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Abstract 
Nanoparticles have gained much importance in last two decades, especially metal 

nanoparticles due to their unique physical, optical, electrical, magnetic and chemical 

properties. Nanoparticles interact with the plants and effect seed germination and growth of 

plant. Trigonella foenum- graecum L. (fenugreek) is one of the important medicinal plants 

containing important phytochemicals. The aim of this study was to evaluate the response of 

T. foenum-graecum L. to copper oxide nanoparticles using plant tissue culture technique at 

different concentrations along with polyethylene glycol (PEG) and polyvinylpyrrolidone 

(PVP) capped nanoparticles. The results showed that seed germination was not affected by 

CuONPs. However, growth of shoot and root was maximum in T. foenum- graecum L. 

seedlings at 50 mg/L of CuONPs, uncapped and capped and reduced with increase in 

concentration of NPs indicating toxicity. In a parallel experiment, Cu-acetate salt solution 

showed 100% seed germination but it restricted root and shoot elongation due to high salinity 

at 1%. Phytochemical screening of shoot and root extracts was also carried out showing 

maximum flavonoid and phenolic contents accumulation in Cu-acetate treated plantlets as 

compared to CuONP and control with maximum radical scavenging DPPH and antioxidant 

activity. PEG and PVP treated plantlets accumulated more flavonoid and phenolic contents as 

compared to CuONP-PEG and CuONP-PVP, indicating increased secondary metabolites 

production due to abiotic stress. But DPPH radical scavenging activity was higher in CuONP-

PEG, 50mg/L and CuONP-PVP, 100 mg/L as compared to PEG and PVP. 

Callus was induced from stem and leaf explants of T. foenum-graecum L. treated with 

CuONP, CuONP-PEG and CuONP-PVP. Maximum fresh and dry weight was found in 

control i.e. stem explant; 1.65g and 0.10g and leaf explant; 1.33g and 0.09g after 30 days as 

compared to explants treated with nanoparticles. Although growth was decreased in explants 

treated with CuONPs but results revealed maximum flavonoid and phenolic contents 

accumulation in explants treated with CuONP-PVP with maximum antioxidant activity.  

Overall results indicate that CuONPs treatment affect the seedling growth of T. foenum-

graecum L. depending on concentration without inhibiting seed germination. These 

experiments also showed that in vitro culture of T. foenum-graecum L. can be exploited for 

enhanced production of secondary metabolites.
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Introduction 

Nanotechnology represents an area with significant wide range of applications including food 

processing, wastewater treatment, biomedical products, healthcare, diagnostics and 

pharmaceuticals, as well as environmental, energy and material sciences. Therefore, 

nanotechnology has become a dynamic developing industry (Aslani et al., 2014; Ma et al., 

2015). Nanoparticles are characterized by the materials with at least one dimension less than 

100nm with large surface area (Burklew et al., 2012). The small size of nanomaterials 

confers unique properties such as electrical conductivity, toughness and optical features. Due 

to these distinctive features, nanoparticles are increasingly been employed in industry and 

daily life by advancing the everyday materials and processes (Remédios et al., 2012). 

Nanoparticles (NPs) have also been used in agriculture as nanofertilizers to enhance plant 

growth and development in more effective way than applied fertilizers that are unable to 

reach plant due to leaching, hydrolysis and decomposition. These nanofertilizers also protect 

against biotic stresses for instance insect, fungi and bacteria. Hence nanofertilizers reduce the 

loss in fertilization and increase crop yielding through certain properties than are effective for 

crop plants (Ma et al., 2010; Siddique et al., 2015). 

Nanoparticles interact with plants causing many morphological and physiological changes, 

depending on the properties of NPs. Efficacy of NPs is determined by their chemical 

composition, size, surface covering, reactivity, and most importantly the dose at which they 

are effective (Khodakovskaya et al., 2012). There are number of studies showing both 

beneficial and negative effects of NPs on plant growth and development (Monica and 

Cremonini, 2009). Many studies have proved that zinc oxide NPs (ZnONPs) in peanut, 

soyabean, wheat and onion at low concentrations exhibiting beneficial effect on germination 

of seed (Prasad et al., 2012; Sedghi et al., 2013; Ramesh et al., 2014; Raskar and Laware, 

2014) . Carbon nanotubes have also gained importance due to unique properties in plant 

development by influencing the seed germination in various studies (Villagarcia et al., 2012; 

Tiwari et al., 2014). Silver nanoparticles have great impact on plant growth. A study was 

carried out to check the effect of biologically synthesized AgNPs on Bacopa monnieri, and 

results have revealed a significant effect on seed germination and induced the synthesis of 

protein and carbohydrate and decreased the total phenol contents and catalase and peroxidase 

activities (Krishnaraj et al., 2012).  
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In another study, the effects of nanoscale titanium oxide (TiO2) and silicon oxide (SiO2

Nanoparticles also elicit the production of secondary metabolites that are produced by plants 

under stress conditions. These bioactive compounds play important role in host immune 

system. Aloe vera L. is of the important medicinal plant due to its secondary metabolites, is 

treated with TiO

) on 

soyabean plant were observed and these NPs improved the activity of nitrate reductase in 

soyabean, and germination and growth was apparently accelerated (Lu et al., 2001).   

2

Copper oxide nanoparticles (CuONPs) have gained special attention due to its simplicity and 

various physical properties including superconductivity, electron correlation effects, and spin 

dynamics. CuONPs are progressively used in various applications such as in catalysis, 

batteries, gas sensors, heat transfer fluids, and solar energy (Ahamed et al., 2014). CuO 

crystal structures possess a narrowband gap, giving useful photocatalytic and photovoltaic 

properties (Chang et al., 2012). 

 NPs and AgNPs to increase the production of secondary metabolites and it 

was concluded that NPs elicit the production of aloin in Aloe vera (Raei et al., 2014). 

Although nanotechnology have huge number of beneficial applications, but technology 

always comes with a price i.e. there are environmental and healthcare concerns related to 

nanoparticles (Maynard et al., 2006). Nanoparticles enter into the environment by intentional 

or unintentional means including waste streams from manufacture facilities, volcanic 

emissions, industrial processes and transportation (Klaine et al., 2008; Dutschk et al., 2014). 

Toxicity studies of NPs have been carried out aiming on biological and ecological effects but 

there are still gaps due to lack of knowledge release rates into the environment (Hansen et al., 

2008). NPs kill pathogenic bacteria effectively but on the other hand they have deleterious 

effects on helpful microbes in the environment such as plant growth promoting microbes, 

pollutants degrading and element cycling. Industrial wastes with NPs move into waters thus 

polluting oceans by accumulating on the surface of oceans and pose risk to marine life, birds 

and mammals (Kennedy et al., 2004; Nowack and Bucheli, 2007). 

T. foenum-graecum L. is one of the oldest plants in the world, commonly known as 

“fenugreek”. It is a self-pollinating, leguminous crop native to the Indian subcontinent and 

the Eastern Mediterranean region. Nearly 260 different varieties of T. foenum-graecum L.  

were suggested by Linnaeus but only 18 species have been traced. It is currently widely 

cultivated in central Asia, central Europe, Northern Africa, North America and parts of 

Australia, with India being the leading producer in the world (Pasricha and Gupta, 2014). 
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Most popular species of this genus is Trigonella foenum-graecum L. “Trigonella”, is a Latin 

word meaning “little triangle”, due to the triangular shape of its flowers and “foenum-

graecum” stands for “Greek hay” which refers to its use as forage crop. It is also known as 

‘ox horn’ or ‘goat horn’ because its two seed pods project in opposite directions from the 

nodes of the stem base and resemble an ox or goat horns. It is grown mainly as a spice crop 

(Morcos et al., 1981; Patil et al., 1997). 

T. foenum-graecumL.exhibits antioxidant activity due to the presence of certain 

phytochemicals in the plant including vitamins, flavonoids, terpenoids, carotenoids, 

cumarins, curcumins, lignin, saponins etc. Different studies proved that T. foenum-graecum 

L. extracts exhibit scavenging activity against free hydroxyl radicals that are associated with 

diseases like diabetes mellitus, atherosclerosis, cataract, rheumatism, and other auto immune 

diseases. Studies have also shown anti-bacterial activity possessed by T. foenum-graecum L. 

Extracts of T. foenum-graecum L.  have shown to inhibit different bacterial species (Akbari et 

al., 2012; Al-Asadi, 2014). 

Objectives of the study 

Objectives of this study were; 

1. To evaluate the effects of CuONPs uncapped and caped with PVP and PEG on seed 

germination and plantlet length of T. foenum-graecum L. 

2. To investigate the effects of CuONPs on stem and leaf explant culture 

3. To determine antioxidant activity of shoot, root and callus extracts of T. foenum-graecum 

L. treated with CuONPs
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Review of Literature 

2.1. Nanoparticles 

Nanotechnology is a developing field with a great potential to make new products 

incorporating distinctive properties and improving the products for various applications. 

There are many products of nanotechnology that are already Many nanotechnology-based 

products are already available in the market, including sporting goods, electronics, personal 

care, and automotive parts (Kang, 2010). According to another estimate the product sale 

incorporating nanotechnology will rise up to 15% in future, totaling $2.6 trillion (Thomas, 

2006).  

The term nanotechnology is a combination of two words; “nano” is a Greek word denoting a 

billionth and the word technology. Therefore nano scaled particles are considered to be the 

one with size less than 100nm at least one dimension (Bhushan, 2004; Sattler, 2010). This 

extremely small size of NPs, confers unique physical and chemical properties that results in 

higher reactivity with large surface area, making NPs feasible to utilize in a huge number of 

products for example paints, cosmetics, medicines, food and suntan lotions, as well as 

applications which directly release NPs into the environment, such as remediation of polluted 

environments (Aitken et al., 2006). 

2.1.1. Classification of Nanoparticles 

Nanoparticles are classified into following three types: 

i. Natural NPs; Natural nanoparticles have existed from the beginning of the earth’ 

history and still occur in the environment (volcanic dust, lunar dust, mineral 

composites) 

ii. Incidental NPs; also defined as waste or anthropogenic particles, take place as the 

result of manmade industrial processes (diesel exhaust, coal combustion, welding 

fumes, etc.) 

iii. Engineered NPs; are further grouped into four categories; a) carbon based NPs which 

include fullerene, single walled carbon nanotube (SWCNT) and multiwalled carbon 

nanotubes (MWCNT); b) metal based NPs including quantum dots, nanogold, 

nanozinc, nanoaluminum and nanoscales metal oxides like TiO2, ZnO and Al2O3; c) 

dendrimers are nano-sized polymers built from branched units, which are capable to 

be designed to perform specific chemical function; d) composites which combine 

nanoparticles with other nanoparticles or with larger bulk-type materials (Lin and 
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Xing, 2007) and present different morphologies such as spheres, tubes, rods and 

prisms (Ju-Nam and Lead, 2008). 

Engineered NPs have gained a lot of importance due to their wide range of applications in 

industry and improving the economy sectors such as consumer products, pharmaceutics, 

cosmetics, transportation, energy and agriculture etc. (Roco, 2003; Nowack and Bucheli, 

2007). 

Metal nanoparticles (MNPs) belong to the category of engineered NPs, have been in focus 

due to their unique features such as electronic, optical, mechanical, magnetic and chemical 

properties that can be significantly different from those of bulk materials (Boddu et al., 

2011). Metal NPs are synthesized employing various methods that confer different properties 

for desired purposes. Mostly methods that are used for synthesis of metal NPs are sol-gel, 

hydrosol/magnetic fluid, vacuum deposition and ball milling method (Lue, 2007). 

2.1.2. Applications of Nanoparticles 

The process of nanotechnology began with the generation, manipulation, and deployment of 

nanomaterials, representing an area holding significant promise for a wide range of 

applications. Nanotechnology has become a dynamically developing industry, with multiple 

applications in energy, materials, computer chips, manufacturing, health care, and medical 

diagnosis (Safari and Zarnegar, 2014; Neto, 2014). 

