metal solutions used 

in this experiment were AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2. The 

toxicity of each metal solution on each plant was determined by the percent of the  
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withered, brown leaves of metal-treated plants to the total leaves. Five sets of plant 

samples were used per treatment to determine the average and standard deviation. The 

experiments were repeats twice for checking the reproducibility. The toxicity (%) of 

metal ions in each plant sample was calculated as the followed equation.  

The toxicity (%) = (number of withered, brown leaves / total leaves)   100 

The curve fitting and the toxicity 10% (TC10) were determined by 

OriginPro 2016 software (OriginLab Corporation, Northampton, MA, USA). The 

TC10 of each metal in each plant species was used in the following experiments as 

the cellular changes of the metal-treated plant were possibly detected at this 

concentration point. 

3.2.2 Cross-sections of metal-treated roots  

The root morphology of each plant sample in response to AgNO3, 

Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 solution was determined by the taken 

images of cross-sectioned roots observed under a bright-field microscope equipped 

with the BP72 digital camera (Olympus, Tokyo, Japan). Approximately 0.4-mm long 

root tips of the plant samples were cross-sectioned (15 µm thickness) using an MT-3 

plant microtome (Nippon Medical and Chemical Instruments, Osaka, Japan). 

3.2.3 Analysis of metal uptake by the plant samples 

The uptake of metal ions and the changes of metal elements in the metal-

treated roots of seven aquatic plant species were analyzed by energy dispersive X-ray 

fluorescence (EDXRF) spectroscopy (XGT-5200, Horiba, Japan). Each plant sample 

was treated with metal solutions at 10% toxicity for 12 h under the condition as 

previously described. The metal concentration at 10% toxicity was used in this 

experiment since this condition probably allowed the plants to still maintain regular 
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activities and be able to transform metal ions to NPs inside the cells. The negative 

control was the plants incubated in DI water. After 12 h of incubation, the plant 

samples were rinsed 3 times with 10 mM ethylenediaminetetraacetic acid (EDTA) 

and rinsed once with DI water to remove any excess ions from the outside of the 

roots. The modulated levels of metal ions inside the metal-treated roots were 

compared with the control roots as analyzed by EDXRF spectrometry equipped with 

an XGT-5200 X-ray analytical microscope (Horiba, Kyoto, Japan). The EDXRF 

analysis was carried out using a Rh X-ray tube source (voltage 50 kV and current 1 

mA), Peltier cooled silicon drift detector (SDD), and 100 s/frame count. Five sets of 

plant samples were used in each experiment for determining the average data and 

standard deviation. Two independent experiments were performed to confirm the 

reproducibility of the experiment. 

3.2.4 Analysis of chemical functional groups of biomolecules 

To determine the changes of chemical constituents of biomolecules, the 

metal-treated and control plants was analyzed by the attenuated total reflectance-

Fourier transform infrared (ATR-FTIR) spectroscopy equipped by a tensor 27 series 

(Bruker, Billerica, MA, USA). In this experiment, each plant sample was treated in 

the metal solution at the concentration of 10% toxicity for 12 h under the condition as 

previously described. The negative control was the plant samples incubated in DI 

water. After sequentially rinsing with 10 mM EDTA and DI water, the plant roots 

were dried in an oven at 70 C for 24 h before subjecting to analyze by ATR-FTIR. 

The FTIR analysis was operated at a spectral range of 400 − 4000 cm−1 with a 

resolution of 4 cm−1. Spectral data was processed using the Bruker software system 
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Opus 7.0 (Bruker, Billerica, MA, USA). Two independent experiments were 

performed to confirm the reproducibility of the experiment (D'Souza et al., 2008). 

3.2.5 Cellular accumulation of nanoparticles in plant cells 

The cellular formation of metal NPs in the plant root cells was determined 

by transmission electron microscope (TEM) analysis. Each plant sample was treated 

with AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 solution at the 

concentration of 10% toxicity for 12 h under the condition as previously described. 

After sequentially rinsing with 10 mM EDTA and DI water, the plant roots were fixed 

and embedded in the low viscosity Spurr’s embedding medium as modified from the 

method of Kuo (Kuo, 2007). Briefly, the metal-treated root tips of 3-mm length were 

cut and fixed in 2.5% glutaraldehyde in 100 mM sodium phosphate buffer pH 7.0 at 4 

C for 4 h. For the Fe-treated roots they were required to fix in 5% glutaraldehyde in 

100 mM sodium phosphate buffer pH 7.4 at 4 C for overnight. If the tissues did not 

sink, they required the additional re-infiltration for 30 min. Then, the samples were 

rinsed in 100 mM sodium phosphate buffer for 3 times (20 min each) at 4 °C. After 

that, the post-fixed samples were dehydrated in dilution series of 30% acetone (30 

min), 50% acetone (30 min), 75% acetone (overnight), 95% acetone (30 min), and 

100% acetone (30 min, twice), respectively. Then, the dehydrated plant samples were 

infiltrated with the mixture I (Spurr’s resin embedding medium and acetone, 1:3 v/v) 

using a 1:2 w/v ratio in a circular rotary mixer (Neuation Technologies Pvt. Ltd, 

Gujarat, India) at 10 rpm for 2  3 h. The mixture I was replaced with the mixture II 

(Spurr’s resin embedding medium and acetone, 1:2 v/v) and further incubated 

overnight in a circular rotary mixer (10 rpm). Then, the mixture II was replaced with 

the mixture III (Spurr’s resin embedding medium and acetone, 1:1 v/v) and further 
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incubated for another 2  3 h. The mixture III was replaced with the Spurr’s resin 

embedding medium and incubated for 6  12 h depending on the sample sizes. Then, 

the samples were transferred into a silicone embedding molds (SPI Supplies, West 

Chester, PA, USA) with the addition of Spurr’s resin embedding medium, before 

drying at 60 C for 48 h in an oven. Samples were cut by an ultramicrotome 

PowerTome-XL (RMC Boeckeler, Tucson, AZ, USA) with an ultra-glass knife. The 

sample sections were placed on the carbon films supported on Cu grids (200 mesh) 

and air-dried. The presence of NPs was determined by a TEM using an accelerating 

electron source of 120 kV with LaB6 filament. The images were captured by the 

equipped Orius 200 CCD Camera (Gatan, Pleasanton, CA, USA) (Khamhaengpol et 

al., 2016). The size distribution and average size of each NP in the plant root cells was 

analyzed by ImageJ software (National Institutes of Health, Bethesda, MD, USA), 

which 100 particles were randomly picked and measured their diameters. 

3.2.6 Characterization of metal nanoparticles 

To analyze the crystalline nature of the nanoparticles, the ultrathin sections 

of the metal-treated and control roots were analyzed by selected area electron 

diffraction (SAED) and high resolution (HR) TEM using a Tecnai G2 S-Twin TEM 

operating at an accelerating electron source of 200 kV with LaB6 filament. The 

images were taken by the equipped Gatan Orius 200 CCD Camera. Elemental 

composition of the accumulated NPs was characterized by energy-dispersive X-ray 

(EDX) spectroscopy carried out on a Tecnai G2 20 S-Twin TEM equipped with an 

EDAXr-TEM SUTW detector operating at an accelerating voltage of 15 kV (Janthima 

et al., 2018). 
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3.2.7 Statistical analysis 

The data were represented as the average ± standard deviation. The 

experimental data were statistically analyzed using SPSS version 18.0 for Windows 

software (SPSS, Inc., Somers, NY, USA). Statistical comparisons were performed 

using the one-way analysis of variance (ANOVA). To identify significant difference 

among data groups, the means comparison was evaluated employing a Tukey's 

multiple comparison test (post-hoc test). The differences with a value of p < 0.05 

were considered statistically significant. 

 



 

 

CHAPTER IV 

RESULTS AND DISCUSSION PART I      

Salviniaceae family: The ability of Azolla pinnata R.Br. and Salvinia 

molesta D.S. Mitch. to absorb and transform metal ions to metal 

nanoparticles 

 

4.1 Toxicity Test 

Heavy metals at optimal concentrations are important for promoting plant growth 

and development. However, at the excess concentrations, they are toxic to plants and 

lead to their death. The toxicity of heavy metals varies upon plant species, metal types, 

and metal concentrations (Ackova, 2018). In this part, two common aquatic plant 

species belonging to the same family (Salviniaceae) were used as the studied species; 

A. pinnata R.Br. and S. molesta D.S. Mitch. In this work, five metals were chosen as 

they were mostly contaminated in the environment; Ag+, Cu2+, Fe3+, Ni2+, and Pb2+. 

The dominant silver ions in the contaminated water are monocationic ions (Pelkonen et 

al., 2003). Most copper, nickel, and lead ions that contaminated in the environment are 

in a divalent cationic form (Santhosh et al., 2017; Turhanen et al., 2015). In addition, 

trivalent of iron ions is also mainly found in the contaminated water (Turhanen et al., 

2015). The toxicity of 5 heavy metals (Ag, Cu, Fe, Ni, and Pb) at various concentrations 

was determined after incubating with each plant species for 12 h including AgNO3 (0.5, 

1, 1.5, 2, 3, 4, 6, 8, 10, and 20 mM), Cu(NO3)2 (10, 20, 30, 40, 50, 60, 70, and 80 mM), 
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Fe(NO3)3 (10, 20, 30, 40, 50, 60, 70, 80, 100, 120, and 140 mM), Ni(NO3)2 (100, 150, 

200, 300, 400, 500, and 600 mM), and Pb(NO3)2 (100, 150, 200, 300, 400, 500, and 

600 mM). The metal toxicity was reported as the percent of toxicity concentration (TC) 

values, which referred to the concentration of heavy metal that cause the withered and 

brown leaves in response to the metal treatment. The results showed that %TC of all 

heavy metals were increased according  to the increased metal concentrations (dose-

dependent response) as the data were reported in APPENDIX C.  

In A. pinnata R.Br., withered and brown leaves in response to metal treatment were 

clearly seen in all metal treatments (Figure 4.1A). These morphological changes of 

leaves are likely due to the plasmolysis and chlorosis effects of metal solutions at the 

higher concentration than the acceptable level in A. pinnata R.Br. The TC10, the metal 

concentration causing 10% toxicity, was also determined as shown in Figure 4.1B. The 

TC10 values of AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 on A. pinnata 

R.Br. were 1.5 ± 0.9, 13.5 ± 1.7, 31.0 ± 3.5, 152.8 ± 1.14, and 149.1 ± 2.4 mM, 

respectively. Ni(NO3)2 had the highest concentration at TC10 as compared with the 

other metal solutions, whereas AgNO3 had the lowest concentration at TC10. Thus, 

these results suggested that A. pinnata R.Br. was more tolerant to Ni2+ treatment, while 

it was quite sensitive to Ag+ treatment.   

In S. molesta D.S. Mitch., the changes of leave colors from green to brown were 

clearly seen in the metal-treated plant samples, which more numbers of affected leaves 

were detected according to the increasing concentrations of metal solutions (Figure 

4.2A). The TC10 values of AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 were 

detected at 1.3 ± 2.1, 18.5 ± 1.0, 31.3 ± 3.1, 94.8 ± 0.4,  and 152.2 ± 4.3 mM, 

respectively (Figure 4.2B). Similar to A. pinnata R.Br., S. molesta D.S. Mitch. was very 
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sensitive to Ag+ treatment. Unlike A. pinnata R.Br., S. molesta D.S. Mitch. was more 

tolerant to Pb2+ than Ni2+ treatments. 

 

 

Figure 4.1 The toxicity effects of 5 metal ions on Azolla pinnata R.Br.; (A) the 

morphology changes of leaves and (B) the TC10 values. 
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Figure 4.2 The toxicity effects of 5 metal ions on Salvinia molesta D.S. Mitch.; (A) 

the morphology changes of leaves and (B) the TC10 values. 
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The above results, both plant species are very sensitive to AgNO3, which its toxicity 

in the plants is likely due to the following actions. Similar to other cations (such as 

Co2+, Cu2+, Fe2+, Mn2+, Mo2+, Ni2+, Pb2+, and Zn2+ ions), Ag+ ions can enter the plant 

cells via apoplastic and/or symplastic pathways, which its high concentration level 

inside the cells leads to cellular damage, high production level of reactive oxygen 

species (ROS), interference of the normal metabolic reactions by altering the enzymatic 

activities, reduction of growth and biomass, alteration of chlorophyll content, injury of 

shoot and root, stimulation of leaf chlorosis, suppression of root nodules, and eventually 

induction of cell death (Arif et al., 2016).  

For Cu(NO3)2 treatment, Cu2+ ions at low concentration facilitate several cellular 

processes such as photosynthesis and electron transport. However, they generate the 

toxic effect when exceed the optimized concentration in cells such as growth inhibition 

(Arif et al., 2016; Chen et al., 2009).  

For Fe(NO3)3 treatment, Connolly and Guerinot reported that a low concentration 

of Fe showed the adverse effect as the essential nutrient for plants, which play an 

importance role in the electron-transport chains of photosynthesis and respiration 

processes. But its negative effects to plant occurred when it accumulated at high levels 

in the plant cells. Its generation of hydroxyl radicals ( •OH), also known as the Fenton 

reaction, could damage lipids, proteins and DNA in the plant cells (Connolly and 

Guerinot, 2002).  

For Ni(NO3)2 treatment, its toxicity effect was likely due to the chlorosis and 

necrosis effects of Ni2+ ions, which eventually reduced the photosynthesis rate of the 

plants (Kushwaha et al., 2018). As mentioned before, the TC10 of Ni(NO3)2 on A. 

pinnata R.Br. was higher than the other metal solutions, suggesting that this plant 
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species was more tolerant to Ni2+ uptake level than the other tested ions. This result was 

in a good agreement with the report by Lokuge and colleagues that revealed the highest 

uptake level of Ni2+ ion as compared with the other studied metal ions (Cr3+, Cd2+, and 

Pb2+) by A. pinnata R.Br. Therefore, A. pinnata R.Br. was considered as the good 

hyperaccumulation plant for Ni2+ ions (Lokuge, 2016).  

For toxicity effect of Pb(NO3)2, Sharma and Dubey reported that Pb2+ ions at low 

concentration predominantly entered the plant cells via an apoplastic system and bound 

with some phytochemicals in a cell wall such as pectin and alginic acid and forms non-

toxic metal complexes. Thus, plants were tolerant and survived under the low Pb2+ 

exposure (Sharma and Dubey, 2005). As mentioned before, the TC10 of Pb(NO3)2 on 

S. molesta D.S. Mitch. was higher than the other metal solutions, suggested that S. 

molesta D.S. Mitch. was more resistant to Pb2+ ions than Ag+, Cu2+, Fe3+, and Ni2+. 

Nevertheless, the toxicity of Pb2+ exposure was reported as follows. Kramer and 

colleagues reported that Pb2+ ions at a high concentration passively entered the cells via 

the apoplastic and symplastic pathways, and membrane-transport protein channels 

(Krämer et al., 2007). The primary toxic effect of Pb2+ ions was via the electrostatic 

interaction of Pb-divalent with sulfur atom of sulfhydryl groups, mainly found in 

proteins, which caused the inhibition of enzyme activities. Moreover, Pb2+ ions induced 

the ROS species, which caused the production of oxidative stress in plants, affecting a 

long list of physiological and biological processes in plants leading to the cell death 

(Hadi and Aziz, 2015; Pourrut et al., 2011).  

In general, the optimized pH range for metal ion absorption by plants varies on the 

metal type; Ag+ (pH 4 − 8), Fe3+ (pH 3 − 8), Cu2+ (pH 6.3 − 7.8), Ni2+ (pH 6.4 − 7.3), 

and Pb2+ (pH 5 – 7.2) (Chaney, 1989; Kukier et al., 2004; Rieuwerts et al., 1998; Saleeb 
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et al., 2019) In this experiment, the pH values of AgNO3, Cu(NO3)2, Fe(NO3)3, 

Ni(NO3)2, and Pb(NO3)2 in the experiments were 5, 6, 7, 7, and 7, respectively, which 

were in the optimal ranges for plant to uptake. 

 

4.2 The Elemental Mass Profile Analysis  

The elemental mass profiles of A. pinnata R.Br. and S. molesta D.S. Mitch. roots 

exposed to AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 solutions were 

determined by EDXRF analysis. The EDXRF images showed the significantly different 

levels of 15P, 16S, 19K, 20Ca, 26Fe, 28Ni, 29Cu, 47Ag, and 82Pb of the treated roots as 

compared with the control roots (Figure 4.3 and Figure 4.4). For each metal treatment, 

the results clearly showed the high level of the treated metal in the plant roots, whereas 

no detection of that metal in the control roots. Interestingly, the treated roots showed 

the reduction levels of 19K and 20Ca elements as compared with the control, suggesting 

that each metal treatment caused the cellular 19K and 20Ca levels in the root cells (Table 

4.1).  
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Figure 4.3 The EDXRF mapping images of Azolla pinnata R.Br. roots treated with 

AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 solutions. 

 

 

Figure 4.4 The EDXRF mapping images of Salvinia molesta D.S. Mitch. roots treated 

with AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 solutions. 
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The quantitative levels of each element are shown in Table 4.2. The treated A. 

pinnata R.Br. roots with AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 

solutions showed the high levels of the treated metals, which were 80.3% (47Ag), 72.9% 

(29Cu), 73.2% (26Fe), 61.8% (28Ni), and 87.8% (82Pb), respectively. In addition, the 

levels of 19K and 20Ca in A. pinnata R.Br. were significantly reduced in response to all 

metal treatments. Similarly, the treated S. molesta D.S. Mitch. roots with AgNO3, 

Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 solutions showed the high levels of the 

treated metals, which were 94.6% (47Ag), 75.5% (29Cu), 71.2% (26Fe), 61.6% (28Ni), 

and 98.1% (82Pb), respectively. For both plant species, their highest accumulated 

element was Pb2+, followed by Ag+, while Ni2+ was the lowest accumulated element in 

their roots. Similar to the results of treated A. pinnata R.Br., the treated S. molesta D.S. 

Mitch. had the significant reduction levels of 19K and 20Ca.  

It was likely that the transport of each metal ion into plant cells was via several 

transporters. The transport of Cu2+ was via the zinc-responsive transporter/iron-

responsive transporter-like protein (ZIP) family and Cu-transporter protein (COPT) 

family (Yruela, 2009). The transport of Fe3+ was via the iron-nicotianamine transporters 

and ZIP family (Aydemir and Cousins, 2018). The transport of Pb2+ was via the plant 

natural resistance associated macrophage protein (NRAMP) family and ZIP family 

(Thomine et al., 2000). The transport of Ni2+ was via the high-affinity Ni transport 

protein, metallothionein and metallochaperones. The transport of Ag+ was via the 

NRAMP and ZIP family (Chen et al., 2009). The reduction levels of 19K and 20Ca in all 

metal treatments were hypothesized to cause by the competition between these ions and 

other metal ions that shared the same transporting routes, resulting in limiting the Ca2+ 

and K+ influx (Ahmad et al., 2016).   
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4.3 Changed Profiles of Biomolecules in Response to Metal 

Treatments 

The biochemical changes of the functional groups of biomolecules in A. pinnata 

R.Br. and S. molesta D.S. Mitch. roots exposed to AgNO3, Cu(NO3)2, Fe(NO3)3, 

Ni(NO3)2, and Pb(NO3)2 solutions at TC10 values were analyzed by ATR-FTIR, which 

the results were summarized in Table 4.3 and Table 4.4, respectively. The ATR-FTIR 

spectra of each metal exposure in both plants were shown in APPENDIX C. The ATR-

FTIR profiles revealed the changes of cellular biomolecules, which were determined 

by their characteristic functional groups. The results clearly showed that both metal-

treated plants induced the syntheses of proteins and nucleic acids in response to each 

metal treatment as determined by the emerging of new spectral peaks as compared with 

those of the control plant. The presences of new proteins and nucleic acids were 

determined by the presence of spectral peaks of CO of amide I (1800  1630 cm−1), 

CN of amide II  (1395  1370 cm−1), NH of protein  (1000  800 cm−1), and NC of 

nucleic acid (800  515 cm−1) (Suresh et al., 2016a; 2016b).  

In A. pinnata R.Br., all four spectral peaks were detected in response to Cu-

treatment and Pb-treatment. Three spectral peaks, CN of amide II, NH of protein, 

and NC of nucleic acid, were detected in Ag-treated plants. In Fe-treatment, three 

spectral peaks were detected; CO of amide I, CN of amide II, and NC of nucleic 

acid. Interestingly, only single spectral peak of NC of nucleic acid was detected in Ni-

treatment, implying the lower toxicity of Ni2+ as compared with other treated metal ions 

since no significant levels of new protein synthesis was detected. 
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In S. molesta D.S. Mitch., two spectral peaks (CO of amide I and CN of amide 

II) were detected under the condition of Ag- and Fe-treatments. However, there was no 

detection of spectral peak for nucleic acids, suggesting that most cellular responses 

occurred at the protein regulation level, not the gene expression level. In Pb-treatment, 

all four spectral peaks were detected, suggesting that the cellular effects of Pb2+ ions 

were at both protein and gene expression levels. The changes of protein and gene 

expression in response to metal treatment in both plant species were in a good 

agreement with the previous reports. Cvjetko and colleagues reported that plants 

exposure to heavy metals (As, Cd, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, and Zn) exhibited 

the change of protein expression pattern as well as the quantitative change of protein 

and mRNA levels (Cvjetko et al., 2014). Hasan  and colleauges reported the induction 

of some amino acids and proteins (i.g. proline, phytochelatin, and metallothioneins) in 

tomato treated with Cu2+ and Fe3+. These biomolecules played the important roles for 

metal detoxification by the chelation of metal ions (Hasan et al., 2017). Mendoza-Soto's 

research team suggested the induction of gene expression in response to Ag, Cu, Cd,  

Ni, Mn, and Pb exposures, such as the cytochrome c6 and carboxypeptidase X genes 

that encode for cytochrome c(6) and the carboxypeptidase family proteins, respectively 

(Mendoza-Soto et al., 2012). Also, Puig and colleagues reported the induction of 

arabidopsis H+-ATPase gene that plays important role to produce ferric chelate 

reductase enzyme important for an Fe transport process (Puig et al., 2007). 
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Table 4.3 The summary of the ATR-FTIR spectral peaks of Azolla pinnata R.Br. 

roots treated with AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2. 

No. 

Wave number (cm−1) 

Functional 

groups 
Biological compounds Standard 

reference 
Ctrl 

Treated roots 

Ag- Cu- Fe- Ni- Pb- 

1 18001630 nd 1731 1735 1731 1730 1731 CO Amine I proteins 

2 13951370 nd 1371 1376 1348 nd 1371 CN Amide II proteins 

3 1000800 nd nd 911 nd nd 811 NH Proteins 

4 800515 nd 626 611 612 611 632 NC Nucleic acids 

nd: not detected 

 

Table 4.4 The summary of the ATR-FTIR spectral peaks of the Salvinia molesta D.S. 

Mitch. roots in response to metal exposures. 

No. 

Wave number (cm−1) 

Functional 

groups 
Biological compounds Standard 

reference 
Ctrl 

Treated roots 

Ag- Cu- Fe- Ni- Pb- 

1 18001630 nd nd nd nd 1631 1725 CO Amine I proteins 

2 13951370 nd 1383 1386 1386 nd 1380 CN Amide II proteins 

3 1000800 nd nd nd nd nd 811 NH Proteins 

4 800515 nd nd nd nd nd 632 NC Nucleic acids 

nd: not detected 
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4.4 Accumulation of Metal Nanoparticles 

4.4.1 Accumulation of metal nanoparticles in Azolla pinnta R.Br. 

Since roots are the primary tissues to expose and uptake heavy metals, this 

study focuses on the transformation of the uptake metal ions to metal NPs in root 

tissues, especially in the cell division zone of the root tip where the cell division and 

enzymatic metabolisms are highly active (Haegeman et al., 2012). TEM images of 

ultrathin cross-sections of the A. pinnata R.Br. roots revealed the localization of 

AgNPs, CuNPs, FeNPs, and PbNPs from the uptake Ag+, Cu2+, Fe3+, and Pb2+ ions, but 

no observed NiNPs. In cortical tissue (Figure 4.5), each NPs was dominantly detected 

near the plasma membrane as isolated and agglomerated NPs. Similarly, morphology 

of AgNPs, CuNPs, and FeNPs were spherical, which their average diameters were 

13.46 ± 3.67, 14.07 ± 2.80, and 15.76 ± 2.91, respectively. Unlike other detected NPs, 

the morphology of PbNPs was short rod with 12.25 ± 2.41 nm in width and 16.02 ± 

3.11 nm in length. The size distribution of each NPs is shown in Figure 4.6 as 

determined from 100 particles.  

The possible mechanism of the produced metal NPs is still unclear, especially 

the formation of different-shaped metal NPs. In this work, we hypothesize that the 

formation of spherical metal NPs in plants is as follows. After the metal ions enter to 

the plant cells, the metal ions were reduced by some cellular molecules possessing 

reducing activity (such as phenolic and anionic compounds), resulting in zero-valent 

metal nuclei (Edge et al., 2007; Jan et al., 2010). These metal nuclei can grow into metal 

clusters and eventually NPs with the assistance of complex phytochemicals that help to 

stabilize the formed NPs in the plant cells (Kawamura et al., 2013). For a formation of 

rod NPs, it is hypothesized that the metal ions are reduced by weak reducing agents 
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such as tannic acid and glucose in the plant cells, which is also mediated the formation 

of twinned-seed structure (Ahmad, 2014; Sivaraman et al., 2009). Also with the 

appropriate cellular stabilizing agents, the growth of metal-seed nuclei prefers in a (100) 

plane, thus leading to an elongation of rod NPs (Abedini et al., 2016).  

 

 

Figure 4.5 TEM images of cross-sections of cortical tissues of Azolla pinnata R.Br. 

roots. Arrows indicate metal NPs. 
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Figure 4.6 Size distribution of metal NPs detected in cortical tissues of Azolla pinnata 

R.Br. roots; (A) spherical AgNPs, (B) spherical CuNPs, (C) spherical 

FeNPs, (D) rod PbNPs (width), and (E) rod PbNPs (length). 
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In vascular tissues, the isolated and agglomerated spherical AgNPs, CuNPs, 

and FeNPs were dominantly detected near the plasma membrane of xylem cells and 

some were detected in cytoplasm. Unlike the above NPs, PbNPs had the rod shape and 

mainly distributed near in phloem and procambium cells (Figure 4.7). The average 

diameter and size distribution of each NP are shown in Figure 4.8. The average sizes of 

spherical AgNPs, CuNPs, and FeNPs were 14.03 ± 3.03, 17.77 ± 3.59, and 20.09 ± 4.27 

nm, respectively. The average size of rod-shaped PbNPs was 77.51 ± 29.59 nm (in 

length) and 34.42 ± 9.49 nm (in width). The possible mechanisms of the spherical and 

rod NPs in plant cells are proposed as the above. Also the different length of rod-shaped 

PbNPs detected in this study is hypothesized to involve the different aging times to 

allow elongation of the rod NPs (Xia et al., 2009).  
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Figure 4.7 TEM images of cross-sections of xylem tissues of Azolla pinnata R.Br. 

roots. Abbreviation list: phloem (pl) and procambium (pr). Arrows 

indicated metal NPs. 
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Figure 4.8 Average sizes and size distribution of metal NPs in xylem tissues of Azolla 

pinnata R.Br. roots; (A) spherical AgNPs, (B) spherical CuNPs, (C) 

spherical FeNPs, (D) rod PbNPs (width), and (E) rod PbNPs (length). 

 



75 

 

4.4.2 Accumulation of metal nanoparticles in Salvinia molesta D.S. Mitch. 

Figure 4.9 shows TEM images of ultrathin cross-sections of the control, Ag, 

Cu, Ni, Fe, and Pb-treated roots of S. molesta D.S. Mitch. The isolated and aggregated 

spherical AgNPs, FeNPs, and PbNPs were clearly detected in the cortical tissue. 

Interestingly, the formation of rod-shaped PbNPs was not detected in the root cells of 

S. molesta D.S. Mitch. Also, no clear observation of CuNPs was in the treated plant, 

instead only electron dense area was found. Similar to A. pinnata R.Br., no detection of 

NiNPs was in S. molesta D.S. Mitch. The average diameters of AgNPs, FeNPs, and 

PbNPs were 19.43 ± 7.51, 20.44 ± 4.16, and 33.27 ± 11.66 nm, respectively (Figure 

4.10). In addition, some isolated and aggregated spherical NPs of Ag, Fe, and Pb can 

also be found at the plasma membrane of the xylem tissue while founded in form of 

electron dense of Cu treatment.  The diameter and size distribution of each NP in plant 

cells was showed in Figure 4.12. Average size of Ag, Fe, and Pb were 72.71 ± 25.82, 

95.61 ± 35.55, and 106.22 ± 45.28 nm, respectively. 
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Figure 4.9 TEM images of cross-sections of cortical tissues of Salvinia molesta D.S. 

Mitch. roots. Arrows indicate metal NPs. 
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Figure 4.10 Average sizes and size distribution of metal NPs in cortical tissues of 

Salvinia molesta D.S. Mitch. roots; (A) spherical AgNPs, (B) spherical 

FeNPs, and (C) spherical PbNPs.  
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Figure 4.11 TEM images of cross-sections of vascular tissues of Salvinia molesta D.S. 

Mitch. roots. Arrows indicate metal NPs. 
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Figure 4.12 Average diameters and size distribution of metal NPs in vascular tissues 

of Salvinia molesta D.S. Mitch. roots; (A) spherical AgNPs, (B) spherical 

FeNPs, and (C) spherical PbNPs. 

 

4.5 Characterization of Metal Nanoparticles in the Plant Cells 

The SAED-TEM and EDX analyses were carried out to determine the identity of 

the accumulated metal NPs in the root cells.  

4.5.1 SAED-TEM analyses 

Figure 4.13 shows the representative SAED-TEM images of the accumulated 

NPs in the A. pinnata R.Br. roots exposed to AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, 
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and Pb(NO3)2 solutions. The Ag-treated root cells showed the presence of the 

concentric diffraction rings at 2.36, 2.04, 1.45, 1.23, 1.02, and 0.83Å, that corresponded 

to the hlk planar of (111), (200), (220), (311), (400), and (422) of FCC structure of Ag, 

based on the database of Joint Committee on Powder Diffraction Standards (JCPDS) 

number 01−1167 (Balakumaran et al., 2015). In the Cu-treated roots, the concentric 

diffraction rings were 2.08, 1.81, 1.28, 1.04, and 0.91Å, corresponding to the hlk planar 

of (111), (200), (220), (222), and (400) of the FCC structure of Cu (Wang et al., 2014). 