Diagnostics and Therapeutics 

Nanotechnology is an interdisciplinary field integrating engineering, chemistry, biology and 

medicine, thus making it useful for diagnostic and therapeutic purposes. It has been 

successfully used not only the diagnosis of cancer but also to treat cancer by using it as a drug 

delivery vehicle (Laroui et al., 2013). Recent advances have shown that NPs have bioaffinity 

property making it a probe for molecular and cellular imaging, targeted NP drugs for cancer 

therapy, and integrated nano devices for early screening and detection of cancer. These 

developments offer exciting opportunities for the development of personalized therapy, in 

which the molecular profiles of an individual’s genetic and protein biomarkers may be used 

to diagnose and treat the patient’s cancer (Cai et al., 2008). 

Nanometrology 

Nanometrology deals with the measurement of functionally important, mostly dimensional 

parameters and components with at least one critical dimension which is smaller <100 nm. 

Success in nanomanufacturing of devices will rely on new nanometrologies needed to 

measure basic materials properties including their sensitivities to environmental conditions 
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and their variations, to control the nanofabrication processes and materials functionalities, 

and to explore failure mechanisms (Nomura et al., 2004). 

Nano and Energy 

Energy comes highest on the list of priorities in human needs (Ghoniem, 2011). World’s 

primary energy demand will increase by 36% between 2008 and 2035 according to 

International Energy Agency (IEA). Due to carbon dioxide emission and climate changes that 

are influencing life and health, renewable energy resources needs to play vital role in 

developing more reliable and sustainable energy path. Solar energy is the most abundant, 

infinite and pure renewable energy source to date and it can be harnessed using photovoltaic 

cells. Although inorganic semiconductors including silicon, gallium arsenide and sulfide salts 

are primarily used but organic materials with nanostructures are more advantageous because 

of low cost and large scale manufacturing processes (Yu et al.,1995; Forrest, 2004). 

Nanoparticles and Agriculture 

Engineered NPs act as a smart tool for the efficient delivery of fertilizers, herbicides, 

pesticides and plant growth regulators etc. (Johnston, 2010). Applications of NPs has 

influenced the earlier plant germination as well as enhanced the yield of plants for food, fuel, 

and other uses (figure 2.1)(Ditta, 2012). 

Nanoparticles have been employed in numerous researches to show crop improvement. 

Carbon nanotubes (CNT) have increased the seed germination in tomato (Khodakovskaya et 

al., 2009). Other than CNT, metal nanoparticles including gold (Au), silver (Ag), copper 

(Cu), zinc (Zn), aluminum (Al), silica (Si), zinc oxide (ZnO), cesium oxide (Ce2O3), titanium 

dioxide (TiO2

 

) and magnetized iron (Fe) have also found to improve crop yield (Zhang and 

Webster, 2009).In a study effect of Au-NPs on Brassica juncea was checked at different 

concentrations and it was found that Au-NPs decreased overall growth of plant but increased 

the free radical stress supporting increase in biomarker antioxidative enzymes, proline and 

hydrogen peroxide (Gunjan et al., 2014). In another study zinc and silver nanoparticles were 

employed on two important crops; Zea mays L. and B. oleracea var. capitata L. and both 

plants showed lower nanoparticle toxicity as compared to the free ions (Pokhrel and Dubey, 

2013). 
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Figure 2.1: Applications of engineered nanoparticles in agriculture 

 

2.1.3. Nanotoxicology 

Increased production of NPs has raised the concern of its negative impact on the environment 

and interaction with the living organisms (Ye et al., 2012). NPs enter living systems through 

intentional and unintentional releases such as solid/liquid waste streams from manufacture 

facilities and atmospheric emissions. Nanomaterials can come into contact with living 

organisms via multiple routes (figure 2.2), such as incidental release, direct release from 

industrial products or processes, as well as commercial products during intended uses that in 

turn enter the sewer-to-wastewater treatment plants (Grieger et al.,2009; Zhang and Fang, 

2010). 

Nanoparticles are present in the atmosphere naturally but there is a little work done on 

ecological system and release of NPs in the air. They accumulate in to the atmosphere 

through diesel and it is concerning due to global warming aspect. The key species in the 

atmosphere are sulphuric acid, nitric acid and organic gases and producing secondary NPs 

that are volatile. Hence increasing particle number in the environment (Biswas and Wu, 

2005; Klaine et al., 2008). 

Industrial products and wastes tend to end up in waterways, increasing the possibility of NPs 

contamination, although almost no current data on behavior and fate of NPs in aquatic 
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systems is available. Like metals, manufactured NPs tend to aggregate and subsequently 

settle. This process has positive effects on water bodies’ purification, because this behavior 

results in a transfer of NPs from water column to sediments, resulting in a pollutant loss. 

Despite this possible pollutant loss, natural colloids interact with NPs and this will affect the 

NPs behavior, being more difficult to predict the NPs effect on the aquatic system (Nowack 

and Bucheli, 2007; Auffan et al., 2010). 

Soil and sediments are the ultimate sinks of NPs and, whether directly or indirectly released 

(e.g., via sewage treatment plants, aerial deposition, or waste handling), NPs will end up in 

soil; this system may present the most significant exposure avenue for assessing 

environmental risk. Being soil one of the main sinks, it raises concern about the entry of NPs 

into food webs and human access to contaminated agriculture (Lecoanet et al., 2004; Unrine 

et al., 2010). 

 

 

Figure 2.2: Nanomaterials in living systems 
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2.1.4. Copper oxide Nanoparticles 

Copper (Cu) is an essential nutrient for the growth of plants and plays an important role in the 

photosynthetic reactions. It is essential component of protein and enzymes, primarily 

involved in electron flow, catalyzing redox reactions in mitochondria, chloroplasts, cell wall 

and cytoplasm of plant cells (Nassar, 2004; Lee et al., 2010). Since copper is a plant 

micronutrient, exposure to excessive concentration of Cu can cause a broad range of 

deleterious effects e.g. inhibition of photosynthesis and pigment synthesis, damage to plasma 

membrane permeability as well as other metabolic disturbances, either in field plants 

(Lanaras et al., 1993; Ouzounidou et al., 1993).  

Copper Oxide NPs are largely used engineered NPs with important industrial applications 

including superconducting materials, catalytic agent, sensing materials, ceramics, 

thermoelectric materials, glass, etc. Due to excessive use of CuONPs in antifouling paints of 

boats signifies an important source of NPs contamination of aquatic ecosystems. These paints 

consist of a polymeric film made mostly of acrylic and styrenic monomers covering copper 

oxides NPs (Almeida et al., 2007). These paints upon decomposition may release copper 

under soluble ionic forms or as NPs, both of which can be toxic to aquatic life (Sharma and 

Agrawal, 2005). Aquatic photosynthetic organisms represent the main source of biomass in 

the aquatic trophic chain and these organisms are very sensitive to the effects of copper 

species. It has been reported that copper may induce strong inhibition of photosynthetic 

electron transport processes and cause oxidative stress at cellular level (Dewez et al., 

2005;Knauert and Knauer, 2008).  

Thus significant industrial production and applications of CuO NPs may lead to 

environmental exposure and causing toxicity to bacteria, nematodes, and other organisms. 

Studies on the toxicity of nano materials are still emerging and basically evidence several 

negative effects on growth and development of plants (Adhikari et al.,2012).  CuNPs at 

various concentrations have been shown to improve the growth and yield of wheat as 

compared to control by improving chlorophyll content, leaf area, number of spikes and 

number of grains when applied to soil pots (Hafeez et al., 2015). 

2.2.Trigonella foenum-graecum L. (Fenugreek) 

T. foenum-graecum L. is one of the oldest medicinal plants commonly known asFenugreek 

and local name “methi”, cultivated all over the world (Passano, 1995). T. foenum-graecum L.  

has been used as both food and medicine since ancient times in different regions of the world. 
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This crop is native to Indian subcontinent and Eastern Mediterranean region but also 

cultivated in central Asia, central Europe, northern Africa, North America and parts of 

Australia (Karaj, 2011). This wide distribution of its cultivation in the world is characteristic 

of its adaptation to variable climatic conditions and growing environments (Semalty et al., 

2009). 

T. foenum-graecum L. is annual dicotyledonous herb belonging to family Fabaceae (Table 

2.1) and its main producers are India, Pakistan, Bangladesh, Iran, Nepal, Egypt, Morocco, 

China, France, Spain, Turkey and Argentina (Basu et al., 2004; Sheikhlar, 2013). Its height is 

up to 60cm. The characteristic features of this plant are trifoliate leaves, white flowers of 

triangular shape and roots bearing conspicuous root nodules (figure 2.3). Its seeds are of 

sickle pod shape and are of brown color with 3×4mm in dimensions (Morton, 1990; Acharya 

et al., 2006). 

 

Figure 2.3: T. foenum-graecum L. plant  

2.2.1. Active Compounds 

T. foenum-graecum L.  has also been used as a medicinal plant since ancient times. The 

active constituents of T. foenum-graecum L. seed consist of carbohydrates (45-60%), proteins 

(20-30%) and lipids (5-10%). The carbohyrdates mainly contains galactomanans 

(mucilaginous fiber) that helps in decreasing the consumption of glucose and other calorie 

rich foods, thus plays an effective role to control blood glucose levels in diabetic patients. 

Glycosides produce steroidal sapogenins through hydrolysis (diosgenin, yamogenin, 
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tigogenin, neotigogenin) that aid in the production of synthetic sex steroids as well as used in 

the treatment of hypercholesterolemia. Other chemical compunds that are produced include 

spirostanol saponins, triterpenoids, trigonelline, flavonoids (e.g. atroside, quercetin, etc.) with 

presumed therapeutic effects. Apart from these pharmacological effects leaf extracts of T. 

foenum-graecum L.  are used to treat head lice in human beings (Al Asadi, 2014). 

 

Table 2.1: Classification of T. foenum-graecum L. plant 

 

2.2.2. Medicinal Importance 

T. foenum-graecum L. is a medicinal plant and it has therapeutic effects against various 

diseases like atherosclerosis, rheumatism, sugar lowering, blood lipids lowering and 

appetizer. It also contain antioxidant activity (Akbari et al., 2012). 

Hypoglycemic effects 

Hypoglycemia refers to abnormal decrease in the blood sugar level in human body 

(Goswami, 2012). The seeds of T. foenum-graecum L. stimulate the glucose dependent 

insulin secretion from pancreatic beta cells thereby, exerting hypoglycemic effects in 

humans. It also inhibits the activity of two intestinal enzymes, alpha amylase and sucrase 

involved in metabolism of carbohydrate (Amin et al., 1987; Ajabnoor and Tilmisany, 1988). 

Hypocholesterolemic activity 

Hypocholesterolemia is condition with abnormal deficiency of cholesterol level in blood. In a 

study it has been shown that administration of T. foenum-graecum L. seed extracts lower the 

serum cholesterol, triglyceride and low-density lipoprotein in hypercholesterolemia suffering 

patients and experimental models (Singhal et al., 1982). It also reduces accumulation of 

Kingdom Plantae 

Phylum Anthophyta 

Class Dicotyledonae 

Order Fabales 

Family Fabaceae 

Genus Trigonella 

Species Trigonella foenum-graecum 

Binomial name Trigonella foenum-graecum L. 
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triglyceride in the liver without interfering with plasma insulin in rats suffering obesity 

(Smith, 2003). 

 

Gastroprotective effect 

T. foenum-graecum L. is effective against gastric ulcer and it is used for this purpose since 

old times. In a study ulcer protective effect of fenugreek seed was compared to omeprazole 

on ethanol-induced gastric ulcer in rats and seeds showed significant ulcer protective effects 

compared to those on omeprazole. Scientists have discovered that seeds of fenugreek has 

cytoprotective effect due to the anti-secretory action and to the effects on mucosal 

glycoproteins (Pandian et al., 2002).  

Antimicrobial activity 

Antimicrobial activity of plant extracts is due to variety of compounds including aldehyde 

and phenolics. Antibacterial effects have also been reported in numerous studies. Researhers 

reported strong activity of T. foenum-graecum against 26 bacterial pathogens (Omoloso, 

2001). In another study a high antimicrobial activity against peptic ulcer-linked Helicobacter 

pylori in the fenugreek sprout extract was observed (Randhir et al., 2004). Phenolic-type 

antimicrobial agents have long been used for their antiseptic, disinfectant, or preservative 

properties (Hugo and Bloomfield, 1971). Methanol extract of fenugreek and coriander have 

shown increased antimicrobial activity against Pseudomonas spp., Escherichia coli, Shigella 

dysentiriae and Salmonella typhi (Dash et al., 2011). Fatty oil of fenugreek seeds showed 

very significant antimycotic activity against Aspergillus niger and A. fumigates (Wagh et al., 

2007). 