For the Fe-treated root cells, the concentric diffraction rings of 2.53, 1.17, and 0.88 Å 

suggested the hlk planar of (311), (211), and (416) of Fe2O3 (Shao et al., 2011), while 

the concentric diffraction rings of 2.97 and 0.97Å corresponded to the hlk planar of 

(220) and (324) of Fe3O4 (Iyengar et al., 2014). For Pb-treated root cells, the SAED -

TEM pattern of the accumulated particles showed the concentric diffraction rings at 

2.55, 1.97, 1.64, 1.31, 1.12, and 0.97 Å corresponding to the hlk planar of (200), (200), 

(003), (220), (312), and (323) of the body-centered tetragonal of PbO as compared with 

the databases of JCPDS number 010797 (McMurdie et al., 1986). 
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Figure 4.13 SAED-TEM analyses of metal NPs in the Ag-, Cu-, Fe-, Ni-, and Pb-

treated roots of Azolla pinnata R.Br. as compared with the control root. 

 

The SAED-TEM images of the accumulated NPs in S. molesta D.S. Mitch. 

roots exposed to Ag, Fe, and Pb ions was presented in Figure 4.14. The Ag-treated root 

cells showed the presence of the concentric diffraction rings at 2.37, 2.05, 1.44, 1.23, 

and 0.91Å , that correspond to the hlk planar of (111), (200), (220), (311), and (420) of 

the FCC structure of Ag as based on the database of JCPDS number 01−1167 

(Balakumaran et al., 2015). In the Fe-treated roots, the concentric diffraction rings were 

2.08, 1.81, 1.28, 1.04, and 0.91Å, corresponding to the hlk planar of (111), (200), (220), 

(222), and (400) of the FCC structure of Fe (Wang et al., 2014). In the Pb-treated roots, 

the concentric diffraction rings was 2.81, 1.86, 1.67, and 1.27Å, corresponding to the 

hlk planar of (111), (201), (003), and (004) of the cubic structure of Pb as compared 
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with the databases of JCPDS number 010976 (McMurdie et al., 1986). However, there 

was no detection of the concentric diffraction ring in the area of electron dense in Cu-

treated roots, suggesting no formation of CuNPs in S. molesta D.S. Mitch. root cells. 

Also, the control root cells showed no detection of the concentric diffraction ring by 

TEM-SAED analysis. 

 

 

Figure 4.14 SAED-TEM analyses of the Ag-, Cu-, Fe-, and Pb-treated roots of Salvinia 

molesta D.S. Mitch. as compared with the control root. 

 

4.5.2 EDX analyses 

Figure 4.15 shows the EDX-TEM analysis of the elemental composition of 

the Ag-, Cu-, Fe-, and Pb-treated roots of A. pinnata R.Br. The result clearly showed 

that each treated metal was predominantly detected in the plant roots, suggesting that 

each metal was uptake and accumulate in the plant roots. In Ag-treated roots, Ag 
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element was as high as 64.21% mass. In Cu-treated root, Cu element was detected as 

high as 21.38% mass. The content of Fe was 17.63% mass in Fe-treated roots. The 

detection of Pb was also as high as 51.26% mass in Pb-treated roots. The presences of 

C and O in all samples could be explained by the organic materials, which were the 

major components in living organisms. It was also noted that the grids used to hold the 

sample were the carbon-coated Cu grid, thus the detection of Cu was due to the grid 

composition (Janthima et al., 2018). For Cu-treated roots, the carbon coated Fe grid was 

used instead, thus resulting in the detection of Fe in this sample. Interestingly, in Ni-

treated roots, no significantly detection of Ni element in the roots. Thus, it was possible 

that no detection of NiNPs in A. pinnata R.Br. was potentially due to the translocation 

of Ni2+ ions to other parts of the plants.  

Figure 4.16 shows the EDX-TEM analysis of the elemental composition of 

the Ag-, Cu-, Fe-, and Pb-treated roots of S. molesta D.S. Mitch. Similar results were 

detected in metal-treated S. molesta D.S. Mitch. roots, which Ag (48.26% mass), Cu 

(20.31% mass), Fe (15.23% mass), and Pb (48.26% mass) elements were detected in 

Ag-, Cu-, Fe-, and Pb-treated roots, respectively. These elements were not detected if 

the plant samples were not incubated in these metal solutions. However, only Ni 

element was not significantly detected in S. molesta D.S. Mitch. roots incubated with 

Ni(NO3)2 solution. It was possible that the content of Ni in the plant root was less than 

0.1% mass, which is the detection limit of EDX-TEM in this work. It is important to 

note that the previous EDXRF analysis showed the detected level of Ni element in the 

plant roots exposed to Ni(NO3)2 since this technique has the higher detection level in 

the range of ppm (Strüder, 2000). 
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Figure 4.15 EDX-TEM analyses of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots of 

Azolla pinnata R.Br. as compared with the control root. 
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Figure 4.16 EDX-TEM analyses of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots of 

Salvinia molesta D.S. Mitch. as compared with the control root. 
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In this section, the abilities of A. pinnata R.Br. and S. molesta D.S. Mitch., 

belonging to the same Salviniaceae family, to absorb and transform five metal ions (Ag, 

Cu, Fe, Ni, and Pb) to metal NPs were reported. The result showed that both plant 

species could absorb these metal ions. Similarly, both plant species were highly 

sensitive to Ag+ ions but more tolerant to Pb2+ ions. In addition, the reduction levels of 

19K and 20Ca in metal-treated plants could be the metal-stress response in these plant 

species. ATR-FTIR results also suggested the metal responses in the plant roots via the 

induction levels of phosphorus-containing biomolecules, lipids, soluble sugars, gene 

expression and protein synthesis. Interestingly, TEM image suggested that the 

formation of metal NPs depended on the types of uptake metal ions and plant species. 

The formation of AgNPs, CuNPs, FeNPs, and PbNPs, except NiNPs, was detected in 

A. pinnata R.Br. roots. Unlike A. pinnata R.Br., S. molesta D.S. Mitch. root cells could 

assist the formation of only AgNPs, FeNPs, and PbNPs, but not CuNPs, and NiNPs. In 

addition, the shape of metal NPs could be different depending on the plant species. In 

this work, A. pinnata R.Br. root cells clearly showed the formation of rod-shaped 

PbNPs, whereas spherical PbNPs were detected in S. molesta D.S. Mitch. The identity 

of metal NPs was confirmed by SAED-TEM, which AgNPs, CuNPs, FeNPs (Fe2O3 and 

Fe3O4), and PbNPs (Pb and PbO) were detected.  

The responses of A. pinnata R.Br. and S. molesta D.S. Mitch. to five metal 

ions as well as their capabilities to uptake and transform these metal ions into metal 

NPs are summarized in Table 4.5. 
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CHAPTER V 

RESULTS AND DISCUSSION PART II    

Araceae family: The ability of Lemna minor L., Lemna perpusilla 

Torr., Spirodela polyrhiza (L.) Schleid., and Wolffia globosa (Roxb.) 

Hartog & Plas to absorb and transform metal ions to metal 

nanoparticles. 

 

In this work, four plant species in a subfamily of Lemnaceae (in a family of 

Araceae) were used for the study. Lemnaceae is a subfamily of duckweeds, are well-

known as the smallest, fastest growing, and simplest flowering monocot plants. 

Globally, at least 33 species are distributed, which belong to only five genera; 

Spirodela, Landoltia, Lemna, Wolffiella, and Wolffia. Based on their evolution, 

Spirodela is the oldest inherited species, while Wolffia is the youngest derived one 

(Wang et al., 2011). Four species from three genera of duckweeds were studies and 

compared in this work; L. minor L., L. perpusilla Torr., S. polyrhiza (L.) Schleid., and 

W. globosa (Roxb.) Hartog & Plas. 

 

5.1 Toxicity Study 

Ag, Cu, Fe, Ni, and Pb are considered as ones of dangerous metal pollutants in 

ecotoxicology and environment regarding to their toxicity effects on organisms 

(Rainbow, 2018). The toxic effects of heavy metals on  plants depends on several  factor
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including type and concentration of metal ions, and susceptibility of the plant species 

(Ackova, 2018). Therefore, in this section, the toxicity effects of AgNO3 (1, 2, 3, 4, and 

5 mM), Cu(NO3)2 (10, 20, 30, 40, and 50 mM), Fe(NO3)3 (10, 20, 30, 40, and 50 mM), 

Ni(NO3)2 (100, 200, 300, 400, and 500 mM), and Pb(NO3)2 (100, 200, 300, 400, and 

500 mM) on four aquatic plant species in the same family were investigated; L. minor 

L., L. perpusilla Torr., S. polyrhiza (L.) Schleid., and W. globosa (Roxb.) Hartog & 

Plas. The changes of withered and brown leaves of these plant species in response to 

metal treatments were determined and reported as the percentage of toxicity 

concentration (%TC).  

5.1.1 Toxicity of the tested metal solutions to Lemna minor L. and Lemna 

perpusilla Torr. 

In this work, since L. minor L. and L. perpusilla Torr. belong to the same 

genus, their responses to metal treatments are reported in comparison. The 

morphological changes of L. minor L. and L. perpusilla Torr. leaves in response to 

AgNO3, Cu(NO3)2, Fe(NO3)2, Ni(NO3)2, and Pb(NO3)2 at various concentrations are 

shown in Figure 5.1. Both plant species exhibited the morphological changes in 

response to all metal solution, which the changes of leaves color were clearly seen. 

With increasing concentration of metal solutions, colors of leaves were changed from 

green to yellow, except for AgNO3-treatment which the leaves color was changed to 

dark brown. The appearance of yellow leaves could be resulted from the chlorosis effect 

of the metals on plants (Arif et al., 2016). Dark blue color of leaves and roots in Ag-

treated plants was likely due to the color of accumulated AgNO3 in the leave and root 

tissues. Also, both plant species were sensitive to AgNO3, Cu(NO3)2, and Fe(NO3)2 than 

Ni(NO3)2, and Pb(NO3)2 as determined by the concentrations of metal solution to cause 

the changes of leaves colors. 
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TC10 values of AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 in L. 

minor L. and L. perpusilla Torr. were also determined as the toxicity of metal solution 

caused 10% of morphological changes (based on leaves color changes) as shown in 

Figure 5.2. The TC10 values of AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 

in L. minor L. were 1.23 ± 0.9, 10.25 ± 3.40, 20.13 ± 5.12, 200.64 ± 6.21, and 300.96 

± 12.34 mM, respectively. Those in L. perpusilla Torr. were 1.04 ± 2.30, 20.19 ± 2.13, 

30.16 ± 10.32, 300.17 ± 6.12, and 400.02 ± 2.39 mM, respectively. These results 

indicated that both plant species were most sensitive to AgNO3, followed by Cu(NO3)2, 

Fe(NO3)2, Ni(NO3)2, and Pb(NO3)2, respectively. It was hypothesized that Ag+ ions was 

most toxic to the plants because it interacts to organic molecules (e.g. thiol group of 

proteins and sulphate group of nucleic acids) and also affect photosynthetic and 

respiratory processes (Tripathi et al., 2017). As compared with L. perpusilla Torr., L. 

minor L. was more sensitive to Ni(NO3)2, and Pb(NO3)2 as indicated by the lower 

concentrations of Ni(NO3)2 and Pb(NO3)2 at TC10 values. 
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Figure 5.1 The morphological changes of Lemna minor L. (A) and Lemna perpusilla 

Torr. (B) in response to AgNO3, Cu(NO3)2, Fe(NO3)2, Ni(NO3)2, and 

Pb(NO3)2 treatments. 
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Figure 5.2 TC10 values of AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 as 

determined in (A) Lemna minor L. and (B) Lemna perpusilla Torr. 

 

5.1.2 Toxicity of the tested metal solutions to Spirodela polyrhiza (L.) Schleid 

Similar to L. minor L. and L. perpusilla Torr., S. polyrhiza (L.) Schleid. 

exposed to AgNO3, Cu(NO3)2, Fe(NO3)2, Ni(NO3)2, and Pb(NO3)2 for 12 h resulted in 

the changes of leaves color from green to pale yellow and dark brown colors according 

to increasing concentrations of the treated solutions (Figure 5.3A). The TC10 values of 

AgNO3, Cu(NO3)2, Fe(NO3)2, Ni(NO3)2, and Pb(NO3)2 were at 1.01 ± 0.60, 20.16 ± 

5.13, 20.89 ± 6.21, 300.79 ± 12.40, and 300.69 ± 21.06 mM, respectively (Figure 5.3B). 

Unlike L. minor and L. perpusilla Torr., S. polyrhiza (L.) Schleid. had the similar TC10 

values of Ni(NO3)2, and Pb(NO3)2 solutions. 
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Figure 5.3 The morphological changes (A) and TC10 values (B) of Spirodela polyrhiza 

(L.) Schleid. plant in response to AgNO3, Cu(NO3)2, Fe(NO3)2, Ni(NO3)2, 

and Pb(NO3)2 treatments. 

 

5.1.3 Toxicity of the tested metal solutions to Wolffia globosa (Roxb.) Hartog 

& Plas 

Similar to Lemna, W. globosa (Roxb.) Hartog & Plas exposed to AgNO3, 

Cu(NO3)2, Fe(NO3)2, Ni(NO3)2, and Pb(NO3)2 for 12 h resulted in the changes of plant 

color from green to pale yellow and dark brown colors according to increasing 

concentrations of the treated solutions (Figure 5.4A). The TC10 values of AgNO3, 
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Cu(NO3)2, Fe(NO3)2, Ni(NO3)2, and Pb(NO3)2 were at 0.96 ± 0.16, 21.06 ± 12.64, 10.94 

± 12.16, 300.89 ± 16.14, and 200.69 ± 21.49, respectively (Figure 5.4B). Unlike Lemma 

species and S. polyrhiza (L.) Schleid., the TC10 values of Ni(NO3)2, and Pb(NO3)2 

solutions in W. globosa (Roxb.) Hartog & Plas were tolerance to Ni(NO3)2 than 

Pb(NO3)2.  

 

 

Figure 5.4 The morphological changes (A) and TC10 values (B) of Wolffia globosa 

(Roxb.) Hartog & Plas in response to AgNO3, Cu(NO3)2, Fe(NO3)2, 

Ni(NO3)2, and Pb(NO3)2 treatments. 
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5.2 The Elemental Mass Profiles 

5.2.1 Lemna minor L. and Lemna perpusilla Torr. 

The elemental analysis of mass profiles in L. minor L. and L. perpusilla Torr. 

roots exposed to AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 solutions were 

determined using EDXRF analysis. The representative EDXRF mapping images of 

detected metal elements in five metal-treated roots of L. minor L. and L. perpusilla 

Torr. were showed in Figure 5.5 and Figure 5.6, respectively. EDXRF mapping images 

revealed the significantly different levels of seven elements as compared with the 

control: 19K, 20Ca, 26Fe, 28Ni, 29Cu, 47Ag, and 82Pb. The quantitative evaluation of each 

element is shown in Table 5.1 and Table 5.2. Among five metal solutions, both plants 

could uptake Pb2+ ions at the highest level, which were 99.41 ± 0.31 and 94.18 ± 0.01% 

mass in L. minor  L. and L. perpusilla Torr., respectively. For L. minor L., the levels of 

47Ag, 29Cu, 26Fe, and 28Ni in the roots treated with AgNO3, Cu(NO3)2, Fe(NO3)3, and 

Ni(NO3)2 solutions were 71.91 ± 0.57, 67.85 ± 3.31, 82.70 ± 4.70, and 44.92 ± 3.50% 

mass, respectively. For L. perpusilla Torr., those were 84.82 ± 0.80, 50.90 ± 12.80, 

70.14 ± 3.97, and 49.80 ± 9.44% mass, respectively. The highest uptake level of Pb2+ 

ions by both plant species suggested their potential applications for Pb2+-remediation. 

The uptake and translocation of metal ions in plant roots are via apoplastic and 

symplastic pathways and several protein transporters (Pourrut et al., 2011; Printz et al., 

2016; Thomine et al., 2000). For examples, Cu can be transported via ZIP family and 

Cu-transporter protein family (Yruela, 2009). Fe transport was via the Fe-nicotianamine 

transporter and ZIP family (Aydemir and Cousins, 2018). For Ag transport, it was via 

the high affinitytransport protein, metallothionein, metallochaperones, NRAMP family, 

and ZIP family (Chen et al., 2009). Also, in this work, all metal-treated roots showed 



96 

 

the reduced levels of 19K and 20Ca as compared with the control. It was hypothesized 

that the tested metal ions might enter the root cells via the same routes of Ca2+ and K+ 

cationic ions, including channels and protein transporters, thus competing with their 

transports and limiting their influx (Ahmad et al., 2016).  
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5.2.2 Spirodela polyrhiza (L.) Schleid. 

EDXRF analyses of S. polyrhiza (L.) Schleid. roots in response to AgNO3, 

Cu(NO3)2, Fe(NO3)2, Ni(NO3)2, and Pb(NO3)2 are shown in Figure 5.7. The elemental 

distribution mapping images revealed the significantly different profiles of 7 elements 

(19K, 20Ca, 26Fe, 28Ni, 29Cu, 47Ag, and 82Pb) as compared with the control. Similar to L. 

minor L., and L. perpusilla Torr., the quantitative levels of 82Pb in the Pb-treated of S. 

polyrhiza (L.) Schleid. was the highest at 90.21 ± 6.17% mass, followed by 47Ag (89.30 

± 4.11% mass), 26Fe (88.81 ± 0.30% mass), 29Cu (62.88 ± 2.94% mass), and 28Ni (40.85 

± 5.80% mass), respectively. 



102 

 

 
 

Figure 5.7 EDXRF mapping analysis of Spirodela polyrhiza (L.) Schleid. exposed to 

AgNO3, Cu(NO3)2, Fe(NO3)2, Ni(NO3)2, and Pb(NO3)2 solutions. 
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5.2.3 Wolffia globosa (Roxb.) Hartog & Plas 

The elemental mapping images and quantitive element mass of W. globosa 

(Roxb.) Hartog & Plas in response to AgNO3, Cu(NO3)2, Fe(NO3)2, Ni(NO3)2, and 

Pb(NO3)2 as determined by EDXRF are shown in Figure 5.8 and Table 5.4, 

respectively. As expected, the high level of each uptake metal was shown in the plant, 

which the level of 82Pb was the highest (92.40 ± 4.31% mass), followed by followed by 

26Fe (83.65 ± 3.81% mass), 47Ag (76.71 ± 3.71% mass), 29Cu (69.22 ± 6.49% mass), 

and 28Ni (64.17 ± 1.08% mass), respectively. Similar to the previous data, the 

significant reduction of 19K and 20Ca was detected in W. globosa (Roxb.) Hartog & 

Plas, which was hypothesized as one of the metal-stress responses in aquatic plants. 



105 

 

 

Figure 5.8 EDXRF mapping analysis of Wolffia globosa (Roxb.) Hartog & Plas 

exposed to AgNO3, Cu(NO3)2, Fe(NO3)2, Ni(NO3)2, and Pb(NO3)2 

solutions. 
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5.3 ATR-FTIR Profiles in Response to Metal Treatments 

5.3.1 Lemna minor L. and Lemna perpusilla Torr. 

ATR-FTIR analysis was used to investigate the changes of cellular 

biomolecules of L. minor L. and L. perpusilla Torr. roots exposed to AgNO3, Cu(NO3)2, 

Fe(NO3)2, Ni(NO3)2, and Pb(NO3)2 solutions as determined by the changed vibrations 

of functional groups of the biomolecules in the mid-infrared region of 4000 – 400 cm−1. 

The ATR-FTIR spectra of these plants in response to metal treatments as compared 

with the control are shown in Figure 5.9 and 5.10, respectively. The ATR-FTIR profiles 

revealed the changes of spectral peaks, which were the reduced intensity, increased 

intensity, emergence, and absence of spectral peaks.  

The spectral peaks with intensity reduction as compared with the control 

were detected in a range of 3600  3300 cm−1, 1800  1630 cm−1, and 1000  800 cm−1 

in L. minor L. , while single spectral peak with intensity reduction (1800  1630 cm−1) 

was detected in L. perpusilla Torr. The spectral peak in a range 3600  3300 cm−1 was 

assigned to O–H stretching vibration of phenolic compounds and carbohydrates such 

as cellulose, hemicellulose, pectin, and lignin. It is possibly that the intensity reduction 

of this spectral peak is the result of the interaction between the divalent cation of metal 

ions to O–H moieties of these phenolic compounds and carbohydrates, especially some 

flavonoids that play an important role to reduce the metal toxicity in plants (Mira et al., 

2002). The spectral peak in a range of 1800  1630 cm−1 was assigned to CONHR 

stretching vibrations of amide I of proteins (Yang et al., 2014). The spectral peak in a 

range of 1000  800 cm−1 was attributed to the NH group of proteins (Suresh et al., 

2016a). Thus, the ATR-FTIR results suggested the reduction of protein levels in metal-

treated plants, which were possibly due to the effect of metal ions to interfere a protein 
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folding, leading to aggregation and denaturation of proteins under the metal-stress 

condition in plant cells (Xia et al., 2019).  

The increased spectral peaks was detected in a range 1395  1370 cm−1 in 

both plants, which this spectral peak was corresponded to CN stretching of amide II 

proteins (Suresh et al., 2016a; 2016b). This result suggested that some protein level 

might be increased in response to metal-stress, which potentially related to a group of 

metal detoxification proteins in plants (Wang et al., 2020).  

In this work, only single spectral peak at 1400  1250 cm−1 was disappeared 

in the ATR-FTIR of L. minor L. treated with Pb(NO3)2. This spectral peak was assigned 

to ester moieties (C–OR vibration) of carbohydrate and lipid (Papageorgiou et al., 

2019), thus suggesting the inhibition of production or changed structure of some 

carbohydrates and lipids in response to Pb-treatment.  

For the emergence of new spectral peaks, the spectral peak at 1730 cm−1 was 

detected only in the Ag-, Fe-, and Pb-treated roots of L. perpusilla Torr., which was 

corresponded to C=O stretching vibration of amide I groups of proteins (Yang et al., 

2014). Therefore, new protein induction was suggested in the metal-treated plant. In 

addition, the new spectral peak at 800  515 cm−1 was detected in both plants treated 

with Ni(NO3)2 and Pb(NO3)2, which was assigned to NC group of nucleic acid. This 

result suggested the possible induction of gene expression in response to metal 

exposures, which could relate to metal detoxification and stress response genes (Puig 

et al., 2007). Also, the new spectral peak at 775  420 cm−1 was detected in Pb-treated 

plants, corresponding to the metal-organic groups. Therefore, this result suggested the 

interaction between Pb2+ and organic compounds, which was one of the metal-

detoxification process in plant cells (Xu et al., 2017). 



109 

 

 

 

Figure 5.9 ATR-FTIR spectra of the control and metal-treated of Lemna minor L. roots 

as determined in the wavelength range of 4000 − 400 cm−1. 
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Figure 5.10 ATR-FTIR spectra of the control and metal-treated of Lemna perpusilla 

Torr. roots as determined in the wavelength range of 4000 − 400 cm−1. 
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Table 5.5. The summary of the FTIR spectral peaks of two aquatic roots in response to 

metal exposures. 

No. 

Wave number (cm−1) 
Functional 

groups 

Biological 

compounds 
Standard 

reference 
Ctrl 

Treated roots with 

Ag Cu Fe Ni Pb 

Lemna minor L. 

1 36003300 3401 3301 3300 3302 3402 3300 O–H Carbohydrate, 

phenolic  

2 18001630 1642 1705 1704 1705 1705 1705 C–ONHR Amine I proteins 

3 13951370 1370 1380 1380 1380 1385 1375 CN Amide II proteins 

4 14001250 1250 1250 nd 1541 nd 1540 COR Carbohydrate, lipid 

5 1000800 985 1000 1000 996 1000 1000 NH Proteins 

6 800515 nd nd nd nd 750 751 NC Nucleic acids 

7 775420 nd nd nd nd nd 612 Meorganic Metal-binding 

organic compound 

Lemna perpusilla Torr. 

1 18001630 nd 1730 nd 1730 nd 1730 CO Amine I proteins 

2 18001630 1640 1648 1642 1680 1650 1619 C–ONHR Amine I proteins 

3 13951370 1370 1381 1379 1379 1375 1385 CN Amide II proteins 

4 800515 nd nd nd nd 750 nd NC Nucleic acids 

5 775420 nd nd nd nd 751 602 Meorganic Metal-binding 

organic compound 

nd; not detected 
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5.3.2 Spirodela polyrhiza (L.) Schleid. 

ATR-FTIR spectra of the control and the metal-treated roots of S. polyrhiza 

(L.) Schleid. exposed with AgNO3, Cu(NO3)2, Fe(NO3)2 Ni(NO3)2, and Pb(NO3)2 

solutions are showed in Figure 5.11. Similar to Lemna results, the changes of cellular 

biomolecule levels in S. polyrhiza (L.) Schleid. were detected, including the increased 

intensity, new emergence, and absence of spectral peaks. The increased intensity of 

spectral peaks was detected at 1800  1630 cm−1 (C–ONHR group of the amide I of 

proteins), 1000  800 cm−1 (the NH group of proteins), and 1395  1370 cm−1 (CN 

stretching of amide II proteins), which suggested the induction of protein synthesis in 

response to metal-stress. As compared with the control, the spectral peak at 1400  

1250 cm−1 was not detected in the metal-treated sample, which this peak correlated to 

C–OR vibration of carbohydrate and lipids. Also, the new spectral peak was detected 

at 800  515 cm−1 (NC group of nucleic acid), suggesting the induction of gene 

expression in response to metal-stress in this plant.  
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Figure 5.11 ATR-FTIR spectra of the control and metal-treated of Spirodela polyrhiza 

(L.) Schleid. roots as determined in the wavelength range of 4000 − 400 

cm−1.  
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Table 5.6 The summary of ATR-FTIR spectral peaks of Spirodela polyrhiza (L.) 

Schleid. roots in response to metal exposures. 

No. 

Wave number (cm−1) 
Functional 

groups 

Biological 

compounds 
Standard 

reference 
Ctrl 

Treated roots with 

Ag Cu Fe Ni Pb 

1 18001630 1700 1640 1644 1640 1642 1702 C–ONHR Amine I proteins 

2 14001250 1250 1250 1250 1252 1251 nd COR Carbohydrate, lipid 

3 13951370 1370 1381 1379 1379 1379 1385 CN Amide II proteins 

4 1000800 978 980 997 974 980 984 NH Proteins 

5 800515 nd nd 762 759 750 751 NC Nucleic acids 

nd: not detected 

 

5.3.3 Wolffia globosa (Roxb.) Hartog & Plas 

ATR-FTIR spectra of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots of W. 

globosa (Roxb.) Hartog & Plas as compared with the control are shown in Figure 5.12. 

Similar to the previous studies, the changes of cellular biomolecules in response to 

metal treatments were detected, which were the reduction of spectral peaks at 3600  

3300 and 1000  800 cm−1, the disappeared spectral peak at 1400  1250 cm−1, and the 

new spectral peak at 800  515 and 775  420 cm−1. Unlike the previous studies, the 

increased intensity of the spectral peak at 1500  1000 cm−1 was detected in metal-

treated W. globosa (Roxb.) Hartog & Plas, which was assigned to the “fingerprint” 

region of amine III of proteins (Wei et al., 2009). In addition, the new spectral peaks at 

3700 − 3500, 3450 − 3350, and 750 − 720 cm−1 were detected. The spectral peaks at 

3700 − 3500 and 3450−3350 cm−1 were attributed to the –NH2 stretching vibrations 
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(non-bounded) of a primary amine (Souza et al., 2008). This primary amine might be 

related to newly synthesized proteins such as phytochelatins and metallothionein in 

metal-detoxification responses in plant cells (Hasan et al., 2017). Also, the ATR-FTIR 

spectral peak at 750 − 720 cm−1 was detected in the metal-treated plant, which was 

correspond to the C−C stretching in the ring vibration of phenolic compounds such as 

phenylpropanoid and triterpenoid (Guerrero et al., 2014). Acording to Kisa and co-

workers, one of the metal-stress responses of plants was to induce the synthesis of some 

metabolites that could associate with heavy metals including phenolic acids, flavonoids, 

coumarins, and lignins (Kisa et al., 2019).  
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Figure 5.12 ATR-FTIR spectra of the control and metal-treated Wolffia globosa 

(Roxb.) Hartog & Plas as determined in the wavelength range of 4000 − 

400 cm−1. 

Table 5.7 The summary of the ATR-FTIR spectral peaks of Wolffia globosa (Roxb.) 

Hartog & Plas in response to metal exposures. 

No. 

Wave number (cm−1) 
Functional 

groups 

Biological 

compounds 
Standard 

reference 
Ctrl 

Treated roots with 

Ag Cu Fe Ni Pb 

1 3700−3500 nd nd nd nd nd 3640 –NH2 Amine I (non-bound) 

proteins  3450−3350 nd nd nd nd nd 3452 –NH2 

2 3600−3300 3330 3330 3330 3331 3335 3301 O–H Carbohydrate, 

phenolic  

3 1800−1630 1682 1640 1642 1640 1640 1601 CO Amine I proteins 

4 1500−1000 1420 1420 1420 1452 1397 1400 C–ONHR Amine I proteins 

5 1395−1370 1372 1371 1370 1372 1370 1371 CN Amine II proteins 

6 1400−1250 1301 1352 1351 1351 1351 nd CN Amine III proteins 

7 1000−800 1000 996 998 995 992 1000 NH Proteins 

8 800−515 nd 760 772 760 760 761 NC Nucleic acids 

9 750−720 nd nd nd nd 720 725 CC Phenolic compounds 

10 775420 nd 562 563 560 563 562 Meorganic Metal-binding 

organic compound 

nd: not detected 
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5.4 Accumulation and Characterization of Metal Nanoparticles 

5.4.1 Lemna minor L. 

TEM images were used to determine the production and localization of metal 

NPs in roots of L. minor L. that exposed in AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, 

and Pb(NO3)2 solutions. The results showed similar accumulation of metal NPs in both 

cortical and vascular tissues, which only AgNPs, FeNPs, and PbNPs were detected, but 

not CuNPs and NiNPs.  