2.3. Tissue culture studies of T. foenum-graecum L. 

Plant tissue culture provide propagation of plants which are rare or economically important 

and can be used to induce quantitative and qualitative modifications on the production of 

plant secondary metabolites by changing nutrient and hormonal media culture conditions 

(Collin, 2001). Plant tissue culture, is an important tool to understand physiological, 

biochemical, and morphological reactions taking place in cell under controlled conditions to 

specified factors in order to gain insight into the intact plant life to its natural environment 

(Neumann et al.,2009).T. foenum-graecum L. is an important medicinal plant producing 

several secondary metabolites that help in treating various disease conditions thus several 

studies have been conducted for the production of secondary metabolites from cell 

suspension cultures, callus and protoplast culture as well as organogenesis and genetic 

transformation. 



Chapter 2  Review of Literature 

13 
 

Trisonthi et al. (1980) found effects of mevalonic acid on steroidal sapogenins synthesis in 

suspension cultures of T. foenum-graecum L. tissue and it should positive promoting effects. 

In another study cultures treated with nicotinic acid had increased trigonelline concentration 

(37%)  (Ramesh et al., 2010). Leguminous plants produce medicarpin, in response to biotic 

or abiotic elicitation from either their glycosidic conjugate pools or by de novo synthesis. 

Seedlings of T. foenum-graecum L. were treated with CuCl2

2.3.1. Callus Culture 

 to find out the origin of 

isoflavonoid pterocarpans, like medicarpin, medicarpin in response to copper elicitation. 

Accumulation of isoflavonoid aglycones and their glycosides were measured by using High 

Performance Liquid Chromatograpghy (HPLC) and their results showed the clear relationship 

between copper and de novo synthesis of medicarpin (Tsiri et al., 2009). 

Plants can be regenerated through micropropagation, in vitro culture techniques including 

callus culture from shoot tips and axillary bud explants. Callus is an unorganized mass of 

cells or tissue derived from explants with the help of plant growth regulators. Plant 

regeneration from calli is possible by de novo organogenesis or somatic embryogenesis 

(Larkin and Scowcraft, 1981). Callus cultures also facilitate the amplification of limiting 

plant material. In addition, plant regeneration from calli permits the isolation of rare 

somaclonal variants which result either from an existing genetic variability in somatic cells or 

from the induction of mutations, chromosome aberrations, and epigenetic changes by the in 

vitro applied environmental stimuli, including growth factors added to the cultured cells 

(Flick et al., 1983). 

Callus cultures of T. foenum-graecum L.in the presence of Adenosine triphosphate (ATP) and 

MgCl2

2.4. Effect of Polyethylene glycol (PEG) and Polyvinylpyrrolidone (PVP) on Plants 

 showed conversion of nicotinic acid and S. adenosylmethionine into trigonelline 3 to 

4 times higher than seeds and 12-13 times higher than root and shoot cultures and successive 

stable subculturing was also obtained (Joshi and Handler, 1960). Radwan and Kokate (1980), 

obtained 15.6 mg/g of trigonelline from four-week-old callus cultures of T. foenum-graecum. 

The trigonelline concentration was found 3-4 folds more than seeds and 12-18 times more 

from roots and shoots of the parent plants. 

Plants continue to grow and develop under variable environment and adapt to the conditions. 

Water deficiency can result into limited growth of plant often. It affects the shoot growth 

more than the root. Actually even under mild water deficit shoots may stop growing 

completely while roots continue to grow. Continued root growth allows the plant to plumb 

the soil for water and can be especially important for seedling establishment (Van der Weele 
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et al., 2000). Polyethylene glycol is often used to induce drought stress in seed germination 

studies and also influence growth of plant negatively as the concentration of PEG increases 

by reducing the oxygen availability (Hardegree and Emmerich, 1994). 

Polyvinylpyrrolidone (PVP), is a versatile polymer, water soluble with excellent colloidal, 

stabilizing and complexing properties, being at the same time metabolic and physiologically 

inert. Previous studies have shown that PVP has positive effect on plant growth at various 

concentrations (Magnuson et al., 1996). 

2.5. Phytochemical Assays 

Total flavonoid and phenolic content 

Flavonoids and phenolics are important compounds of T. foenum-graecum L. and they 

accumulate at different stages of growth.  Phenolic compounds are very important plant 

constituents exhibiting antioxiodant activity by inactivating lipid free radicals, or by 

preventing the decomposition of hydroperoxides into free radicals (Maisuthisakul et al., 

2007). Dietary flavonoids are usually glycosylated and can be classified as anthocyanidins, 

flavanols (catechins), flavones, flavanones, and flavonols which responsible for the orange, 

red and blue colors in fruits and vegetables (Merken and Beecher, 2000). Traditionally, deep 

colored fruits, vegetables or foods are recognized as more healthy to human body, especially 

in the oriental countries. There has been a growing interest in pigment components of fruits 

and vegetables, which may promote human health or lower the risk for disease (Lin and 

Tang, 2007). 

2.6. Antioxidant Activity 

Total antioxidant capacity 

Antioxidants are present naturally in plants as well as supplements are also available (Chen et 

al., 1992). Antioxidants of natural origin have benefits over synthetic because they do not 

side effects while synthetic were found to have genotoxic effects (Kahl and Kappus, 1993; 

Zheng and Wang, 2001). Hence determination of biological activity and chemical 

composition of medicinal plants as a potential source of natural antioxidants are numerous 

(Rohman et al., 2010). 

Generation of excessive reactive oxygen species (ROS) lead to the oxidative stress which 

plays an important role in development of chronic and degenerative ailments such as cancer, 

autoimmune disorders, rheumatoid arthritis, aging, cardiovascular and neurodegenerative 

diseases. (Mandal et al., 2011). Antioxidants inhibit and scavenge radicals and protecting 

against infections and degenerative diseases (Ebrahimzadeh et al., 2010). 

DPPH free radical scavenging activity 



Chapter 2  Review of Literature 

15 
 

Due to increased interest in antioxidants, especially in those which prevent from deleterious 

effects of free radicals in the human body and to prevent the deterioration of fats and other 

constituents of foodstuffs. In both cases natural sources of antioxidants are preferred. 

Therefore various methods have also improved for the estimation of antioxidants including 

DPPH. The molecule of DPPH (2,2-diphenyl-1-picrylhydrazyl) is characterized as a stable 

free radical featuring delocalization of the extra electron over the molecule as a whole, 

preventing dimerization of molecules, as would be the case with most other free radicals. The 

delocalization also gives rise to the deep violet colour, characterised by an absorption band in 

ethanol solution centered at about 520 nm (Molyneux, 2004).
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Materials and Methods 

3.1. Test Nanoparticles  

Copper oxide nanoparticles (CuONPs) were used in this study to evaluate the effects on seed 

germination frequency of T. foenum-graecum L., shoot and root length as well as for 

phytochemical screening of plants. 

Three types of CuONPs were tested; uncapped CuONPs and two others were capped with 

PEG and PVP (CuONP-PEG and CuONP-PVP) respectively. The NPs were provided by 

Miss Rabia Javed, PhD scholar at Department of Biotechnology Quaid-I-Azam University 

Islamabad. The NPs were characterized by X-ray diffraction, UV-visible spectroscopy and 

Fourier Transform Infrared Spectroscopy (FTIR) and Scanning Electron Microscopy (SEM) 

analysis. The size of all NPs that are employed was <50nm (Table 3.1). 

Table 3.1: Size of test nanoparticles 

Sr. 

No. 

Nanoparticles Size 

1 CuONP 46nm 

2 CuONP-PEG 47nm 

3 CuONP-PVP 40nm 

 

3.2. Preparation of Nanoparticles, Salt, PEG and PVP Dilutions 

The test NPs were suspended directly in distilled water and dispersed by ultrasonic vibration 

(100W, 40 kHz) for 30 min. Different doses of NP suspensions 50, 100, 200 and 400 mg/L, 

were prepared for the seed germination experiment.  

PEG and PVP solutions were also prepared with concentrations; 10, 20, 40 and 80 mg/L. 

Along with these, salt solutions of copper acetate, 0.5 and 1% were also prepared by 

dissolving in distilled water. 

3.3.Seeds  

Seeds of T. foenum-graecum L. were purchased from National Agricultural Research Centre 

(NARC), Islamabad. Selection of the seeds was based on ethnobotanical, traditional 

medicinal importance and least exploration. Seeds were cleaned, freed from dust and foreign 

material and then kept in dark and dry place before use. 
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3.4.Seed Germination and Seedling Parameters 

Chemicals and Apparatus 

Ethanol (Sigma-Aldrich Germany), mercuric chloride, vacuum oven (Vacucell, 

Einrichtungen GmbH), Whattmann filter paper, petri plates, appendorf tubes, pipettes,   

beakers and sonicator (SweepZone technology, USA). 

All glassware (flasks, beakers, petri plates) and other instruments including scalpels, cutter, 

forceps used in this experiment were rinsed with distilled water, wrapped in paper and then 

autoclaved. Before inoculation all these instruments were treated with UV light in laminar 

flow hood for 10 min. 

Media preparation 

Following four different media were prepared for seed germination experiment; 

i. Half strength i.e. 2.2 g/L of Murashige and Skoog medium (MS), containing 0, 50, 

100, 200 and 400 mg/L CuONP, CuONP-PEG and CuONP-PVP 

ii. Half MS media containing 10, 20, 40 and 80 mg/L of PEG and PVP 

iii. Half MS media containing 0.5 and 1% copper acetate 

iv. Simple half strength MS media (control) 

Media was also supplemented with 3% sucrose and 0.44% gelrite as solidifying agent. The 

pH of media was adjusted to 5.7. The media was sonicated for 30 min, heated to dissolve 

gelrite, shaked well and 30 ml was poured in 100 ml conical flasks. The flasks were plugged 

and autoclaved at 121°C, 15 psi and for 20 min. 

Under aseptic conditions, seeds were immersed in freshly prepared 0.1% mercuric chloride 

solution for 3-4 min for surface sterilization. Subsequently washed thrice with distilled water. 

Five seeds per flask were inoculated and kept in dark in growth room at 25°C. Seed 

germination parameters were recorded after 5 days and flasks were transferred at 16 hr 

photoperiod condition for growth of plants.  

Seed Germination Parameters 

After 5 days of seed inoculation seed germination data was collected. 

Percentage germination frequency 

Final percentage (%) germination was calculated after five days using formula; 
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Rate of germination (RG) 

 

Where; 

N= daily increase in seedling number 

D= number of days from seed placement 

Mean period of final germination (MPFG) 

 

Where; 

N= daily increase in seedling number 

D= number of days from seed placement 

S= total number of seeds germinated 

Germination index (GI) 

 

Percentage inhibition (%) 

 

Seedling growth parameters 

Length of root and shoot 

After 15 days of inoculation plantlets were separated from the medium. Root and shoot 

lengths of plantlets were measured using a ruler in centimeter (cm) and average was taken. 

Fresh and dry weight 

Five seedlings were taken from each flask after 15 days and their fresh weight was recorded 

using analytical weighing balance and average fresh weight was calculated. For dry weight 

plantlets were dried in oven at 70°C for 24 hr and then weighed. 
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3.5. Callus Induction 

For callus induction, seeds of T. foenum-graecum L. were first inoculated on MS media. 

Plantlets were collected after 15 days. 

Media preparation for callus initiation  

Media was prepared for callus initiation containing 20ml MS media in 100ml flask 

supplemented with plant growth regulators 2 mg/L 1-Naphthaleneacetic acid (NAA), 0.5 

mg/L 2,4-Dichlorophenoxyacetic acid (2,4-D) and 0.5 mg/L 6-Benzylaminopurine (BA). In 

addition to plant growth regulators (PGRs) CuONP, CuONP-PEG and CuONP-PVP were 

also added into the medium at concentrations of 0 (control), 2.5, 5 and 10 mg/L. The media 

was autoclaved prior to induction at 121°C for 20 min. 