Representative TEM images of cortical cells of L. minor L. are shown in 

Figure 5.13). Agglomerated and free AgNPs were predominantly detected in cytoplasm 

and some were near the plasma membrane (black arrow). In addition to plasma 

membrane, FeNPs were detected in an ectosome (red box). For PbNPs, they 

agglomerated near plasma membrane and intercellular space. As all metal NPs, not the 

electron dense, were detected near plasma membrane, it was hypothesized that the 

metal ions were reduced by phyto-compounds and form metal nuclei leading to a 

synthesis of metal NPs. These phyto-compounds were likely accumulated near the 

plasma membrane. thus, it was the major location to accumulate metal NPs in cortical 

cells. Since the accumulation of FeNPs were detected in an ectosome, suggested that 

several proteins such as matrix metaloproteins, glycoprotein type GP1b, and adhesion 

proteins P-selectin contained in ectosome assist the formation of metal FeNPs 

(Meldolesi, 2018). The detection of PbNPs in the intercellular space area also suggested 

that metal ions between cells could be transformed into metal NPs. Therefore, the 

phyto-compounds that assist the formation of metal NPs were present both inside and 

between cells.  
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Figure 5.13 TEM images of metal NPs in cortical cells of the Ag-, Cu-, Fe-, Ni-, and 

Pb-treated roots of Lemna minor L. Dark arrow: NPs. Red box: ectosome. 

 

The average diameters of spherical AgNPs, FeNPs, and PbNPs in cortical 

cells were measured from 100 NPs in TEM images and the size distribution histogram 

was plotted as shown in Figure 5.14. The average sizes of AgNPs, FeNPs, and PbNPs 

were 32.42 ± 16.46, 9.68 ± 4.95, and 69.96 ± 24.59 nm, respectively. The distributed 

sizes of AgNPs, FeNPs, and PbNPs were 11.79 – 100.21, 7.64 – 34.16, and 37.71 – 

165.51 nm, respectively.  
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Figure 5.14 Size distribution histograms and average sizes of AgNPs, FeNPs, and 

PbNPs in cortical cells of Lemna minor L. roots. 

 

In vascular bundle, representative TEM images of Ag-, Cu-, Fe-, Ni-, and 

Pb-treated roots of L. minor L. exposed to AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and 

Pb(NO3)2 solutions are shown in Figure 5.15. AgNPs were detected near the plasma 

membrane of the xylem tissue (Figure 5.15B). This result suggested the translocation 

of Ag+ ions from the outmost to central tissues of roots. Also, phyto-compounds to 

assist the formation of metal NPs were present in vascular cells. Similar to the result in 

cortical cells, FeNPs were detected near the plasma membrane (black arrow) and in 

ectosome (red box) in the xylem tissue. Kim and Guerinot reported that Fe ions could 

transport from the outer to inner layers of the plant cells via two strategy. Strategy I, 

Fe3+ ions transport via the chelate reduction, which is reduced the trivalent Fe to 

divalent Fe by ferric-chelate reductase defective 1 (frd1) in plasma membrane. Strategy 

II, Fe2+ ions transport via the Fe-regulated transporter 1, a member of the metal 

transporter family (Kim and Guerinot, 2007). Also, trivalent Fe has the high binding 

affinity to mugineic acid, the member in a family of phytosiderophores, as the metal-

complexes (Mori, 1999). Unlike the other detected NPs, the detected PbNPs in xylem 
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cells were in spherical and rod shapes, suggesting that the environment in xylem tissue 

was suitable for assisting the growth of anisotropic NPs. 

 

 

Figure 5.15 TEM images of metal NPs in vascular tissues of the Ag-, Cu-, Fe-, Ni-, 

and Pb-treated roots of Lemna minor L.: Dark arrow and red box indicate 

NPs and ectosome, respectively. 

 

Average diameters and size distribution histograms of AgNPs, FeNPs, and 

PbNPs in vascular tissues are shown in Figure 5.16. The average sizes of AgNPs, 

FeNPs, and PbNPs were 65.77 ± 36.00, 22.25 ± 6.98, and 58.63 ± 22.83 nm, 

respectively. The distributed sizes of AgNPs, FeNPs, and PbNPs were 25.13 – 176.30, 

8.33 – 49.52, and 28.06 – 147.00 nm, respectively. 
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Figure 5.16 Size distribution histograms and average diameters of AgNPs, FeNPs, and 

PbNPs in vascular tissues of the Ag-, Fe-, and Pb-treated roots of Lemna 

minor L. 

 

Identity of metal NPs in L. minor L. were determined by SAED-TEM and 

EDX-TEM analyses. The formation of AgNPs in the Ag-treated roots was confirmed 

by SAED-TEM images (Figure 5.17), which revealed the presence of the concentric 

diffraction rings at 2.37, 2.06, 1.44, 1.24, 1.18, 0.94, and 0.91 Å. These values were 

corresponded to the hlk planar of (111), (200), (220), (311), (222), (331), and (420) of 

the FCC structure of Ag according to JCPDS number 01–1164 (Mollick et al., 2015). 

In Fe-treated roots, the concentric diffraction ring was detected at 2.40 Å, 

corresponding to the hlk planar of (111) of the FCC structure of FeO structure based on 

the JCPDS number 02–1186 (Agale et al., 2017). Besides, the concentric diffraction 

rings were detected at 2.93 and 2.51 Å, corresponding to the hlk planar of (220) and 

(311) of the FCC structure of Fe2O3 based on the JCPDS number 02–1047 (Shao et al., 

2011). Moreover, the concentric diffraction ring was detected at 2.43 Å, attributing to 

the hlk planar of (222) of the FCC structure of Fe3O4 based on the JCPDS number 02–

1035. Thus, three forms of FeNPs were produced in the plant cells: FeO, Fe2O3, and 

Fe3O4 NPs. In Pb-treated roots, the concentric diffraction rings were detected at 2.81, 
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2.43, 1.72, 1.41, 1.13, and 1.01 Å, corresponding to the hlk planar of (111), (200), (220), 

(222), (331), and (422) of the cubic (Fm3m) lattice of Pb structure based on the JCPDS 

number 01–0995 (Davey, 1925). Similar to other results, a concentric diffraction ring 

was not detected in the Cu- and Ni-treated roots, suggesting no formation of CuNPs 

and NiNPs in the plant roots.  

 

 

Figure 5.17 SAED-TEM analyses of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots as 

compared with the control. 

  

In this work, EDX-TEM analysis was also employed to identify the elemental 

profiles of the metals in Ag-, Cu-, Fe-, Ni-, and Pb-treated roots as shown in Figure 

5.18. The EDX-TEM profiles showed that the presence of Ag, Fe, and Pb elements in 

the Ag-, Fe-, and Pb-treated roots; 59.07, 5.03, and 54.92% mass, respectively. No 

detectable level of Cu and Ni was in the Cu- and Ni-treated roots, which was well-
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corresponded to the absence of both metal NPs in the roots. It was to pointed out that 

the detected levels of C, O, and P were likely from the organic materials in plant tissues 

(Elnaggar et al., 2015). Also, the presence of Cu in all samples was resulted from the 

carbon-coated Cu grids using to hold the samples (Janthima et al., 2018).  

 

 

Figure 5.18 EDX-TEM analyses of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots as 

compared with the control. 

 

5.4.2 Lemna perpusilla Torr. 

The accumulation of metal NPs (Ag, Cu, Fe, Ni, and Pb) in L. perpusilla 

Torr. was determined by TEM images. Figure 5.19 shows TEM images of cortical cells 

of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots. In Ag- and Pb-treated roots, the 

agglomerated and free NPs were dominantly in a vicinity the plasma membrane. In Fe-
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treated roots, only electron dense area was detected, but not metal NPs. The average 

diameters of AgNPs and PbNPs were 29.43 ± 14.20 and 130.67 ± 53.45 nm, 

respectively (Figure 5.20). The distributed sizes of AgNPs and PbNPs were 10.31 – 

89.46 and 1.02 – 350.14 nm, respectively. In Fe-treated roots, the agglomerated FeNPs 

were also detected, but could not determine their sizes due to unclear images. 

 

 

Figure 5.19 TEM images of metal NPs in cortical tissue of the Ag-, Cu-, Fe-, Ni-, and 

Pb-treated roots of Lemna perpusilla Torr. Dark arrow: NPs. 
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Figure 5.20 Size distribution histograms and average diameters of (A) AgNPs and (B) 

PbNPs in cortical tissue of the Ag- and Pb-treated roots of Lemna 

perpusilla Torr. 

 

TEM images of vascular tissues of Ag-, Cu-, Fe-, Ni-, and Pb-treated roots 

are shown in Figure 5.21. Similar to cortical tissues, AgNPs and PbNPs were 

dominantly detected near the plasma membrane. Unlike cortical tissues, in vascular 

tissues there was the detection of FeNPs in a vesicle near the plasma membrane. The 

average diameters of AgNPs and PbNPs were 37.92 ± 16.85 and 85.84 ± 39.76 nm, 

respectively (Figure 5.22). Also, the average size of FeNPs could not determine due to 

unclear images. 
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Figure 5.21 TEM images of metal NPs in vascular tissues of the Ag-, Cu-, Fe-, Ni-, 

and Pb-treated roots of Lemna perpusilla Torr. Dark arrow and red box 

indicate NPs and ectosome, respectively. 

 

 

Figure 5.22 Size distribution histograms and average diameters of (A) AgNPs and (B) 

PbNPs in vascular tissues of the Ag- and Pb-treated roots of Lemna 

perpusilla Torr. 
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The crystallography and chemical profiles of the accumulated NPs in roots 

of L. perpusilla Torr. were determined by SAED-TEM and EDX analyses. SAED-TEM 

images (Figure 5.23) revealed that the concentric diffraction rings at 2.37, 2.05, 1.43, 

1.23, and 1.18 Å in the Ag-treated roots. These rings were correspond to the hlk planar 

of (111), (200), (220), (311), and (222) of the FCC structure of Ag, based on the JCPDS 

number 03–0652871 (Ushamani and Renuka, 2017). In Fe-treated roots, the concentric 

diffraction rings were detected at 4.85 and 2.97 Å, corresponding to the hlk planar of 

(111) and (220) of the FCC structure of FeO structure based on the JCPDS number 02–

1186) (Agale et al., 2017). In Pb-treated roots, the concentric diffraction rings were 

detected at 2.85 and 1.49 Å, corresponding to the hlk planar of (111) and (311) of the 

cubic (Fm3m) lattice of Pb structure (based on the JCPDS number 01-1972) (Roy and 

Bysakh, 2011). Moreover, the concentric ring was detected at 1.86 Å, corresponding to 

the hlk planar of (201) of the tetragonal (P4/nm129) of PbO structure (based on the 

JCPDS number 01–0796) (Klaytae et al., 2013). Similar to other results, there was no 

detection of any concentric diffraction rings in the Cu- and Ni-treated roots, suggesting 

no formation of CuNPs and NiNPs in the plant roots. 
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Figure 5.23 SAED-TEM analyses of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots of 

Lemna perpusilla Torr. as compared with the control. 

 

Figure 5.24 shows the EDX-TEM analysis, which was estimated the level of 

elemental profiles in Ag-, Cu-, Fe-, Ni-, and Pb-treated root cells. The contents of Ag, 

Fe, and Pb elements were 68.69, 29.46, and 50.96% mass in the Ag-, Fe-, and Pb-treated 

roots, respectively. These results were well-corresponded to the detection of these metal 

NPs in the plant cells. Also, no detection of Cu and Ni elements in the Cu- and Ni-

treated roots, which were well related to TEM images showing no detection of both 

metal NPs in the plant roots. It was noted that the detection of C, O, and P was 

contributed from the organic materials in the plants (Elnaggar et al., 2015). Also, the 

detected Cu in all samples was resulted from the sample holder, the carbon-coated Cu 

grid (Janthima et al., 2018).  
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Figure 5.24 EDX-TEM analyses of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots of 

Lemna perpusilla Torr. as compared with the control. 

 

5.4.3 Spirodela polyrhiza (L.) Schleid. 

The accumulation of metal NPs (Ag, Cu, Fe, Ni, and Pb) in roots of S. 

polyrhyza (L.) Schleid. was analyzed from TEM images. In cortical tissues, TEM 

images (Figure 5.25) revealed the clear images of AgNPs and PbNPs in the Ag- and 

Pb-treated plants. FeNPs and CuNPs were not clearly detected as the images showed 

electron dense areas in the Fe- and Cu-treated plants. For Ni-treated plant, there was no 

detection of metal NPs. 
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Figure 5.25 TEM images of metal NPs in cortical tissues of the Ag-, Cu-, Fe-, Ni-, and 

Pb-treated roots of Spirodela polyrhiza (L.) Schleid. Abbreviation: cl = 

chloroplast, is = intercellular space, and ml = middle lamella. Dark arrow: 

NPs. 

 

Average diameters and size distributions of AgNPs and PbNPs are shown in 

Figure 5.26. The average diameters of AgNPs and PbNPs in cortical cells of S. 

polyrhyza (L.) Schleid. were 24.65 ± 9.45 and 60.77 ± 28.01 nm, respectively. The 

distributed sizes of AgNPs and PbNPs were 11.06 – 9.45 and 19.41 – 221.05 nm, 

respectively. 
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Figure 5.26 Size distribution histograms and average diameters of (A) AgNPs and (B) 

PbNPs in cortical tissues of the Ag- and Pb-treated roots of Spirodela 

polyrhiza (L.) Schleid. 

 

TEM images of metal NPs (Ag, Cu, Fe, Ni, and Pb) in vascular tissues of 

roots of S. polyrhysa (L.) Schleid. are shown in Figure 5.27. Similar to cortical cells, 

AgNPs and PbNPs were clearly detected near the plasma membrane in the Ag- and Pb-

treated roots, while the electron dense areas were detected in the Fe- and Cu-treated 

roots. Also, PbNPs was also detected at the plasma membrane of xylem cells.  
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Figure 5.27 TEM images of metal NPs in vascular tissues of the Ag-, Cu-, Fe-, Ni-, 

and Pb-treated roots of Spirodela polyrhiza (L.) Schleid. Abbreviation: cl 

= chloroplast, is = intercellular space, and ml = middle lamella. Dark 

arrow: NPs. 

 

Average diameters and size distributions of AgNPs and PbNPs are shown in 

Figure 5.28. The average diameters of AgNPs and PbNPs in vascular tissues of S. 

polyrhyza (L.) Schleid. were 52.92 ± 15.09 and 144.52 ± 58.13 nm, respectively. The 

distributed sizes of AgNPs and PbNPs were 19.61 – 140.62 and 2.04 – 351.42 nm, 

respectively. 
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Figure 5.28 Size distribution histograms and average diameters of (A) AgNPs and (B) 

PbNPs in vascular tissues of the Ag- and Pb-treated roots or Spirodela 

polyrhiza (L.) Schleid. 

 

The identity of NPs in the roots of S. polyrhyza (L.) Schleid. was determined 

by SAED-TEM and EDX analyses. SAED-TEM images (Figure 5.29) revealed that in 

the Ag-treated roots, the detected concentric diffraction rings were at 2.38, 2.06, 1.46, 

1.24, 1.19, and 0.92 Å, attributing to the hlk planar of (111), (200), (220), (311), (222), 

and (420) of the FCC structure of Ag based on the JSPDS number 65–8428 (Kumar et 

al., 2014). In the Cu-treated roots, the concentric diffraction rings were detected at 2.47 

and 2.14 Å, corresponding to the hlk planar of (111) and (200) of the cubic (Fm3m) 

structure of CuO based on the JCPDS number 01–1223 (Ali et al., 2018). In the Fe-

treated roots, the concentric diffraction rings were marked at 2.05, 1.01, and 0.91 Å, 

corresponding to the hlk planar of (110), (220), and (310) of the cubic (Fm3m) structure 

of Fe based on the JCPDS number 01–1252 (Guo et al., 2006). In the Pb-treated roots, 

the concentric diffraction rings were observed at 2.82, 2.44, and 1.48 Å, corresponding 

to the hlk planar of (111), (200), and (311) of the cubic (Fm3m) lattice of Pb structure 

based on JCPDS number 02–0811(Klaytae et al., 2013).  
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Figure 5.29 SAED-TEM analyses of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots of 

Spirodela polyrhiza (L.) Schleid. as compared with the control. 

 

EDX-TEM analyses (Figure 5.30) revealed the detection of Ag, Cu, Fe, and 

Pb elements at 57.40, 58.53, 51.06, and 69.59% mass in the Ag-, Cu, Fe-, and Pb-treated 

roots, respectively. These results supported the SAED-TEM and TEM analyses for the 

presence of AgNPs, CuNPs, FeNPs, and PbNPs in the metal-treated roots of S. 

polyrhyza (L.) Schleid. Similar to the previous data, there were the detected levels of 

C, O, and P due to the organic contents in the samples (Elnaggar et al., 2015). Also, the 

detected level of Cu was due to the sample holder that contained Cu, the carbon-coated 

Cu grid (Janthima et al., 2018).  
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Figure 5.30 EDX-TEM analyses of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots of 

Spirodela polyrhiza (L.) Schleid. as compared with the control. 

 

5.4.4 Wolffia  globosa (Roxb.) Hartog & Plas 

The formation of metal NPs in W. globosa (Roxb.) Hartog & Plas was 

determined by TEM images. TEM images (Figure 5.31) revealed the presence of 

spherical AgNPs, FeNPs, and PbNPs was widely distributed in the chloroplast cells of  

Ag-, Fe, and Pb-treated plant. Average diameter and size distribution of spherical 

AgNPs, FeNPs, and PbNPs in cortical cell was measured from TEM images using 

ImageJ software (Abràmoff et al., 2004) and origin program with 100 particles. The 

results showed that average diameter of AgNPs, FeNPs, and PbNPs were 32.42 ± 16.46, 

9.68 ± 4.95, and 69.96 ± 24.59nm, respectively (Figure 5.32).  
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Figure 5.31 TEM images of metal NPs in the Ag-, Cu-, Fe-, Ni-, and Pb-treated Wolffia 

globosa (Roxb.) Hartog & Plas. Dark arrow: NPs. 

  

 

Figure 5.32 Size distribution histograms and average diameters of (A) AgNPs, (B) 

FeNPs, and (C) PbNPs in the Ag-, Fe-, and Pb-treated Wolffia globosa 

(Roxb.) Hartog & Plas. 

 

The identity of metal NPs in W. globosa (Roxb.) Hartog & Plas was analyzed 

by SAED-TEM and EDX. SAED-TEM images (Figure 5.33) revealed the presence of 
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metal NPs in Ag-, Fe-, and Pb-treated plants. In the Ag-treated plants, SAED-TEM 

images showed the presence of the concentric diffraction rings at 2.35, 2.04, 1.44, 1.23, 

1.79, 0.93, and 0.91Å that corresponded to the hlk planar of (111), (200), (220), (311), 

(222), (331), and (420) of the FCC structure of Ag based on the JSPDS number 65–

2871 (Shobha et al., 2018). For the Fe-treated plants, the concentric diffraction rings 

were detected at 4.85, 2.97, and 2.53 Å, corresponding to the hlk planar of (111), (220), 

and (311) of the structure of Fe3O4 structure based on the JCPDS number 01–1111 

(Hedayati et al., 2017). The additional concentric diffraction ring was detected at 0.83 

Å, corresponding to the hlk planar of (222) of the FCC structure of Fe (based on JCPDS 

number 01–1262) (Oliver, 2012). In the Pb-treated plants, the concentric diffraction 

rings were marked at 2.82, 2.44, 1.74, 1.48, and 1.42 Å, corresponding to the hlk planar 

of (111), (200), (220), (311), and (222) of the cubic (Fm3m) lattice of Pb structure based 

on the JCPDS number 01–0811 (Mahmoud et al., 2015).  
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Figure 5.33 SAED-TEM analyses of the Ag-, Cu-, Fe-, Ni-, and Pb-treated Wolffia 

globosa (Roxb.) Hartog & Plas as compared with the control. 

 

EDX-TEM analysis was also employed to identify the elemental profiles of 

the metals in Ag-, Cu-, Fe-, Ni-, and Pb-treated roots (Figure 3.34). The EDX-TEM 

profiles showed the presence of Ag, Fe, and Pb of 51.67, 34.67, and 55.89 % mass in 

the Ag-, Fe-, and Pb-treated samples, respectively. These data were well related to the 

SAED-TEM and TEM analyses, which suggested the formation of AgNPs, FeNPs, and 

PbNPs, but not CuNPs and NiNPs in W. globosa (Roxb.) Hartog & Plas. The detection 

of C, O, and P, Cu in some samples was previously explained.  
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Figure 5.34 EDX-TEM analyses of the Ag-, Cu-, Fe-, Ni-, and Pb-treated Wolffia 

globosa (Roxb.) Hartog & Plas as compared with the control. 

 

In this section, the abilities of four aquatic plant species, belonging to the 

same Araceae family, to transform the uptake metal ions (Ag, Cu, Fe, Ni, and Pb) to 

metal NPs were reported: L. minor L., L. perpusilla Torr., S. polyrhiza (L.) Schleid., 

and W. globosa (Roxb.) Hartog & Plas. The results showed that these plant species 

efficiently absorb these metal ions as determined by EDXRF analysis. Among five 

metal ions, they were most sensitive to Ag+ ions. Moreover, all metal-treated plants 

showed the similar response in which the 19K and 20Ca levels were decreased in 

response to all metal treatments. ATR-FTIR results also suggested the metal responses 

in the plant roots via the induction levels of phosphorus-containing biomolecules, 
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lipids, soluble sugars, gene expression, and protein synthesis. Interestingly, TEM 

images suggested that the formation of metal NPs depended on the types of uptake 

metal ions and plant species. The formation of AgNPs, CuNPs, FeNPs, and PbNPs, 

except NiNPs, was detected in S. polyrhiza (L.) Schleid. roots. Unlike S. polyrhiza (L.) 

Schleid roots, L. minor L., L. perpusilla Torr., and  W. globosa (Roxb.) Hartog & Plas 

root cells could assist the formation of only AgNPs, FeNPs, and PbNPs, but not CuNPs, 

and NiNPs. In addition, the shape of metal NPs was different, depending on the plant 

species. In this work, L. minor L. root cells clearly showed the formation of short rod-

shaped PbNPs, whereas spherical PbNPs were detected in L. perpusilla Torr., S. 

polyrhiza (L.) Schleid., and  W. globosa (Roxb.) Hartog & Plas. The identity of metal 

NPs was confirmed by SAED-TEM, which AgNPs, CuNPs (Cu and CuO), FeNPs (Fe, 

FeO, Fe2O3 and Fe3O4), and PbNPs (Pb and PbO) were detected. In comparison, the 

summary data of these four plant species are shown in Table 5.7. 
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CHAPTER VI 

RESULTS AND DISCUSSION PART III     

Pontederiaceae family: The ability of Eichhornia crassipes (Mart.) 

Solms to absorb and transform metal ions to metal nanoparticles 

 

In this part, the ability of E. crassipes (Mart.) Solms to absorb and transform metal ions 

to metal NPs were investigated since this plant species is widely distributed in natural 

water and it is suggested as a good contaminant-absorbing plant. 

 

6.1 Toxicity Test 

The effects of five metal ions: AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and 

Pb(NO3)2, on water hyacinth were determined by the changed morphology of its leaves 

(withered and brown leaves) that was calculated as %toxicity and toxicity concentration 

(TC) at 10%, 20%, 50%, and 80% (Table 6.1).  The results showed that the values of 

TC10, TC20, TC50, and TC80 of all metal treatments increased according to the 

increasing metal concentrations, which is also known as the dose-dependent response. 

Among five metal ions, the TC value was highest for Pb2+, followed by Ni2+, whereas 

the lowest was Ag+, suggesting that this plant was highly tolerant to Pb2+, followed by 

Ni2+ but very sensitive to Ag+.   
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Table 6.1 Toxicity concentrations of five metal ions on water hyacinth. 

Treatment 
Toxicity concentration (mM) 

TC10 TC20 TC50 TC80 

AgNO3 2.79 ± 1.17 3.67 ± 3.18 5.82 ± 0.16 9.24 ± 2.34 

Cu(NO3)2 27.17 ± 1.06 32.13 ± 8.11 42.67 ± 2.56 56.66 ± 1.06 

Fe(NO3)3 28.46 ± 0.99 32.46 ± 4.74 40.53 ± 1.63 50.60 ± 1.27 

Ni(NO3)2 307.99 ± 0.74 350.04 ± 21.53 434.49 ± 38.15 539.29 ± 2.57 

Pb(NO3)2 281.85 ± 1.46 370.57 ± 4.36 588.24 ± 3.65 933.77 ± 5.26 

N = 5, p ˂ 0.05, two replications 

 

In addition to the leave morphology, the root morphology in response to metal 

treatment was determined under a light microscope. Based on images of cross-sectioned 

roots, the presence of dark particles was detected in cell wall, aerenchyma chamber, 

endodermis, xylem, and phloem. We hypothesized that these metal ions penetrated into 

the roots passing through cell wall and plasma membrane of epidermis, exodermis, and 

aerenchyma chamber, and finally reached the vascular system. In the cortex tissue 

(Figure 6.1), the accumulation of dark particles was clearly seen in Ag-, Cu-, Fe-, and 

Pb-treated roots, but not in Ni-treated roots. Similarly, the accumulation of dark 

particles was also detected in the vascular tissues of Ag-, Cu-, Fe-, and Pb-treated roots, 

but not in Ni-treated roots (Figure 6.2). These results suggested the penetration of these 

metal ions from the outermost layer of the root cells into a vascular system and the 

possible transport to other parts of the plant. In addition, more accumulated particles 

were observed as the higher concentrations of metal ions were used (data in 

APPENDIX C).  
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The withered and brown leaves as well as dark brown roots and stems in response 

to these metal treatments were hypothesized to involve the plasmolysis and toxicity 

effects of these metal ions. Under a metal exposure, the plant cells were affected by the 

metal toxicity, leading to cellular damage, high level of reactive oxygen species, 

disruption of normal metabolic reactions, reduction of growth, inhibition of seed 

germination, alteration of chlorophyll content, injury of shoot and root, leaf chlorosis, 

suppression of root nodules and death (Arif et al., 2016). It was noted that in this work 

the leave morphology was changed in response to Ni-treatment, however no dark 

particles were observed in the cross-sectioned roots, raising the question whether water 

hyacinth can accumulate Ni2+ as metal NPs inside their roots.  

 

 

Figure 6.1 Cross-sections in cortex tissue of water hyacinth roots exposed to AgNO3, 

Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 solutions observed under a 

light microscope. Abbreviation lists; ac (aerenchyma chamber), ep 

(epidermis), and ex (exodermis). 
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Figure 6.2 Cross-sections in the vascular tissue of water hyacinth roots exposed to 

AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 solutions observed 

under a light microscope. Abbreviation lists: ed (endodermis), pl (phloem), 

and xl (xylem). 

 

 6.2 The Elemental Mass Profiles  

The elemental profiles of water hyacinth roots in response to Ag-, Cu-, Fe-, Ni-, 

and Pb-treatments was analyzed by EDXRF. The representative images of some 

elemental mapping were presented in Figure 6.3. The results showed that the treated 

roots showed the significantly different levels of 9 elements (15P, 16S, 19K, 20Ca, 26Fe, 

28Ni, 29Cu, 47Ag, and 82Pb) as compared with the control roots. Table 1 shows the 

corresponding quantification of these elements in the treated roots. The quantitative 

level of 26Fe in the treated roots was highest (81.68% mass), followed by 82Pb (81.12% 

mass), 29Cu (78.88% mass), 47Ag (62.17% mass), and 28Ni (59.26% mass), respectively. 

As compared with the studies of other plants in this research, water hyacinth has a 

broader tolerance to metal ions as determined by the high accumulated elements in its 
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roots. In addition, the significant reduction levels of 19K and 20Ca were detected in all 

metal treatments. Also, the significant induction of 15P was detected only in Ni- and 

Ag-treated roots. 

 

 

Figure 6.3 EDXRF elemental mapping of the water hyacinth roots treated with AgNO3, 

Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 solutions. 
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The transports of metal ions to root tissues were reported to mediate via several 

transporters such as the ZIP family and COPT family for Cu transport (Yruela, 2009), 

the Fe-nicotianamine transporters and ZIP family for Fe transport (Aydemir and 

Cousins, 2018), the plant NRAMP family and ZIP family for Pb transport (Thomine et 

al., 2000), the high affinity Ni transport protein, metallothionein and metallochaperones 

for Ni transport and the NRAMP and ZIP family for Ag transport (Chen et al., 2009). 

As the reduction levels of 19K and 20Ca were detected in all metal treatments, we 

hypothesized that the treated metal ions might enter the root cells via the same routes 

of Ca2+ and K+ ions, including channels and protein transporters, thus competing with 

Ca2+ and K+ transports and limiting the their influxes (Ahmad et al., 2016). 

Furthermore, the increased level of 15P in the Ni-, and Ag-treated roots was possibly 

due to the production of polyphosphates, which was produced to cap metal ions, 

forming the osmotically inert polyphosphate bodies, to detoxify these metal ions in 

plant cells (Guasch et al., 2004; Luo et al., 2014). 

 

6.3 The ATR-FTIR Profiles of Water Hyacinth Roots  

The modulation levels of cellular biomolecules in Ag-, Cu-, Fe-, Ni-, and Pb-

treated roots as compared with the control roots was analysed by ATR-FTIR (Figure 

6.4 and Table 6.3. The roots treated with AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and 

Pb(NO3)2 solutions had the intensity reduction of the spectral peak in a range of 

36003300 cm−1. This spectral peak corresponded to O–H stretching vibration of 

phenolic compounds and carbohydrates such as cellulose, hemicellulose, pectin, and 

lignin. The decrease of free O–H groups of these compounds might relate to their 

interaction to metal ions, especially some flavonoids that chelated heavy metal ions to 
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reduce their toxicity (Mira et al., 2002). However, the reduction of this peak intensity 

was not detected in Fe-treated roots. The new emerging peaks at 1800  1630, 

15001395, and 1000  800 cm−1 in the treated plants were detected, referring to C=O 

stretching of carbonyl compounds of the amine I, CN group of the amide II, and NH 

group of proteins, respectively (Suresh et al., 2016a; 2016b). In response to metal 

treatments, the induction of some amino acids and proteins (such as proline, 

phytochelatin, and metallothioneins) was reported, which played the important roles in 

metal detoxification (Hasan et al., 2017). Furthermore, the treated roots had the 

induction of the spectral peak at 800  515 cm−1, which assigned to NC group of 

nucleic acid. This result suggested the possible induction of gene expression in response 

to metal exposures, which could relate to metal detoxification and stress response genes 

(Puig et al., 2007).  
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Figure 6.4 ATR-FTIR spectra of the control and metal-treated roots of water hyacinth 

in the wavelength range of 4000  400 cm1. 
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Table 6.3 The summary of ATR-FTIR spectral peaks of the metal-treated roots of 

water hyacinth. 