Callus initiation 

Callus was initiated by cutting stem of a plantlet into pieces of 8 mm ±1 mm as well as leaf 

was also cut into size of 5 mm ±1 mm using a sterilized scalpel. After inoculation the flasks 

were transferred to growth room where temperature is maintained at 25°C with 16 hr of 

photoperiod. 

The calli were generated over a time period of four weeks from both stem and leaf explant. 

After 30 days calli were separated from the media and fresh weight was calculated using 

analytical balance. The callus was then subjected to drying in a vacuum oven at 45°C for 

three days. After drying, callus was once again weighed and readings were noted. 

3.6. Phytochemical Screening 

Extract preparation 

Fresh weight extracts of shoot and root were prepared in ethanol. The dried extracts were 

dissolved in DMSO at 20 mg/ml for antioxidative analysis. 

Dry weight callus extracts were prepared in ethanol and then dissolved in DMSO at 

concentration of 100 mg/ml. 

Chemicals and apparatus 

Quercetin, Potassium acetate, Aluminium chloride, Folin–Ciocalteu reagent (FC), (Riedel-da 

Haen, Germany), Gallic acid, Methanol, 2, 2-diphenyl-1-picryhydrazyl (DPPH), Ascorbic 

acid, Sulfuric acid, Ammonium molybdate, Sodium phosphate, Phosphate buffer (Riedel-de-

Haen, Germany), Potassium ferricyanide, Trichloroacetic acid (TCA), Ferric chloride and 

Dimethyl sulfoxide (DMSO) were purchased from Sigma (Sigma Aldrich, USA), Incubator 

IC83 (Yomato, Japan), 96 well plate (SPL life science, Korea), Microplate reader (Biotek 

USA, Elx 800) and Micropipette (Sartorius, France). 
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Determination of total flavonoids contents (TFC) 

Total flavonoid contents of the test samples were identified according to the method 

previously described by Almajano et al. (2008). 

20 µL test sample, standard and blank were taken in to 96 well microplate, followed by 

adding 10 μL of aluminum chloride solution and then 10 μL of potassium acetate (1 M). 160 

µL of distilled was added to attain final volume of 200 μL. The plate was then incubated for 

30 min at room temperature. The absorbance was measured by using microplate reader 

(Bioteck, USA) at 415 nm. 

Determination of total phenolic contents (TPC) 

Total phenolic contents of the test samples were determined by using method described by 

Astill et al. (2001). 

Test sample 20 µL, positive control (gallic acid) and DMSO (negative control) were added to 

96 well microplate, followed by addition of 90 µL of FC reagent and incubated for 5 min at 

room temperature. After incubation 90 µL of sodium carbonate was added into the plate. 

Readings were taken at 630 nm wavelength of microplate reader. 

3.7. Antioxidant Activity 

DPPH free radical scavenging assay 

The free radical scavenging activity of the test samples against 2, 2-diphenyl-1-

picrylhydrazyl reagent (DPPH) was determined according to the protocol described by Clarke 

et al. (2013). 

In a 96 well microplate, 10 µL of test sample, standard (ascorbic acid) and blank were added. 

Then 190 µL of DPPH reagent was added and incubated for 1 hr at 37°C. Further readings 

were noted at 517 nm wavelength on microplate reader. 

Total antioxidant capacity determination (TAC) 

The total antioxidant capacity of the fresh weight extracts was determined by Clarke et 

al.(2013). 

In appendorf tubes, 100 µL of test sample, standard and blank was taken and mixed by 

adding 900 µL of antioxidant reagent. The tubes were then incubated at 95°C for 90 min. 

After incubation the reaction mixture was cooled to room temperature and 200 µL of sample 

was transferred to microplate. Optical density was measured at 630 nm on microplate reader. 

Total reducing power determination (TRP) 

The reducing power of the test samples was investigated according to the protocol described 

by Jafri et al. (2014). 
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100 µL of test sample, positive control (ascorbic acid) and negative control (DMSO) were 

taken and then 200 µL of phosphate buffer was added, followed by addition of 250 µL of 1% 

potassium ferricyanide into the eppendorf tubes. The mixture was then incubated at 50°C for 

20 min. After incubation, 200 µL of 10% TCA was added. The reaction mixture was 

centrifuged at 3000 rpm for 10 min. Supernatant layer, 150 µL was picked and poured into 

microplate well and then 50 µL of 0.1% ferric chloride was added. Readings were taken at 

630 nm using microplate reader. 

3.8. Statistical Analysis 

All the experiments were performed in triplicate. To analyze the effect of CuONPs on seed 

germination, 15 seeds were treated with each concentration while 10 explants each of leaf 

and stem were inoculated on MS media for callus induction on each treatment. The results are 

presented as mean with standard deviation. The means were further analyzed by Analysis of 

Variance (ANOVA) and Least Significant Difference (LSD) at 0.05 probability.
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Results 

Objectives of this study, were to determine the effects of CuONPs on seed germination 

frequency of medicinally important plant T. foenum-graecum L. as well as on growth 

parameters including shoot and root elongation. CuONPs were used as elicitors to predict 

either they increase or decrease seed germination. Three different types of CuONPs were 

used to test the effect; CuONP, CuONP-PEG and CuONP-PVP at four different 

concentrations. Seed germination frequency data was collected after 5 days of inoculation 

and root and shoot length data was observed after 15 days. Later, phytochemical and 

antioxidant activities were performed. 

4.1. Effect of CuONPs on seed germination 

Seeds were germinated on four different concentrations of CuONP, CuONP-PEG and 

CuONP-PVP i.e.50, 100, 200 and 400 mg/L, PEG and PVP; 10, 20, 40 and 80 mg/L, two 

different salt concentrations of copper acetate (Cu-acetate); 0.5 and 1% and control 0 (simple 

MS medium). Seed germination frequency was 100% in control, CuONP-PEG, PEG, PVP 

and Cu-acetate at all concentrations. Whereas it was 90 and 80% in CuONP at concentrations 

50, 100 and 400 mg/L respectively and 100% at 200 mg/L. Seed germination frequency of 

CuONP-PVP was 90% at 50 and 400mg/L while 100% at 100 and 200 mg/L (Table 4.1). 

Seed germination frequency results of seeds inoculated on PEG and PVP were also 100% at 

all concentrations. 

Mean period of final germination (MPFG), of seeds was also calculated and it was found to 

be 0.5 in all treatments at all concentrations. Whereas percent inhibition was almost 0 in 

almost all cases except seeds inoculated on CuONP (50, 100 and 400 mg/L), CuONP-PVP 

(50 and 400 mg/L) and PVP (10 mg/L). 
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Table 4.1: Seed germination frequency of T. foenum-graecum L.  

Treatment Concentration 

 

FG 

 (%) 

RG MPFG GI PI 

CuONP 

(mg/L) 

50 90b 1.8 0.5 0.9 10 

100 80c 1.6 0.5 0.8 20 

200 100a 2.0 0.5 1.0 0 

400 80c 1.6 0.5 0.8 20 

CuONP-
PEG 

(mg/L) 

50 100a 2.0 0.5 1.0 0 

100 100a 2.0 0.5 1.0 0 

200 100a 2.0 0.5 1.0 0 

400 100a 2.0 0.5 1.0 0 

CuONP-
PVP 

(mg/L) 

50 90b 1.8 0.5 0.9 10 

100 100a 2.0 0.5 1.0 0 

200 100a 2.0 0.5 1.0 0 

400 90b 1.8 0.5 0.9 10 

PEG 

(mg/L) 

10 100a 2.0 0.5 1.0 0 

20 100a 2.0 0.5 1.0 0 

40 100a 2.0 0.5 1.0 0 

80 100a 2.0 0.5 1.0 0 

PVP 

(mg/L) 

10 90b 1.8 0.5 0.9 10 

20 100a 2.0 0.5 1.0 0 

40 100a 2.0 0.5 1.0 0 

80 100a 2.0 0.5 1.0 0 

Cu-acetate 

(%) 

0.5 100a 2.0 0.5 1.0 0 

1 100a 2.0 0.5 1.0 0 

Control 0 100a 2.0 0.5 1.0 0 

*Same letters are showing similar values otherwise differ significantly at P<0.05 
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4.2. Average Shoot and Root Length 

Average root and shoot length of plantlets were recorded after 15 days of inoculation on all 

the concentrations. In control average shoot length of plantlet was 7.2 cm and root length 4.1 

cm (Table 4.2).  Maximum shoot length was found at CuONP, 50 mg/L i.e. 7.7 cm and 

gradual decrease as the concentration of nanoparticles increased. Data has shown the 

significant decrease in shoot length treated with Cu-acetate at 0.5%, 4.9 cm and 1%, 4.3 cm 

as well as significant decrease in root length i.e. 2.3 cm at 0.5% and 1.6 cm at 1% (figure 

4.1). Whereas maximum root length was 6.8 cm at 50 mg/L of CuONP-PEG and trend 

gradually decreased as concentration of nanoparticles increased (figure 4.2) and same results 

were found for CuONP-PVP (figure 4.3). Maximum shoot length of PEG and PVP treated 

plantlets was found at 10 mg/L i.e. 6.2 and 6.6 cm respectively and shoot length reduced as 

the concentration of PEG and PVP in the media increased. However, reduction in root length 

was also observed in PEG and PVP treated plantlets with increasing concentration but 

maximum root length was found at 10 mg/L i.e. 3.4 and 3.7 cm (Table 4.2). 

 

Figure 4.1: Effect of CuONP and Cu-acetate on root and shoot length of T. foenum-graecum 

L. at different concentrations 
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Figure 4.2: Effect of CuONP-PEG and PEG on root and shoot length of T. foenum-graecum 

L. at different concentrations 

 

 

Figure 4.3: Effect of CuONP-PVP and PVP on root and shoot length of T. foenum-graecum 

L. at different concentrations 
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Table 4.2: Average shoot and root length of T. foenum-graecum L. plantlets 

Treatment Concentration Average shoot length 

(cm) 

Average root length 

(cm) 

CuONP 

(mg/L) 

 

50 7.7 6.6a a 

100 6.5 5.1c 

200 

c 

6.4 4.4c 

400 

d 

6.3 4.3c 

CuONP-PEG 

d 

(mg/L) 

50 7.0 6.8b a 

100 6.9 6.1b 

200 

b 

6.8 6.0bc 

400 

b 

5.4 3.0bc 

CuONP-PVP 

f 

(mg/L) 

50 7.0 5.9b b 

100 6.7 5.8bc 

200 

b 

6.6 4.6bc 

400 

d 

6.4 3.4c 

PEG 

ef 

(mg/L) 

10 6.2 3.4cd ef 

20 6.1 3.3cd 

40 

ef 

6.0 2.2cd 

80 

g 

5.9 2.1d 

PVP 

g 

(mg/L) 

10 6.6 3.7bc e 

20 6.5 3.6c 

40 

e 

6.2 3.6cd 

80 

e 

5.3 3.5e 

Cu-acetate 

e 

(%) 

0.5 4.9 2.3f g 

1 4.3 1.6g 

Control 

h 

0 7.2 6.6b a 

*Same letters are showing similar values otherwise differ significantly at P<0.05 
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4.3. Average Fresh and Dry Weight 

Average fresh weight of whole plantlet was calculated after 15 days of inoculation and dry 

weight was calculated after overnight period of drying in vacuum oven. Average fresh weight 

of plantlets was recorded maximum at CuONP 50 mg/L, 0.47 g as well as maximum dry 

weight, 0.05 g (Table 4.3).  Whereas plantlets treated with capped CuONPs (CuONP-PEG 

and CuONP-PVP) showed reduced average fresh and dry weight as compared to uncapped 

CuOONPs. Average fresh weight of plantlets grown on PEG and PVP was maximum at 10 

mg/L i.e. 0.28 and 0.32 g and it reduced with increase in concentration. 
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Table 4.3: Average fresh and dry weight of T. foenum-graecum L. plantlets 

Treatment Concentration Average fresh 

weight (g) 

Average dry weight 

(g) 

CuONP 

(mg/L) 

50 0.47 0.05a a 

100 0.42 0.03ab 

200 

b 

0.13 0.01c 

400 

c 

0.11 0.01c 

CuONP-PEG 

c 

(mg/L) 

50 0.34 0.04b ab 

100 0.32 0.03b 

200 

b 

0.20 0.02bc 

400 

bc 

0.31 0.03b 

CuONP-PVP 

b 

(mg/L) 

50 0.43 0.04ab ab 

100 0.31 0.03b 

200 

b 

0.32 0.03b 

400 

b 

0.31 0.02b 

PEG 

bc 

(mg/L) 

10 0.28 0.04bc ab 

20 0.26 0.03bc 

40 

b 

0.24 0.03bc 

80 

b 

0.22 0.03bc 

PVP 

b 

(mg/L) 

10 0.32 0.04b ab 

20 0.29 0.04bc 

40 

ab 

0.27 0.03bc 

80 

b 

0.13 0.01c 

Cu-acetate 

c 

(%) 

0.5 0.22 0.02bc bc 

 1 0.19 0.01c 

Control 

c 

0 0.28 0.04bc ab 

*Same letters are showing similar values otherwise differ significantly at P<0.05 
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4.4. Phytochemical Screening of Plantlets 

4.4.1.  Total flavonoid contents 

According to the results obtained after performing total flavonoid activity, the trend has 

shown maximum flavonoids in Cu-acetate treated plantlets at 1% (shoot extracts; 0.1 µg 

QE/mg FW and root extracts; 0.3 µg QE/mg FW) as compared to control and CuONPs 

treatment (figure 4.4). Whereas in plantlets treated with PEG have shown significantly higher 

flavonoid content in comparison with CuONP-PEG and control (figure 4.5). In addition to 

these, CuONP-PVP and control have shown much lower contents of flavonoid and phenolic 

as compared to PVP treatment (shoots; 0.3 µg QE/mg FW and roots; 1.7 µg QE/mg FW)  

(figure 4.6).  

 

 

Figure 4.4: Effect of CuONP and Cu-acetate on total flavonoid content derived from shoot 

and root extracts of T. foenum-graecum L. Bars sharing the same alphabetical letters are 

similar otherwise differ significantly at P<0.05 
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Figure 4.5: Effect of CuONP-PEG and PEG on total flavonoid content derived from shoot 

and root extracts of T. foenum-graecum L. Bars sharing the same alphabetical letters are 

similar otherwise differ significantly at P<0.05 

 

 

Figure 4.6: Effect of CuONP-PVP and PVP on total flavonoid content derived from shoot 

and root extracts of T. foenum-graecum L. Bars sharing the same alphabetical letters are 

similar otherwise differ significantly at P<0.05 
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4.4.2. Total phenolic contents 

Total phenolic contents were determined in the plant extracts treated with CuONPs and 

results showed that maximum total phenolic contents were accumulated in plantlets in Cu- 

acetate treated plantlets at 1%, 0.3 µg GAE/mg FW both in root and shoot extracts. Root 

extracts showed maximum phenolic content accumulation treated with CuONP at 50 mg/L, 

0.3 µg GAE/mg FW and it was decreased as concentration increased (figure 4.7). 

Whereas root extracts treated with PEG showed maximum phenolic content at 40 mg/L (2.2 

µg GAE/mg FW). CuONP-PEG treated plantlets also had more phenolic content as compared 

to control at 100 mg/L (0.2 µg GAE/ mg FW in shoot) and at 200 mg/L (1.6 µg GAE/mg FW 

in root) (figure 4.8). PVP treated plantlets accumulated maximum phenolic contents at 80 

mg/L (3.4 µg GAE/mg FW) as compared to plantlets treated with CuONP-PVP (figure 4.9). 

 

 

Figure 4.7: Effect of CuONP and Cu-acetate on total phenolic content derived from shoot 

and root extracts of T. foenum-graecum L. Bars sharing the same alphabetical letters are 

similar otherwise differ significantly at P<0.05 
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Figure 4.8: Effect of CuONP-PEG and PEG on total phenolic content derived from shoot 

and root extracts of T. foenum-graecum L. Bars sharing the same alphabetical letters are 

similar otherwise differ significantly at P<0.05 

 

 

Figure 4.9: Effect of CuONP-PVP and PVP on total phenolic content derived from shoot and 

root extracts of T. foenum-graecum L. Bars sharing the same alphabetical letters are similar 

otherwise differ significantly at P<0.05 
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4.5. Antioxidant Activity of Plantlets 

4.5.1. DPPH radical scavenging activity 

DPPH activity was determined in plantlets treated with nanoparticles, PEG, PVP and 

compared with control. The results have shown that Cu-acetate at concentration of 1% has 

maximum radical scavenging activity in both root (71%) and shoot (59%) extracts as 

compared to CuONP and control (figure 4.10). But in case of CuONP-PEG, PEG and control, 

CuONP-PEG has shown maximum scavenging activity at 50mg/L, (64%) and trend gradually 

decreased as concentration of nanoparticles is increased (figure 4.11). The free radical 

scavenging activity of CuONP-PVP was found to be maximum in root extracts at 

concentration 100mg/L, (70%) whereas seedlings grown on PVP have also shown increased 

DPPH radical scavenging activity as compared to control (figure 4.12). 

 

 

Figure 4.10: DPPH radical scavenging activity of root and shoot extracts of T. foenum-

graecum L. against different concentrations of CuONP and Cu-acetate. Bars sharing the same 

alphabetical letters are similar otherwise differ significantly at P<0.05 
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Figure 4.11: DPPH radical scavenging activity of root and shoot extracts of T. foenum-

graecum L. against different concentrations of CuONP-PEG and PEG. Bars sharing the same 

alphabetical letters are similar otherwise differ significantly at P<0.05 

 

 

Figure 4.12: DPPH radical scavenging activity of root and shoot extracts of T. foenum-

graecum L. against different concentrations of CuONP-PVP and PVP. Bars sharing the same 

alphabetical letters are similar otherwise differ significantly at P<0.05 
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4.5.2. Total antioxidant capacity 

Total antioxidant assay results have shown maximum activity in plantlets tested on 1% Cu-

acetate (2.2 µg AAE/mg FW) as compared to CuONP derived shoot extracts but roots extract 

data revealed maximum antioxidant activity in CuONP at 50 mg/L, (1.5 µg AAE/ mg FW) 

but with increasing concentration of nanoparticles trend tend to decrease (figure 4.13). 

CuONP-PEG tested root (5.7 µg AAE/mg FW) and shoot (1.0 µg AAE/mg FW) extracts 

have shown maximum antioxidant activity as compared to PEG and control (figure 4.14). 

Maximum TAC activity was observed in PVP treated plantlets as compared to CuONP-PVP 

and control (figure 4.15). 

 

 

Figure 4.13: Total antioxidant activity of root and shoot extracts of T. foenum-graecum L. 

against different concentrations of CuONP and Cu-acetate. Bars sharing the same 

alphabetical letters are similar otherwise differ significantly at P<0.05 
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Figure 4.14: Total antioxidant activity of root and shoot extracts of T. foenum-graecum L. 

against different concentrations of CuONP-PEG and PEG. Bars sharing the same alphabetical 

letters are similar otherwise differ significantly at P<0.05 

 

 

Figure 4.15: Total antioxidant activity of root and shoot extracts of T. foenum-graecum L. 

against different concentrations of CuONP-PVP and PVP. Bars sharing the same alphabetical 

letters are similar otherwise differ significantly at P<0.05 
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4.5.3. Total reducing power 

According to the results of total reducing power assay, maximum activity was found in shoot 

extracts of Cu-acetate (1.9 µg AAE/mg FW) and maximum reducing power of root shown by 

CuONP (2.1 µg AAE/mg FW) as compared to control (figure 4.16). CuONP-PEG have 

shown maximum total reducing power as compared to PEG and control (figure 4.17). 

Whereas, in case of CuONP-PVP, PVP and control, PVP have increased reducing power 

activity as compared to others (figure 4.18). 

 

 

Figure 4.16: Total reducing power activity of root and shoot extracts of T. foenum-graecum 

L. against different concentrations of CuONP and Cu-acetate. Bars sharing the same 

alphabetical letters are similar otherwise differ significantly at P<0.05 
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Figure 4.17: Total reducing power activity of root and shoot extracts of T. foenum-graecum 

L. against different concentrations of CuONP-PEG and PEG. Bars sharing the same 

alphabetical letters are similar otherwise differ significantly at P<0.05 

 

 

Figure 4.18: Total reducing power activity of root and shoot extracts of T. foenum-graecum 

L. against different concentrations of CuONP-PVP and PVP. Bars sharing the same 

alphabetical letters are similar otherwise differ significantly at P<0.05 
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4.6. Callus Induction 

Effect of CuONP, CuONP-PEG and CuONP-PVP was determined at three concentrations; 

2.5, 5 and 10 mg/L on callus induction from shoot and leaf explant. The experiment was 

conducted over a time period of 30 days. After 30 days, callus was collected (figure 4.19 and 

4.20) and then average fresh weight and dry weight were calculated followed by 

determination of biochemical profiling. 

 

Figure 4.19: Callus induction from stem explant of T. foenum-graecum L at different 

concentrations of CuONP, CuONP-PEG and CuONP-PVP; (A) control, (B-D) CuONP: 2.5, 

5, 10 mg/L, (E-G) CuONP-PEG: 2.5, 5, 10 mg/L, (H-J) CuONP-PVP: 2.5, 5, 10 mg/L 
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Figure 4.20: Callus induction from leaf explant of T. foenum-graecum L on CuONPs; (A) 

control, (B-D) CuONP: 2.5, 5, 10 mg/L 

 

4.6.1. Average Fresh and Dry Weight of Explant 

Average fresh weight and dry weight were calculated for both stem and leaf explants. 

According to the results obtained average fresh weight of control both in stem, 1.65 g and 

leaf, 1.33 g explants was higher as compared to the explants treated with different 

concentrations of nanoparticles. Whereas dry weight was also found to be higher in control 

i.e. 0.10 g for stem explant and 0.09 g for leaf explant (Table 4.4). 
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Table 4.4: Average fresh and dry weight of T. foenum-graecum L. callus treated with 

CuONPs 

Treatment Concentration 

(mg/L) 

Average fresh 

weight/explant 

(g) 

Average dry 

weight/explant 

(g) 

  Stem Leaf Stem Leaf 

CuONP 

2.5 0.67 0.85c 0.05ab 0.07b ab 

5 0.25 0.12c 0.02c 0.01c 

10 

c 

1.33 0.13ab 0.07bc 0.01ab 

CuONP-PEG 

c 

2.5 1.25 0.11b 0.08c 0.01ab c 

5 0.99 0.33bc 0.05b 0.02b 

10 

b 

0.82 0.21bc 0.06b 0.02b 

CuONP-PVP 

b 

2.5 1.13 1.24b 0.07a 0.08ab a 

5 1.31 0.14bab 0.08c 0.02ab 

10 

b 

1.42 0.12a 0.09c 0.01a 

Control 

c 

0 1.65 1.33a 0.10a 0.09a a 

*Same letters are showing similar values otherwise differ significantly at P<0.05 

 

4.7. Phytochemical Screening of Explants 

4.7.1. Total flavonoid contents  

According to the data, total flavonoid contents were found to be maximum in shoot  explants 

treated with CuONP-PVP at all three concentrations 2.5, 5 and 10 mg/L, 3.51, 3.83 and 3.88 

µg QE/mg DW respectively (figure 4.21). CuONP-PVP treated leaf explants also showed 

maximum flavonoid content accumulation at 10 mg/L (3.46 µg QE/mg DW) as compared to 

CuONP, CuONP-PEG and control (figure 4.22). 
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Figure 4.21: Effect of CuONP, CuONP-PEG and CuONP-PVP on total flavonoid content 

derived from shoot explant of T. foenum-graecum L. Bars sharing the same alphabetical 

letters are similar otherwise differ significantly at P<0.05 

 

 

Figure 4.22: Effect of CuONP, CuONP-PEG and CuONP-PVP on total flavonoid content 

derived from leaf explant of T. foenum-graecum L. Bars sharing the same alphabetical letters 

are similar otherwise differ significantly at P<0.05 
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4.7.2. Total phenolic contents 

According to the results TPC, maximum phenolic contents were accumulated in explants of 

shoot treated with CuONP at 5 mg/L (4.0 µg GAE/mg DW) and CuONP-PEG at 2.5 mg/L 

(3.9 µg GAE/mg DW). Whereas shoot explants grown on CuONP-PVP showed maximum 

phenolic contents at all three concentrations 2.5, 5 and 10 mg/L (3.9, 4.0 and 3.9 µg GAE/mg 

DW) (figure 4.23). Results of leaf explants treated with 2.5 mg/L of CuONP-PEG showed 

more phenolic contents accumulation 3.5 µg GAE/mg DW i.e. equivalent to control (figure 

4.24). 