No. 

Wave number (cm−1) 
Functional 

groups 

Biological 

compounds 
Standard 

reference 
Ctrl 

Treated roots 

Ag Cu Fe Ni Pb 

1 36003300 3332 3332 3336 3332 3361 3328 O–H 
Carbohydrate, 

phenolic 

2 18001630 nd nd 1726 nd 1724 nd CO Amine I proteins 

3 1395-1370 nd 1371 1374 nd nd 1389 CN Amide II proteins 

5 1000800 nd 806 811 nd nd 825 NH Proteins 

6 800515 nd 726 751 750 726 730 NC Nucleic acids 

nd: no detected 

 

6.4 Accumulation of Metal Nanoparticles 

The accumulation of AgNPs, CuNPs, FeNPs, NiNPs, and PbNPs in water hyacinth 

roots was determined by TEM analysis. In Figure 6.5, TEM images revealed the 

accumulated NPs in cortical cells of water hyacinth only in the Ag-, Cu-, Fe-, and Pb-

treated roots, but not Ni-treated and control roots. The deposition of metal NPs 

predominantly near the plasma membrane, but the deposition of AgNPs mostly located 

in cytoplasm. The average diameters of deposited AgNPs, CuNPs, FeNPs, and PbNPs 

were 56.54 ± 1.58, 32.97 ± 1.09, 31.88 ± 8.02, and 24.19 ± 9.71 nm, respectively.  
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Figure 6.5 TEM images of cortical cells of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots. 

Abbreviation lists: pm (plasma membrane) and cm (cell wall). 

 

In Figure 6.6, the representative TEM images also revealed the deposition of 

AgNPs, CuNPs, FeNPs, and PbNPs, but not NiNPs, in xylem of the treated water 

hyacinth roots. The localization of the NPs was predominantly near the plasma 

membrane and some distributed in the cytoplasm. The average diameter of the AgNPs, 

CuNPs, and PbNPs were 34.14 ± 9.01, 28.05 ± 9.70, and 26.03 ± 1.21 nm, respectively. 

Interestingly, two distinct sizes of FeNPs were detected; 19.33 ± 7.77, and 122.31 ± 

68.90 nm, where the small size was detected at the plasma membrane of small xylem 

vessels and the large size was detected at the plasma membrane of large xylem vessels. 
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Figure 6.6 TEM images of xylem of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots of 

water hyacinth. Abbreviation lists: pm (plasma membrane) and cm (cell 

wall). 

 

6.5 Characterization of Metal Nanoparticles 

The HR-TEM, SAED-TEM, and EDX analyses were carried out to determine the 

identity of the accumulated NPs in water hyacinth roots. Figure 6.7 shows the 

representative HR-TEM images of the accumulated NPs in the water hyacinth roots 

exposed to AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 solutions. In the Ag-

treated roots, the lattice spacing analysis revealed the d-spacing value of 0.241 ± 0.053 

nm, well corresponding to the (111) plane of the FCC lattice of Ag (Balakumaran et al., 

2015). In the Cu-treated roots, the detected d-spacing value was 0.210 ± 0.064 nm, 

corresponding to the (111) plane of the FCC lattice of Cu (Wang et al., 2014). In the 
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Fe-treated roots, the detected d-spacing values were 0.151 ± 0.044 and 0.296 ± 0.031 

nm, suggesting the (220) and (400) planes of the Fe2O3 and Fe3O4, respectively (Iyengar 

et al., 2014). In the Pb-treated roots, the detected d-spacing value was 0.249 ± 0.042 

nm, well corresponding to the (200) of the cubic (Fm3m) lattice of Pb structure (Roy 

and Bysakh, 2011). In a good agreement with TEM images, the HR-TEM results 

showed no detection of d-spacing value in the Ni-treated roots, suggesting no formation 

of NiNPs. 

 

 

Figure 6.7 HR-TEM analyses of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots as 

compared with the control root. 

 

Figure 6.8 shows the representative SAED-TEM analyses of the accumulated NPs 

in the root cells after exposure to AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and 

Pb(NO3)2 solutions. The SAED-TEM analysis of the NPs deposited in the Ag-treated 

root cells showed the presence of the concentric diffraction rings at 2.11, 2.02, 1.48, 
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1.28, and 0.94 Å that corresponded to the hlk planar of (111), (200), (220), (311), and 

(331) of the FCC structure of Ag as based on the database of Joint Committee on JCPDS 

number 04−0783 (Balakumaran et al., 2015). For the NPs deposited in the Cu-treated 

root cells, the concentric diffraction rings were 3.00, 2.72, 1.41, and 0.93 Å, 

corresponding to the hlk planar of (111), (200), (220), and (331) of the FCC structure 

of Cu (Wang et al., 2014). In Fe-treated roots, the concentric diffraction rings of 3.66 

and 1.46 Å were detected, suggesting the hlk planar of (311) and (400) of Fe2O3 (Shao 

et al., 2011), while the concentric diffraction rings of 4.84, 2.00, 1.27, and 1.50 Å 

corresponded to the hlk planar of (111), (110), (400), and (220) of Fe3O4 (Iyengar et al., 

2014). For the NPs deposited in the Pb-treated root cells, the concentric diffraction rings 

were 1.49, 2.46, and 2.86 Å, corresponding to the hlk planar of (311), (200), and (111) 

of the cubic (Fm3m) lattice of Pb structure (JCPDS number 01–0972) (Roy and Bysakh, 

2011). Similar to other results, no detection of concentric diffraction ring was in the Ni-

treated roots, suggesting no production of NiNPs.  

 

 

Figure 6.8 SAED-TEM analyses of metal-treated roots of water hyacinth. 
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Figure 6.9 shows the EDX spectra of elemental composition profiles of the water 

hyacinth roots treated with AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 

solutions. The results showed that Ag (65.19% mass), Cu (12.16% mass), Fe (15.81% 

mass), and Pb (41.07% mass) elements were detected in Ag-, Cu-, Fe-, and Pb-treated 

roots, respectively. However, these elements were not detected in the control plant. In 

this result, Ni element was not detected in Ni-treated roots, possibly due to the low level 

Ni element than 0.1% mass, which is the detection limit of EDX-TEM analysis 

(Strüder, 2000). The low accumulation of Ni in plant roots may be explained by the 

translocation process, which some trace elements such as Ca, Ni, Mn, and Zn can form 

low molecular weight cationic and anionic complexes (500 − 10,000 molecular weight) 

and transport to leaves via symplastic pathway (Cataldo and Wildung, 1978). It is noted 

that although the Ni element could not be detected in Ni-treated roots via EDX analysis, 

it was detected by EDXRF due to its higher detection limit in a range of ppm (Strüder, 

2000). In all samples, the detection of carbon and oxygen was likely from the organic 

materials in the plant and the carbon-coated Cu grid with 200 mesh used in this analysis 

(Janthima et al., 2018).  
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Figure 6.9 EDX-TEM analyses of the Ag-, Cu-, Fe-, Ni-, and Pb-treated roots as 

compared with the control root. 
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In this section, the ability of water hyacinth (E. crassipes (Mart.) Solms) to 

uptake and transform five metal ions (Ag+, Cu2+, Fe3+, Ni2+, and Pb2+) to metal NPs 

were reported. Water hyacinth had the high efficacy to uptake all five metal ions and 

most sensitive to Ag+ as determined by its TC10 value. In response to all metal 

exposures, the reduction levels of 19K and 20Ca were detected, which could be the metal-

stress response in this plant species. ATR-FTIR results also suggested the metal 

responses in its cellular biomolecules as indicated by the induction levels of 

phosphorus-containing biomolecules, lipids, soluble sugars, gene expression, and 

protein synthesis. TEM images revealed that the formation of metal NPs, which 

depended on the types of uptake metal ions. The formation of AgNPs, CuNPs, FeNPs, 

and PbNPs, except NiNPs, was detected in water hyacinth roots near the plasma 

membrane and cytoplasm of cortical and/or vascular tissues. The identity of metal NPs 

was identified by SAED-TEM, which cellular AgNPs, CuNPs, FeNPs (Fe2O3 and 

Fe3O4), and PbNPs (PbO) were confirmed. The responses of water hyacinth  to five 

metal ions as well as its capability to uptake and transform these metal ions into metal 

NPs are summarized in Table 6.4. 
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CHAPTER VII 

RESULTS AND DISCUSSION PART VII    

Comparison of seven plant species to uptake and transform metal 

ions into nanoparticles 

 

As the capability of the studied plants to uptake and transform metal ions into 

NPs are the main investigation of this research. Thus, this chapter compares the data 

of these seven plant species to uptake metal ions and transform them into metal NPs 

as follows. 

 

7.1 Metal Uptake  

The EDXRF elemental mass analyses of each metal in seven plant species exposed 

to AgNO3, Cu(NO3)2, Fe(NO3)3, Ni(NO3)2, and Pb(NO3)2 is shown in Figure 7.1. All 

species could uptake these metal ions with high efficacy. Among seven species, S. 

molesta D.S. Mitch. showed the greatest capability to uptake 47Ag. In addition, S. 

molesta D.S. Mitch. and E. crassipes (Mart.) Solms had the greatest capability to uptake 

29Cu. For 26Fe analysis, S. polyrrhiza (L.) Schleid. had the highest uptake level of 26Fe. 

Furthermore, A. pinnata R.Br., S. molesta D.S. Mitch., and W. globosa (Roxb.) Hartog 

& Plas have the greatest capability to uptake 28Ni. For 82Pb, L. minor L. have the highest 

capacity to uptake this element in the root cells. 
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It was noted that S. molesta D.S. Mitch. showed the greatest capability to uptake 

47Ag, 29Cu, and 28Ni, while its capability to uptake 82Pb and 26Fe was also high even not 

the highest. Therefore, S. molesta D.S. Mitch. was considered as the most suitable 

species for uptake most metal ions in this work.  

  

Figure 7.1 The quantitative metal-uptake analysis of 47Ag, 29Cu, 26Fe, 28Ni, and 82Pb in 

roots of seven aquatic plants treated with AgNO3, Cu(NO3)2, Fe(NO3)3, 

Ni(NO3)2, and Pb(NO3)2 solutions, respectively. 
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7.2 Formation of Metal Nanoparticles 

The formation of metal NPs in the roots of seven plant species is compared as 

follows. 

7.2.1 Formation of silver nanoparticles 

All seven plant species could transform silver ions into spherical AgNPs. 

These AgNPs can also be found at the plasma membrane of the cortex and vascular 

tissue in six aquatic plant species, except W. globosa (Roxb.) Hartog & Plas, which 

AgNPs were detected in chloroplasts (Table 7.1). 

 

Table 7.1 Formation of AgNPs in seven plant species.  

Plant species Formation 

of AgNPs 

Morphology Localization 

Azolla pinnata R.Br. Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Salvinia molesta D.S. Mitch. Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Lemna minor L. Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Lemna perpusilla Torr. Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Spirodela polyrrhiza (L.) 

Schleid. 

Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Wolffia globosa (Roxb.) Hartog 

& Plas 

Yes Spherical Chloroplasts 

Eichhornia crassipes (Mart.) 

Solms 

Yes Spherical Plasma membrane of cortex 

and vascular tissues 
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7.2.3 Formation of copper nanoparticles 

For the formation of CuNPs, only three plant species could transform copper 

ions into CuNPs; A. pinnata R.Br., S. polyrrhiza (L.) Schleid., and E. crassipes (Mart.) 

Solms. The spherical CuNPs were dominantly detected at the plasma membrane of the 

cortex and vascular tissues (Table 7.2). 

 

Table 7.2 Formation of CuNPs in seven plant species.  

Plant species Formation 

of CuNPs 

Morphology Localization 

Azolla pinnata R.Br. Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Salvinia molesta D.S. Mitch. No Electron 

dense 

Plasma membrane of cortex 

and vascular tissues 

Lemna minor L. No - - 

Lemna perpusilla Torr. No - - 

Spirodela polyrrhiza (L.) 

Schleid. 

Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Wolffia globosa (Roxb.) Hartog 

& Plas 

No - - 

Eichhornia crassipes (Mart.) 

Solms 

Yes Spherical Plasma membrane of cortex 

and vascular tissues 
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7.2.4 Formation of iron nanoparticles 

For the formation of FeNPs, all seven plant species could transform copper 

ions into CuNPs (Table 7.3). The spherical FeNPs were found at the plasma membrane 

of the cortex and vascular tissues in the roots of A. pinnata R.Br., S. molesta D.S. 

Mitch., S. polyrrhiza (L.) Schleid., and E. crassipes (Mart.) Solms. In addition, FeNPs 

could be founded in ectosomes in cortex and vascular tissues in two aquatic plant 

species; L. minor L. and L. perpusilla Torr. Furthermore, FeNPs was also detected in 

the chloroplasts of W. globosa (Roxb.) Hartog & Plas. 

 

Table 7.3 Formation of FeNPs in seven plant species.  

Plant species Formation 

of FeNPs 

Morphology Localization 

Azolla pinnata R.Br. Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Salvinia molesta D.S. Mitch. Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Lemna minor L. Yes Spherical Plasma membrane and 

ectosome of cortex and 

vascular tissues 

Lemna perpusilla Torr. Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Spirodela polyrrhiza (L.) 

Schleid. 

Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Wolffia globosa (Roxb.) Hartog 

& Plas 

Yes Spherical Chloroplasts 

Eichhornia crassipes (Mart.) 

Solms 

Yes Spherical Plasma membrane of cortex 

and vascular tissues 
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7.2.5 Formation of nickel nanoparticles 

For the formation of NiNPs, all seven plant species could not form NiNPs in 

their root cells. 

 

7.2.6 Formation of lead nanoparticles 

The formation of PbNPs in seven aquatic plant species is summarized in 

Table 7.4, which all species could form PbNPs. The morphology of these PbNPs were 

either spherical or rod shapes depending on the plant species. Spherical PbNPs were 

detected in the plasma membrane of cortex and vascular tissues of S. molesta D.S. 

Mitch., L. perpusilla Torr., S. polyrrhiza (L.) Schleid., W. globosa (Roxb.) Hartog & 

Plas, and E. crassipes (Mart.) Solms. But rod PbNPs were detected only in A. pinnata 

R.Br. and L. minor L. 
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Table 7.4 Formation of PbNPs in seven plant species  

Plant species Formation 

of PbNPs 

Morphology Localization 

Azolla pinnata R.Br. Yes Rod Plasma membrane of cortex 

tissue, phloem, and 

procambium cells 

Salvinia molesta D.S. Mitch. Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Lemna minor L. Yes Short rod Plasma membrane of cortex 

and vascular tissues 

Lemna perpusilla Torr. Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Spirodela polyrrhiza (L.) 

Schleid. 

Yes Spherical Plasma membrane of cortex 

and vascular tissues 

Wolffia globosa (Roxb.) Hartog 

& Plas 

Yes Spherical Chloroplasts 

Eichhornia crassipes (Mart.) 

Solms 

Yes Spherical Plasma membrane of cortex 

and vascular tissues 

 

 

 

  



169 

7.3 Proposed Mechanism of the Formation of Metal Nanoparticles 

The mechanism of the formation of these metal NPs is not known. This work 

hypothesizes that the possible mechanism may relate to the metal phytoremediation and 

detoxification process as well as the reducing phytochemicals in plants as depicted in 

Figure 7.2.  