 

 

Figure 4.23: Effect of CuONP, CuONP-PEG and CuONP-PVP on total phenolic content 

derived from shoot explant of T. foenum-graecum L. Bars sharing the same alphabetical 

letters are similar otherwise differ significantly at P<0.05 
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Figure 4.24: Effect of CuONP, CuONP-PEG and CuONP-PVP on total phenolic content 

derived from leaf explant of T. foenum-graecum L. Bars sharing the same alphabetical letters 

are similar otherwise differ significantly at P<0.05 

4.8. Antioxidant Activity of Explants 

4.8.1. DPPH radical scavenging activity 

DPPH radical scavenging activity was found maximum in shoot explants treated with 

CuONP-PEG 5 mg/L (56%), CuONP-PVP 5 and 10 mg/L (55 and 56%) but decreased 

activity was observed in explants grown on  CuONP (figure 4.25). Whereas maximum 

scavenging activity was found in leaf explants treated with CuONP-PEG at 5 mg/L (72%) 

compared to others (figure 4.26). 
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Figure 4.25: Effect of CuONP, CuONP-PEG and CuONP-PVP on DPPH radical scavenging 

activity derived from shoot explant of T. foenum-graecum L. Bars sharing the same 

alphabetical letters are similar otherwise differ significantly at P<0.05 

 

 

Figure4.26: Effect of CuONP, CuONP-PEG and CuONP-PVP on DPPH radical scavenging 

activity derived from leaf explant of T. foenum-graecum L. Bars sharing the same 

alphabetical letters are similar otherwise differ significantly at P<0.05 
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4.8.2. Total antioxidant capacity 

Total antioxidant capacity was found maximum in control (7.1 µg AAE/mg DW) and 

CuONP-PVP (6.5 µg AAE/mg DW at 10 mg/L) treated shoot explants as compared to other 

nanoparticles treatment (figure 4.27).  The trend of total antioxidant capacity derived from 

leaf explants was found maximum in CuONP (9.5 µg AAE/mg DW at 5 mg/L) and CuONP-

PEG (9.9 µg AAE/mg DW at 2.5 mg/L) treated explants as compared to CuONP-PVP and 

control (figure 4.28).  

 

 

Figure 4.27: Effect of CuONP, CuONP-PEG and CuONP-PVP on total antioxidant capacity 

derived from shoot explant of T. foenum-graecum L. Bars sharing the same alphabetical 

letters are similar otherwise differ significantly at P<0.05 
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Figure 4.28: Effect of CuONP, CuONP-PEG and CuONP-PVP on total antioxidant capacity 

derived from leaf explant of T. foenum-graecum L. Bars sharing the same alphabetical letters 

are similar otherwise differ significantly at P<0.05 

4.8.3. Total reducing power 

Total reducing power assay results showed maximum activity in shoot explants treated with 

CuONP-PVP (10.5 µg AAE/mg DW) as compared to control, CuONP and CuONP-PEG 

(figure 4.29). In case of leaf explants, maximum reducing power was found in CuONP 

treated explants (10 µg AAE/mg DW at 2.5 mg/L) (figure 4.30).  
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Figure 4.29: Effect of CuONP, CuONP-PEG and CuONP-PVP on total reducing power 

derived from shoot explant of T. foenum-graecum L. Bars sharing the same alphabetical 

letters are similar otherwise differ significantly at P<0.05 

 

 

Figure 4.30: Effect of CuONP, CuONP-PEG and CuONP-PVP on total reducing power 

derived from leaf explant of T. foenum-graecum L. Bars sharing the same alphabetical letters 

are similar otherwise differ significantly at P<0.0
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Discussion 

Nanoscience has expanded greatly in the past decade due to unique properties exhibited by 

nanoparticles. Thus, nanoparticles are becoming main source of revolutionizing the industry 

and playing significant role in economy (Rosei, 2004). Nanotechnology has also permitted 

advanced research in areas including biotechnology and agriculture to improve crop yield, 

therefore using nanoparticles as fertilizers. Nanoparticles possess features that are beneficial 

to crops, release the nutrients on-demand, controlled release of chemical fertilizers that 

regulate plant growth and enhanced target activity (DeRosa et al., 2010; Nair et al., 2010).  

Nonetheless, technology always comes with price, due to widespread use of nanoparticles 

there are concerns related to environment and health i.e. taken up by living organisms 

especially plants and entering into food chain (Lecoanet et al., 2004;  Auffan et al., 2011). 

According to the previous reports engineered nanoparticles in general and metal 

nanoparticles in particular affects plant’s morphology and physiology depending on the 

properties of nanoparticles. The objectives of current study were to investigate the effects 

copper oxide nanoparticles on seed germination, root and shoot elongation of T. foenum-

graecum L. as it is one of the important medicinal plants and also a food crop. Response of 

seedlings to CuONPs was analyzed by antioxidant assays.  

Seed germination is a physiological process and widely used as phytotoxicity test because it 

is sensitive, simple and low cost and it depends on nanoparticle-plant physical interactions 

(Wang et al., 2001; Munzuroglu and Geckil, 2002). Seed germination is a process that starts 

with water imbibition by seeds and ending with the emergence of rootlet (Wierzbicka and 

Obidzińska, 1998).  In this study seeds showing emergence of radical or cotyledon out of 

seed coat were recorded as being germinated. The findings of this study showed 100% seed 

germination without any significant adverse effect at all concentrations. This data agrees with 

a study conducted by Adhikari et al. (2012), showing 100% germination of seeds of soyabean 

and chickpea grown on CuONP. In addition to this, in another experiment, fenugreek seeds 

were treated with AgNPs and results showed increased seed germination enhancing the seed 

potential by increasing the characteristics of seed germination (Hojjat, 2015). In this case 

seed germination was 100% without showing any toxic effects grown on CuONPs. It is 

probably due to the seed coat which act as protector for the embryo and plays important role 

in selective permeability.  

Major factors that contribute to reduced crop yields are drought, salinity and high 

temperatures. It is threatening for sustainable agriculture and global food security. Osmotic 
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stress can be achieved by growing plants in a media containing varying concentrations of 

polyethylene glycol (PEG). PEG modifies the osmotic potential of nutrient solution culture 

inducing plant water deficit in a relatively controlled manner (Araus et al., 2008). In 

previously reported studies, PEG is used to control the water potential and induce drought 

stress in seed germination. In this study different concentrations of PEG were used to 

determine the response of T. foenum-graecum L. to osmotic stress. The data showed no 

inhibitory effects on seed germination frequency. These findings are in accordance with the 

research of Hardegree and Emmerich (1990), PEG contact with seed had no detrimental 

effects on seed germination in four plant species. However in 1994 another study by 

Hardegree and Emmerich has shown germination is affected by increase in immersion and 

PEG solution depth. The imbibition path of the bare membrane treatment is limited to the 

solution volume associated with the capillary interface between seed and membrane surface. 

Shoot and root elongation results were varying at different concentrations of NPs and 

phytotoxicity was evident. CuONP showed maximum shoot elongation i.e. 7.7cm at 50mg/L 

as compared to control but trend gradually decreased as concentration of nanoparticles 

increased and trend was followed in plantlets treated with CuONP-PEG and CuONP-PVP. 

But significant shoot inhibition has been observed in seedlings treated with Cu-acetate salt 

i.e. 4.3cm at 1% concentration. Thus indicating minimal toxicity of copper oxide 

nanoparticles on shoot growth with increase in concentration in contrast to copper acetate 

salt. Media containing PEG, average shoot length also decreased at higher concentrations and 

in accordance to previous study in which PEG has significantly reduced the shoot growth in 

two populations of Anthxanthum odoratum performed by Anwer et al. (2004). Average shoot 

elongation was decreased from lower to higher concentrations of PVP.  

Plantlets grown on capped CuONPs and Cu-acetate evidently inhibited root length as 

compared to plantlets obtained from media containing uncapped CuONPs. At lower 

concentrations CuONPs showed maximum root length at lower concentrations but it was 

inhibited with increase in concentrations of NPs in the media showing phytoxicity and 

markedly reduced root development. As roots are the first target tissue to confront the excess 

concentrations of pollutants hence toxic symptoms seem to appear more in roots as compared 

to shoots. Therefore comprehensive phytotoxicity profile should be investigated in higher 

plants for nanoparticles (Lin and Xing, 2007).  Although mechanism of nanoparticles toxicity 

is yet not clear but it can be postulated that NPs possess ability to cross permeable 

membranes including seed coat and cellular membranes of roots, NPs may coagulate on the 

root surface and altering root chemistry, Cu ions can be released from NPs that can change 
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ionic balance, pH and cellular components and it also depends on mass to size ratio, shape 

and surface properties of nanoparticles. It is also observed in some reports that it also depends 

on species of plant and type of nanoparticles employed (Sresty and Rao, 1999; Brunner et al., 

2006; Xu et al., 2006). 

Copper is an essential micronutrient but exposure to excess copper salt had detrimental 

effects on plant growth. Copper ions tend to accumulate in the root tissues with little 

translocation to the shoot, thus principle effect of Cu toxicity on root growth (Sheldon and 

Menzies, 2004). Similar results were found in a study conducted by Thounaojam et al. 

(2012), in which reduction in root and shoot length was observed due to accumulation of Cu 

in seedlings of rice, directly co-related with the toxicity in the plant. Results of current study 

reconfirmed the earlier report showing co-relation of Cu tolerance and its greater 

accumulation in roots as compared to shoots due to poor translocation.  

Root length is an important feature against drought stress in plant varieties; in general, variety 

with longer root growth has resistant ability for drought (Leishman and Westoby, 1994). In 

present study seedlings grown on PEG showed reduction in root length that attributes to the 

water stress induced by PEG at higher concentrations which affected root growth negatively. 

Similar results were reported by Kaydan and Yagmur (2008), PEG and NaCl affected 

seedlings growth of Presto negatively and showed reduction in shoot and root length. 

Whereas plantlets treated with PVP also showed reduced shoot and root length as 

concentration was increased (Table 4.1). 

Average fresh and dry weight was found to be maximum in CuONP at 50 mg/L as compared 

to control but gradual decreasing trend was observed (table 4.2). The increase in biomass at 

certain concentration suggests the optimum dose limit for the growth of T. foenum-graecum 

L. seedlings. However, decrease in biomass beyond this concentration suggested the toxic 

effect of CuONPs. Plantlets treated with PEG and PVP also showed decrease in biomass with 

increase in stress. The reduction in biomass can be due to reduced availability of water and 

other nutrients and disturbance in normal cellular function required for proper growth. 

Flavonoids and phenolics play an important role in detoxification of ROS. Total flavonoid 

and phenolic contents were determined and results showed that extracts of root accumulated 

more flavonoids and phenols as compared to control root extracts while plantlets treated with 

Cu-acetate salt has accumulated maximum phenolic contents indicating the elicitation of 

secondary metabolites production in the presence of abiotic stress. The same trend was seen 

in the shoot extracts and CuONPs have shown variations in the flavonoid and phenolic 
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content accumulation. These results depict that ROS generated inside the plant on exposure to 

CuONPs. 