Metal ions can enter root cells via apoplast and symplastic pathways and/or 

specialized proteins embedded in the plant cell membrane (such as ZIP family, ATP-

binding cassette ABC, NRAMPs, CTR family, and MTP family). Inside the cell, the 

metal ions may bind to phytochelatins and metallothioneins, organic acids, amino acids, 

and proteins, thus forming metal-complex molecules in the cytosol, which may deposit 

near cell membrane or translocate to storage vesicles. These metal-complex molecules 

are likely detected as the electron-dense area in the cells, but not as metal NPs. It is 

possible that at the suitable concentrations of metal ions and/or the sufficient ratio of 

metal ions and reducing phytochemicals, some metal ions may be reduced, leading to a 

formation of small metal seeds by the activity of reducing phytochemicals inside the 

cells. These metal seeds can grow into clusters and subsequently form metal NPs, in 

which the complex phytochemicals assist this process as the capping agents. The 

balance and imbalance growths of each lattice plane result in spherical and rod 

morphology of the metal NPs. As a result, the spherical and rod metal NPs were 

detected in epidermal, aerenchyma and xylem cells of plant roots. In this work, the 

formation of NiNPs was not detected in the roots of all seven plant species. It was 

hypothesized that the levels of Ni (and/or the ratio of Ni and reducing phytochemicals) 

was not suitable to initiate the formation of zero-valent metal seeds, thus no formation 

of NiNPs could occur. This low content of Ni in the root could be explained by the 
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common Ni translocation process in plants. In general, the uptake Ni was mostly 

translocated to leaves as it complexed with other phytochemicals to form low molecular 

weight cationic or anionic complexes (500 − 10,000 MW) and transport to leaves via a 

symplastic pathway.  

 

 

Figure 7.2 The proposed mechanism of the formation of metal NPs in plant root cells. 

A) the uptake of metal ions into root cells. B) the entry of metal ions into 

the cells. C) the translocation of metal ions from epidermal to vascular 

layers resulting in the presence of metal NPs in these tissues. 

 



 

CHAPTER VIII 

CONCLUSION 

 

In this study, the formation of metal NPs from the uptake Ag+, Cu2+, Fe3+, Ni2+, 

and Pb2+ ions was investigated in root tissues of seven plant species belonging to three 

Families; Family Salvaniaceae: A. pinnata R.Br., S. molesta D.S. Mitch., Family 

Araceae: L. minor L., L. perpusilla Torr., S. polyrrhiza (L.) Schleid., W. globosa 

(Roxb.) Hartog & Plas, and Family Pontederiaceae: E. crassipes (Mart.) Solms. 

Salvaniaceae is a family of heterosporous ferns, which contains only two genera; 

Azolla and Salvinia. In this work, A. pinnata R.Br. and S. molesta D.S. Mitch. were 

chosen as the studied plants as they are commonly found in Southeast Asia. The results 

showed that both plant species could absorb Ag+, Cu2+, Fe3+, Ni2+, and Pb2+ through 

their roots as suggested by EDXRF analyses. In response to these metals, the reduced 

levels of 19K and 20Ca in Ag-, Cu-, Fe-, Ni-, and Pb-treated roots were significantly 

detected. ATR-FTIR results also suggested the induction levels of phosphorus-

containing biomolecules, lipids, gene expression and protein synthesis in response to 

all metal treatments. The formation of metal NPs in both plants was observed in TEM 

images, which depended on types of metal ions and plant species. Cellular productions 

of AgNPs, CuNPs, FeNPs, and PbNPs, but not 
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NiNPs, were detected in A. pinnata R.Br. roots. However, S. molesta D.S. Mitch. root 

cells could assist  the formation of only AgNPs, FeNPs, and PbNPs, but not CuNPs and 

NiNPs. Although most metal NPs in roots were dominantly spherical, short- and long-

rod PbNPs were detected in different tissues of A. pinnata R.Br., but not in S. molesta 

D.S. Mitch. SAED-TEM analyses also indicated the structures of metal NPs formed in 

root cells as AgNPs, CuNPs, FeNPs (Fe2O3 and Fe3O4), and PbNPs (PbO). 

Araceae is a family of monocotyledonous flowing plants, which in this work four 

species of common aquatic freshwater plants were selected to study; L. minor L., L. 

perpusilla Torr., S. polyrrhiza (L.) Schleid., and W. globose (Roxb.) Hartog & Plas. All 

four plant species had the great capability to absorb Ag+, Cu2+, Fe3+, Ni2+, and Pb2+ via 

their roots and they were highly sensitive to Ag+ ions. Similarly, the diminished levels 

of 19K and 20Ca in Ag-, Cu-, Fe-, Ni-, and Pb-treated plants was significantly detected 

in response to the metal-stress. ATR-FTIR profiles also showed the induction of some 

functional peaks suggesting the production of phosphorus-containing biomolecules, 

lipids, and proteins in response to the metal treatments. In this group of plants, only 

spherical NPs were detected. Similarly, the formation of AgNPs, FeNPs, CuNPs, and 

PbNPs was detected, but not NiNPs. Interestingly, the formation of FeNPs and CuNPs 

was not detected in all studied plants in this group. The identity of metal NPs was 

confirmed by SAED-TEM, which AgNPs, CuNPs (Cu and CuO), FeNPs (FeO, Fe2O3, 

and Fe3O4), and PbNPs (Pb and PbO) were detected.  

Pontederiaceae is a family of flowing plants, which contains six genera. In this 

work, only water hyacinth (E. crassipes (Mart.) Solms) was chosen for the study as it 

is the wide-spreading invasive species in natural water resources. EDXRF analysis 

revealed that water hyacinth had the great ability to absorb Ag+, Cu2+, Fe3+, Ni2+, and 
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Pb2+ by its roots. It is sensitive to Ag+ ions but more tolerant of Ni2+ ions. In addition 

to the reduced levels of 19K and 20Ca, the induction levels of phosphorus-containing 

biomolecules, lipids, gene expression, and protein synthesis were detected in root 

tissues, suggesting the metal-stress response in this plant. Similar to most studied plants, 

water hyacinth formed spherical AgNPs, CuNPs, FeNPs, and PbNPs, but not NiNPs in 

its root tissues. The identity of metal NPs was confirmed by SAED-TEM, which 

AgNPs, CuNPs, FeNPs (Fe2O3 and Fe3O4), and PbNPs (PbO) were detected.  

In comparison, seven plant species in this study showed different capability to 

uptake and transform metal ions into NPs. Among seven plant species, S. polyrrhiza 

(L.) Schleid. was the most suitable plant to uptake Ag+, Cu2+, Fe3+, Ni2+, and Pb2+ ions 

as it contained the high mass levels of these metals in its roots based on the EDXRF 

analysis. The ATR-FTIR analysis data suggested the similar metal responses in all 

seven plant species, which were the reduction levels of 19K and 20Ca and the induction 

levels of phosphorus-containing biomolecules, lipids, gene expression, and protein 

synthesis. Interestingly, the results of this work clarly showed that the formation of 

metal NPs and their shapes depended on the plant species and the metal types. Spherical 

AgNPs, FeNPs, CuNPs, and PbNPs were dominantly detected in most plant species, 

except rod PbNPs that occurred only in A. pinnata R.Br. These metal NPs were 

dominantly detected near plasma membrane, which were hypothesized that cellular 

reducing phytochemicals were mostly localized at the plasma membrane such as 

mugineic acid, alginic acid, tannic acid, and phenolic, and flavonoid compounds. Thus, 

these phytochemicals reduced metal ions and finally induced the formation of metal 

NPs, resulting in the presence of metal NPs predominantly near the plasma membrane. 

It was noted that the formation of NiNPs was not detected in the roots of all seven plant 
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species in this study. It was hypothesized that the levels of Ni in the roots was too low 

and insufficient to induce the formation of NiNPs. In general, the uptake Ni was mostly 

translocated to leaves as it complexed with other phytochemicals to form low molecular 

weight cationic or anionic complexes (500 − 10,000 MW) and transport to leaves via a 

symplastic pathway. 

The mechanism of the formation of these metal NPs is not known. This work 

hypothesizes that the possible mechanism may involve the reducing phytochemicals 

and relate to the metal phytoremediation and detoxification systems in plants. When 

metal ions enter root cells, via apoplast and symplastic pathways and/or transport 

proteins, they interact with the reducing phytochemicals (such as proteins, 

glysoproteins, phospholipid, lipids, and metal-chelating agents (such as phytochelatins 

and metallothioneins, organic acids, amino acids, and proteins) at the plasma 

membrane, thus forming zero-valent metal seeds and finally cluster into metal NPs. As 

the results, most metal NPs deposit near cell membrane, while few may translocate to 

storage vesicles. 
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1. General chemicals and materials 

Copper nitrate Merck, Darmstadt, Germany 

Iron nitrate Merck, Darmstadt, Germany 

Nickel nitrate Merck, Darmstadt, Germany 

Lead nitrate EMS, Hatfield, PA, USA 

Silver nitrate QRec, Auckland, New Zealand 

Glutaraldehyde Unilab, Auckland, New Zealand 

Disodium hydrogen phosphate Sigma Aldrich, Darmstadt, Germany 

Dihydrogen phosphate Sigma Aldrich, Darmstadt, Germany 

Acetone Unilab, Auckland, New Zealand 

 

2. Spurr’s resin media  

Vinylcyclohexene Dioxide EMS, Hatfield, PA, USA 

Diglycidyl ether of polypropylene glycol EMS, Hatfield, PA, USA 

Nonenyl succinic anhydride EMS, Hatfield, PA, USA 

Dimethylaminoethanol EMS, Hatfield, PA, USA 
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 1. Spurr’s resin solution preparation 

Components 
Unit (g) 

Firm Hard Soft 

Vinylcyclohexene Dioxide (ERL) 4.10 4.10 4.10 

Diglycidyl ether of polypropylene glycol  (DER) 1.43 0.95 1.90 

Nonenyl succinic anhydride (NSA) 5.90 5.90 5.90 

Dimethylaminoethanol (DMAE) 0.10 0.10 0.10 

 

The Spurr's resin embedding medium was recommended to freshly prepare as 

follows. Exact weights of ERL, DER, and NSA solutions were sequentially added into 

a disposable plastic beaker with continuous stirring. Different orders of adding 

chemicals caused solidification of the mixture. Then, DMAE solution was added and 

well mixed. This resin medium was ready to use, and the freshly prepared resin medium 

was recommended. If necessary, the resin medium could keep in a disposable syringe 

without air and sealed with parafilm to store in a freezer for few months.  

 

2. Fixating and dehydrating agent 

95% acetone solution, 100 mL 

100% acetone 95 mL 

Double deionization (DDI) water (autoclave) 5 mL 

Freshly prepare and keep at 4 C before using. 

70% acetone solution, 100 mL 

100% acetone 70 mL 
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DI water (autoclave) 30 mL 

Freshly prepare and keep at 4 C before using. 

50% acetone solution, 100 mL 

100% acetone 50 mL 

DDI water (autoclave) 50 mL 

Freshly prepare and keep at 4 C before using. 

30% acetone solution, 100 mL 

100% acetone 30 mL 

DDI water (autoclave) 70 mL 

Freshly prepare and keep at 4 C before using. 

1 M sodium phosphate buffer pH 7.0 

Sodium dihydrogen phosphate (NaH2PO4) 31.20 g 

Disodium hydrogen phosphate (Na2HPO4) 28.39 g 

Adjust to pH 7.0 with NaH2PO4 or Na2HPO4 to a final volume of 1000 mL of 

DDI water and autoclave 

2.5% glutaldehyde solution, 100 mL 

25% glutaldehyde solution 10 mL 

Sodium phosphate buffer pH 7.0 (autoclave) 90 mL 

10 mM Ethylenediaminetetraacetic acid; EDTA   

100 mM EDTA 10 mL 

DDI water (autoclave) 90 mL 

Fresh prepare and keep at room temperature 
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3. Infiltration and polymerization of embedding medium 

The plant samples were dehydrated in dilution series of 30% acetone (30 min), 50% 

acetone (30 min), 75% acetone (overnight), 95% acetone (30 min), and 100% acetone 

(30 min, twice), respectively. Then, the dehydrated plant samples were infiltrated with 

the mixture I (Spurr’s resin embedding medium and acetone, 1:3 v/v) using a 1:2 w/v 

ratio in a circular rotary mixer (Neuation Technologies, Gujarat, India) at 10 rpm for 

23 h. The mixture I was replaced with the mixture II (Spurr’s resin embedding medium 

and acetone, 1:2 v/v) and further incubated overnight in a circular rotary mixer (10 

rpm). Then, the mixture II was replaced with the mixture III (Spurr’s resin embedding 

medium and acetone, 1:1 v/v) and further incubated for another 23 h. The mixture III 

was replaced with the Spurr’s resin embedding medium and incubated for various 

periods depending on specimen sizes;  small specimens (56 h) and large specimens 

(68 h or overnight). Then, the specimens were solidified at 50 °C for 12 h, followed 

by at 60 °C for 1224 h.  
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4. Preparation of 0.1 M potassium phosphate buffer at 25 C 

pH Volume of 1 M K2HPO4 (mL) Volume of 1 M KH2PO4 (mL) 

6.2 19.2 80.0 

6.4 27.8 72.2 

6.6 38.1 61.9 

6.8 49.7 50.3 

7.0 61.5 38.5 

7.2 71.7 28.3 

7.4 80.2 19.8 

7.6 86.6 13.4 

7.8 90.8 9.2 

8.0 94.0 6.0 
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Data of the independently repeated experiments 

1. The toxicity effects of five metal ions on Azolla pinnata R.Br. 

1.1 The toxicity effects of Cu(NO3)2 on Azolla pinnata R.Br. 

 

 

 

1.2 The toxicity effects of Fe(NO3)3 on Azolla pinnata R.Br. 
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1.3 The toxicity effects of Ni(NO3)2 on Azolla pinnata R.Br. 

 

 

 

1.4 The toxicity effects of Pb(NO3)2 on Azolla pinnata R.Br. 
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1.5 The toxicity effects of AgNO3 on Azolla pinnata R.Br. 
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2. The toxicity effects of five metal ions on Salvinia molesta D.S. Mitch. 

 2.1 The toxicity effects of Cu(NO3)2 on Salvinia molesta D.S. Mitch. 

 

 

 

2.2 The toxicity effects of Fe(NO3)3 on Salvinia molesta D.S. Mitch. 
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2.3 The toxicity effects of Ni(NO3)2 on Salvinia molesta D.S. Mitch. 

 

 

 

2.4 The toxicity effects of Pb(NO3)2 on Salvinia molesta D.S. Mitch. 
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2.5 The toxicity effects of AgNO3 on Salvinia molesta D.S. Mitch. 
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3. ATR-FTIR profiles in response to metal treatments of plants 

3.1 ATR-FTIR profiles in response to AgNO3 on Azolla pinnata R.Br. 
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3.2 ATR-FTIR profiles in response to AgNO3 on Salvinia molesta D.S. 

Mitch. 
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4. Cross-sections of ground and vascular tissues of water hyacinth roots exposed 

to five metal ions solutions observed under a light microscope  

3.1 Cross-sections of water hyacinth roots exposed to Cu(NO3)2 solution 

 

3.2 Cross-sections of water hyacinth roots exposed to Fe(NO3)3 solution 

 

 
3.3 Cross-sections of water hyacinth roots exposed to Ni(NO3)2 solution 
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3.4 Cross-sections of water hyacinth roots exposed to Pb(NO3)2 solution 

 

3.5 Cross-sections of water hyacinth roots exposed to AgNO3 solution 
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