ROS are proposed to be responsible for negative effects of NPs but toxicity mechanism of 

NPs has not yet been clearly understood (Applerot et al., 2012). Antioxidant activity of T. 

foenum-graecum L. treated with CuONPs was determined in the current study. According to 

results obtained showed less significant difference on exposure to CuONP, CuONP-PEG and 

CuONP-PVP as well as reducing power. NPs induce oxidative stress that damages cell 

(Hossain et al., 2015). DPPH results depict that CuONPs are responsible for oxidative stress 

and interfere in normal growth through length, fresh weight and dry weight of the plants. 

Therefore plants activate their defense mechanism to protect themselves from damage. And 

failure of defense mechanism leads to lipid peroxidation, mitochondrial perturbation, DNA 

damage and eventually apoptosis of cell (Li et al., 2004). So, antioxidants play an important 

role to combat stress. 

Callus Induction 

Micropropagation is an interesting method that can be economically exploited for medicinal 

as well as ornamental purposes. Callus culture, a type of plant tissue culture consisting of 

undifferentiated tissues, constitutes an important tool in plant biotechnology. It can be used in 

numerous ways, for example, for organogenesis, indirect somatic embryogenesis, and 

generation of somaclonal variations (Jattana et al., 2008; Homhuan et al., 2008). T. foenum-

graecum L.  is a plant with medicinal properties and callus culture is an alternative method to 

enhance the production of secondary metabolites like flavonoids, phenolics and antioxidants.  

The results of this research showed that best growth of callus was obtained in control i.e. 

simple MS medium without supplementation of nanoparticles as compared to explants grown 

on CuONPs and it was determined by fresh weight, 1.65g (stem explant) and 0.10g (leaf 

explant) after 30 days of growth. These results are contradictory to a study performed by 

Yahya and Al-Salih (2014) in which ZnO nanoparticles were used to observe the uptake of 

nanoparticles by Prosopisfarcta L. and results showed maximum growth at 100 mg/L as 

compared to lower concentrations of nanoparticles. But results of present study are in 

accordance with results obtained from callus cultures of banana, showed reduction in callus 

growth due to presence of ZnO nanoparticles in the medium (Helaly et al., 2014). 

Although callus growth was decreased due to presence of NPs in the medium but flavonoid 

and phenolic contents were increased. Phytochemical screening of callus cultures showed 

more flavonoid and phenolic contents accumulation in explants of stem and leaf treated with 

capped CuONP i.e. CuONP-PVP as compared to other two forms of NPs and control. While 
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DPPH radical scavenging activity and antioxidant activity was evidently higher in explants 

treated with CuONP-PEG. These results indicate that capped nanoparticles have more 

phytotoxic effects on explants as compared to simple CuONP. 

Conclusion 

Overall experimental results illustrated that presence of CuONPs affects the growth of T. 

foenum-graecum L. seedlings at different concentrations. The maximum growth was found at 

50 mg/L for T. foenum-graecum L. seedlings. The effective growth at certain optimum 

concentration and inhibited growth beyond this concentration may be attributed to the 

accumulation and uptake of CuONPs by the roots. It was found that the accumulation and 

uptake of NPs were dependent on the exposure concentrations. In particular, the exposure of 

plants to nanomaterials and the impacts of such an exposure on plant systems could open a 

new direction research on nanotechnology. Future studies should be directed towards 

understanding the mechanism uptake and translocation of nanoparticles, physical and 

chemical properties of nanoparticles in rhizosphere. It is also concluded from above 

mentioned results of antioxidant activity elicitation is an effective method for the synthesis of 

secondary metabolites including flavonoids and phenolics. Therefore, in order to enhance the 

production of secondary metabolites in T. foenum-graecum L.  abiotic elicitors can be 

suggested.



Chapter 6  References 

55 
 

References 

Acharya, S. N., Thomas, J. E., Basu, S. K. (2006). Fenugreek: an “old world” crop for the 

“new world”. Biodiversity, 7, 27-30. 

Adhikari, T., Kundu, S., Biswas, A. K., Tarafdar, J. C., Rao, A. S. (2012). Effect of copper 

oxide nano particle on seed germination of selected crops. Journal of Agricultural Science 

and Technology, 2, 815-823. 

Ahamed, M., Alhadlaq, H. A., Khan, M. A., Karuppiah, P., Al-Dhabi, N. A. (2014). 

Synthesis, characterization, and antimicrobial activity of copper oxide nanoparticles. Journal 

of Nanomaterials, 2014, 1-4. 

Aitken, R. J., Chaudhry, M. Q., Boxall, A. B. A., Hull, M. (2006). Manufacture and use of 

nanomaterials: current status in the UK and global trends. Occupational medicine, 56, 300-

306. 

Ajabnoor, M. A., Tilmisany, A. K. (1988). Effect of Trigonella foenum-graceum on blood 

glucose levels in normal and alloxan-diabetic mice. Journal of ethnopharmacology, 22, 45-

49. 

Akbari, M., Rasouli, H., Bahdor, T. (2012). Physiological and pharmaceutical effect of 

fenugreek: a review. IOSR Journal of Pharmacy, 2, 49-53. 

Al-Asadi, J. N. (2014). Therapeutic Uses of Fenugreek (Trigonella foenum-graecum L.). 

American Journal of Social Issues and Humanities, 2276 – 6928, 21-36. 

Almajano, M. P., Carbo, R., Jiménez, J. A. L., Gordon, M. H. (2008). Antioxidant and 

antimicrobial activities of tea infusions. Food chemistry, 108, 55-63. 

Almeida, E., Diamantino, T. C., De Sousa, O. (2007). Marine paints: the particular case of 

antifouling paints. Progress in Organic Coatings, 59, 2-20. 

Amin, R., Abdul-Ghani, A. S., Suleiman, M. S. (1987). Effect of Trigonella feonum-graecum 

on intestinal absorption. Diabetes, 36, 211. 

Anwer, M., McNeily, T., Putwain, P. D. (2004). Effect of Polyethylene Glycol on the growth 

of two populations of Anthoxanthum odoratum.International Journal of Agriculture and 

Biology, 6, 718-720. 



Chapter 6  References 

56 
 

Applerot, G., Lellouche, J., Lipovsky, A., Nitzan, Y., Lubart, R., Gedanken, A., Banin, E. 

(2012). Understanding the antibacterial mechanism of CuO nanoparticles: revealing the route 

of induced oxidative stress. Small, 8, 3326-3337. 

Araus, J. L., Slafer, G. A., Royo, C., Serret, M. D. (2008). Breeding for yield potential and 

stress adaptation in cereals. Critical Reviews in Plant Science, 27, 377-412. 

Aslani, F., Bagheri, S., Muhd Julkapli, N., Juraimi, A. S., Hashemi, F. S. G., Baghdadi, A. 

(2014). Effects of engineered nanomaterials on plants growth: An overview. The Scientific 

World Journal, 2014, 1-28. 

Astill, C., Birch, M. R., Dacombe, C., Humphrey, P. G., Martin, P. T. (2001). Factors 

affecting the caffeine and polyphenol contents of black and green tea infusions. Journal of 

Agricultural and Food Chemistry, 49, 5340-5347. 

Auffan, M., Bottero, J. Y., Chaneac, C., Rose, J. (2010). Inorganic manufactured 

nanoparticles: how their physicochemical properties influence their biological effects in 

aqueous environments. Nanomedicine, 5, 999-1007. 

Auffan, M., Flahaut, E., Thill, A., Mouchet, F., Carriere, M., Gauthier, L., Bottero, J. Y. 

(2011). Ecotoxicology: Nanoparticle reactivity and living organisms. In Nanoethics and 

nanotoxicology, 325-357.  

Basu, S., Acharya, S., Bandara, M., Thomas, J. (2004). Agronomic and genetic approaches 

for improving seed quality and yield of fenugreek (Trigonella foenum-graecum L.) in western 

Canada. Proceedings: The Science of Changing Climates-Impact on Agriculture, Forestry 

Wetlands, 20-23. 

Bhushan, B. (2004). Micro/Nanotribology and Materials Characterization Studies Using 

Scanning Probe Microscopy. In Springer handbook of nanotechnology, 497-541.  

Biswas, P., Wu, C. Y. (2005). Nanoparticles and the environment. Journal of the Air & Waste 

Management Association, 55, 708-746. 

Boddu, S. R., Gutti, V. R., Ghosh, T. K., Tompson, R. V., Loyalka, S. K. (2011). Gold, 

silver, and palladium nanoparticle/nano-agglomerate generation, collection, and 

characterization. Journal of Nanoparticle Research, 13, 6591-6601. 



Chapter 6  References 

57 
 

Brunner, T. J., Wick, P., Manser, P., Spohn, P., Grass, R. N., Limbach, L. K., Stark, W. J. 

(2006). In vitro cytotoxicity of oxide nanoparticles: comparison to asbestos, silica, and the 

effect of particle solubility. Environmental science & technology, 40, 4374-4381. 

Burklew, C. E., Ashlock, J., Winfrey, W. B., Zhang, B. (2012). Effects of aluminum oxide 

nanoparticles on the growth, development, and microRNA expression of tobacco (Nicotiana 

tabacum). PloS one, 7, 34783. 

Cai, W., Gao, T., Hong, H., Sun, J. (2008). Applications of gold nanoparticles in cancer 

nanotechnology. Nanotechnology, science and applications, 1, 17. 

Chang, Y. N., Zhang, M., Xia, L., Zhang, J., Xing, G. (2012). The toxic effects and 

mechanisms of CuO and ZnO nanoparticles. Materials, 5, 2850-2871. 

Chen, C., Pearson, A. M., Gray, J. I. (1992). Effects of synthetic antioxidants (BHA, BHT 

and PG) on the mutagenicity of IQ-like compounds. Food Chemistry, 43, 177-183. 

Clarke, D., Whitney, H., Sutton, G., Robert, D. (2013). Detection and learning of floral 

electric fields by bumblebees. Science, 340, 66-69. 

Collin, H. A. (2001). Secondary product formation in plant tissue cultures. Plant Growth 

Regulation, 34, 119-134. 

Dash, B. K., Sultana, S., Sultana, N. (2011). Antibacterial activities of methanol and acetone 

extracts of fenugreek (Trigonella-foenum) and coriander (Coriandrum sativum). Life Sciences 

and Medicine Research, 2011, 1-8. 

DeRosa, M. C., Monreal, C., Schnitzer, M., Walsh, R., Sultan, Y. (2010). Nanotechnology in 

fertilizers. Nature nanotechnology, 5, 91. 

Dewez, D., Geoffroy, L., Vernet, G., Popovic, R. (2005). Determination of photosynthetic 

and enzymatic biomarkers sensitivity used to evaluate toxic effects of copper and fludioxonil 

in alga Scenedesmus obliquus. Aquatic toxicology, 74, 150-159. 

Ditta, A. (2012). How helpful is nanotechnology in agriculture?. Advances in Natural 

Sciences: Nanoscience and Nanotechnology, 3. 

Dutschk, V., Karapantsios, T., Liggieri, L., McMillan, N., Miller, R., Starov, V. M. (2014). 

Smart and green interfaces: from single bubbles/drops to industrial environmental and 

biomedical applications. Advances in colloid and interface science, 209, 109-126. 



Chapter 6  References 

58 
 

Ebrahimzadeh, M. A., Nabavi, S. M., Nabavi, S. F., Bahramian, F., Bekhradnia, A. R. (2010). 

Antioxidant and free radical scavenging activity of H. officinalis L. var. angustifolius, V. 

odorata, B. hyrcana and C. speciosum. Pakistan Journal of Pharmaceutical Sciences, 23, 29-

34. 

Flick, C. E., Evans, D. A., Sharp, W. R. (1983). Organogenesis. Handbook of plant cell 

culture (USA). 1, 13-81. 

Forrest, S. R. (2004). The path to ubiquitous and low-cost organic electronic appliances on 

plastic. Nature, 428, 911-918. 

Ghoniem, A. F. (2011). Needs, resources and climate change: clean and efficient conversion 

technologies. Progress in Energy and Combustion Science, 37, 15-51. 

Goswami, T. K. (2012). A review on the functional properties, nutritional content, medicinal 

utilization and potential application of fenugreek. Journal of Food Processing & Technology, 

3. 

Grieger, K. D., Hansen, S. F., Baun, A. (2009). The known unknowns of nanomaterials: 

Describing and characterizing uncertainty within environmental, health and safety risks. 

Nanotoxicology, 3, 222-233. 

Gunjan, B., Zaidi, M. G. H., Sandeep, A. (2014). Impact of Gold Nanoparticles on 

Physiological and Biochemical Characteristics of Brassica juncea. Journal of Plant 

Biochemistry & Physiology, 2, 2. 

Hafeez, A., Razzaq, A., Mahmood, T., Jhanzab, H. M. (2015). Potential of copper 

nanoparticles to increase growth and yield of Wheat. Journal of Nanoscience with Advanced 

Technology, 1, 6-11. 

Hansen, S. F., Michelson, E. S., Kamper, A., Borling, P., Stuer-Lauridsen, F., Baun, A. 

(2008). Categorization framework to aid exposure assessment of nanomaterials in consumer 

products. Ecotoxicology, 17, 438-447. 

Hardegree, S. P., Emmerich, W. E. (1990). Effect of polyethylene glycol exclusion on the 

water potential of solution-saturated filter paper. Plant Physiology, 92, 462-466. 

Hardegree, S. P., Emmerich, W. E. (1994). Seed germination response to polyethylene glycol 

solution depth. Seed Science and Technology, 22, 1. 



Chapter 6  References 

59 
 

Helaly, M. N., El-Metwally, M. A., El-Hoseiny, H., Omar, S. A., El-Sheery, N. I. (2014). 

Effect of nanoparticles on biological contamination of in vitro cultures and organogenic 

regeneration of banana. Australian Journal of Crop Science, 8, 612-624. 

Hojjat, S. S. (2015). Impact of silver nanoparticles on germinated fenugreek seed. 

International Journal of Agriculture and Crop Sciences, 8, 627-630. 

Homhuan, S., Kijwijan, B., Wangsomnuk, P., Bodhipadma, K., Leung, D. W., Nwanna, L. 

C., Kruatrachue, M. (2008). Variation of plants derived from indirect somatic embryogenesis 

in cotyledon explants of papaya. Science Asia, 34, 347-352. 

Hossain, Z., Mustafa, G., Komatsu, S. (2015). Plant Responses to Nanoparticle Stress. 

International journal of molecular sciences, 16, 26644-26653. 

Hugo, W. B., Bloomfield, S. F. (1971). Studies on the mode of action of the phenolic 

antibacterial agent fentichlor against Staphylococcus aureus and Escherichia coli II. The 

effects of fentichlor on the bacterial membrane and the cytoplasmic constituents of the cell. 

Journal of Applied Bacteriology, 34, 579-591. 

Jafri, L., Saleem, S., Ullah, N., Mirza, B. (2014). In vitro assessment of antioxidant potential 

and determination of polyphenolic compounds of Hedera nepalensis K. Koch. Arabian 

Journal of Chemistry, doi:10.1016/j.arabjc.2014.05.002. 

Jattana, A., Kijwijan, B., Bodhipadma, K., Leung, D. W. M. (2008). Indirect somatic 

embryogenesis and synthetic seed production from cotyledon explants of papaya (Carica 

papaya L.) ‘Kaedum’. Journal of Applied Science, 7, 116-122. 

Johnston, C. T. (2010). Probing the nanoscale architecture of clay minerals. Clay Minerals, 

45, 245-279. 

Joshi, J. G., Handler, P. (1960). Biosynthesis of trigonelline. Journal of Biological Chemistry, 

235, 2981-2983. 

Ju-Nam, Y., Lead, J. R. (2008). Manufactured nanoparticles: an overview of their chemistry, 

interactions and potential environmental implications. Science of the total environment, 400, 

396-414. 

Kahl, R., Kappus, H. (1993). Toxicology of the synthetic antioxidants BHA and BHT in 

comparison with the natural antioxidant vitamin E. Zeitschrift fur Lebensmittel-untersuchung 

und-forschung, 196, 329-338. 

http://dx.doi.org/10.1016/j.arabjc.2014.05.002�


Chapter 6  References 

60 
 

Kang, H. Y. (2010). A review of the emerging nanotechnology industry: materials, 

fabrications, and applications. Department of Toxic Substances Control [online] Sep. 

Karaj, I. (2011). A review on biology, cultivation and biotechnology of fenugreek (Trigonella 

foenum-graecum L.) as a valuable medicinal plant and multipurpose. Journal of Medicinal 

Plants, 10, 6-24. 

Kennedy, C. B., Scott, S. D., Ferris, F. G. (2004). Hydrothermal phase stabilization of 2-line 

ferrihydrite by bacteria. Chemical Geology, 212, 269-277. 

Khodakovskaya, M. V., de Silva, K., Biris, A. S., Dervishi, E., Villagarcia, H. (2012). Carbon 

nanotubes induce growth enhancement of tobacco cells. ACS nano, 6, 2128-2135. 

Khodakovskaya, M. V., Dervishi, E., Mahmood, M., Xu, Y., Li, Z., Watanabe, F., Biris, A. S. 

(2009). Carbon nanotubes are able to penetrate plant seed coat and dramatically affect seed 

germination and plant growth. ACS nano, 3, 3221-3227. 

Klaine, S. J., Alvarez, P. J., Batley, G. E., Fernandes, T. F., Handy, R. D., Lyon, D. Y., 

Mahendra, S., McLaughlin, M.J., Lead, J. R. (2008). Nanomaterials in the environment: 

behavior, fate, bioavailability, and effects. Environmental Toxicology and Chemistry, 27, 

1825-1851. 

Knauert, S., Knauer, K. (2008).The role of reactive oxygen species in copper toxicity to two 

freshwater green algae1. Journal of Phycology, 44, 311-319. 

Krishnaraj, C., Jagan, E. G., Ramachandran, R., Abirami, S. M., Mohan, N., Kalaichelvan, P. 

T. (2012). Effect of biologically synthesized silver nanoparticles on Bacopa monnieri (Linn.) 

Wettst. Plant growth metabolism. Process Biochemistry, 47, 651-658. 

Lanaras, T., Moustakas, M., Symeonidis, L., Diamantoglou, S., Karataglis, S. (1993). Plant 

metal content, growth responses and some photosynthetic measurements on field‐cultivated 

wheat growing on ore bodies enriched in Cu. Physiologia Plantarum, 88, 307-314. 

Larkin, P. J., Scowcroft, W. R. (1981). Somaclonal variation—a novel source of variability 

from cell cultures for plant improvement. Theoretical and Applied Genetics, 60, 197-214. 

Laroui, H., Rakhya, P., Xiao, B., Viennois, E., Merlin, D. (2013). Nanotechnology in 

diagnostics and therapeutics for gastrointestinal disorders. Digestive and Liver Disease, 45, 

995-1002. 



Chapter 6  References 

61 
 

Lecoanet, H. F., Bottero, J. Y., Wiesner, M. R. (2004). Laboratory assessment of the mobility 

of nanomaterials in porous media. Environmental science & technology, 38, 5164-5169. 

Lee, C. W., Mahendra, S., Zodrow, K., Li, D., Tsai, Y. C., Braam, J., Alvarez, P. J. (2010). 

Developmental phytotoxicity of metal oxide nanoparticles to Arabidopsis thaliana. 

Environmental Toxicology and Chemistry, 29, 669-675. 

Leishman, M. R., Westoby, M. (1994). The role of seed size in seedling establishment in dry 

soil conditions--experimental evidence from semi-arid species. Journal of Ecology, 82, 249-

258. 

Li, J., Brader, G., Palva, E. T. (2004). The WRKY70 transcription factor: a node of 

convergence for jasmonate-mediated and salicylate-mediated signals in plant defense. The 

Plant Cell, 16, 319-331. 

Lin, D., Xing, B. (2007). Phytotoxicity of nanoparticles: inhibition of seed germination and 

root growth. Environmental Pollution, 150, 243-250. 

Lin, J. Y., Tang, C. Y. (2007). Determination of total phenolic and flavonoid contents in 

selected fruits and vegetables, as well as their stimulatory effects on mouse splenocyte 

proliferation. Food chemistry, 101, 140-147. 

Lu, C., Zhang, C., Wen, J., Wu, G., Tao, M. (2001). Research of the effect of nanometer 

materials on germination and growth enhancement of Glycine max and its mechanism. 

Soybean Science, 21, 168-171. 

Lue, J. T. (2007). Physical properties of nanomaterials. Encyclopedia of nanoscience and 

nanotechnology, 10, 1-46. 

Ma, C., Rui, Y., Liu, S., Li, X., Xing, B., Liu, L. (2015). Phytotoxic mechanism of 

nanoparticles: destruction of chloroplasts and vascular bundles and alteration of nutrient 

absorption. Scientific reports, 5, doi: 10.1038/srep11618. 

Ma, X., Geiser-Lee, J., Deng, Y., Kolmakov, A. (2010). Interactions between engineered 

nanoparticles (ENPs) and plants: phytotoxicity, uptake and accumulation. Science of the total 

environment, 408, 3053-3061. 

Magnuson, N. S., Linzmaier, P. M., Gao, J. W., Reeves, R., An, G., Lee, J. M. (1996). 

Enhanced recovery of a secreted mammalian protein from suspension culture of genetically 

modified tobacco cells. Protein Expression and Purification, 7, 220-228. 



Chapter 6  References 

62 
 

Maisuthisakul, P., Suttajit, M., Pongsawatmanit, R. (2007). Assessment of phenolic content 

and free radical-scavenging capacity of some Thai indigenous plants. Food chemistry, 100, 

1409-1418. 

Mandal, S., Hazra, B., Sarkar, R., Biswas, S., Mandal, N. (2011). Assessment of the 

antioxidant and reactive oxygen species scavenging activity of methanolic extract of 

Caesalpinia crista leaf. Evidence-Based Complementary and Alternative Medicine, 2011,doi: 

org/10.1093/ecam/nep072. 

Maynard, A. D., Aitken, R. J., Butz, T., Colvin, V., Donaldson, K., Oberdörster, G., Philbert, 

M.A., Ryan, J., Seaton, A., Stone, V., Tinkle, S. S. (2006). Safe handling of nanotechnology. 

Nature, 444, 267-269. 

Merken, H. M., Beecher, G. R. (2000). Measurement of food flavonoids by high-performance 

liquid chromatography: a review. Journal of Agricultural and Food Chemistry, 48, 577-599. 

Molyneux, P. (2004). The use of the stable free radical diphenylpicrylhydrazyl (DPPH) for 

estimating antioxidant activity. Songklanakarin Journal of Science and Technology, 26, 211-

219. 

Monica, R. C., Cremonini, R. (2009). Nanoparticles and higher plants. Caryologia, 62, 161-

165. 

Morcos, S. R., Elhawary, Z., Gabrial, G. N. (1981). Protein-rich food mixtures for feeding the 

young in Egypt 1. Formulation. Zeitschrift für Ernährungswissenschaft, 20, 275-282. 

Morton, J. F. (1990). Mucilaginous plants and their uses in medicine. Journal of 

ethnopharmacology, 29, 245-266. 

Munzuroglu, O., Geckil, H. (2002). Effects of metals on seed germination, root elongation, 

and coleoptile and hypocotyl growth in Triticum aestivum and Cucumis sativus. Archives of 

Environmental Contamination and Toxicology, 43, 203-213. 

Nair, R., Varghese, S. H., Nair, B. G., Maekawa, T., Yoshida, Y., Kumar, D. S. (2010). 

Nanoparticulate material delivery to plants. Plant science, 179(3), 154-163. 

Nassar, A. H. (2004). Effect of some copper compounds on rhizogenesis of micropropagated 

banana shoots. International Journal of Agriculture & Biology, 6, 552-556. 



Chapter 6  References 

63 
 

Neto, O. P. V. (2014). Intelligent computational nanotechnology: the role of computational 

intelligence in the development of nanoscience and nanotechnology. Journal of 

Computational and Theoretical Nanoscience, 11, 928-944. 

Neumann, K. H., Kumar, A., Imani, J. (2009). Plant cell and tissue culture: a tool in 

biotechnology. 12, Berlin: Springer. 

Nomura, K., Ohta, H., Takagi, A., Kamiya, T., Hirano, M., Hosono, H. (2004). Room-

temperature fabrication of transparent flexible thin-film transistors using amorphous oxide 

semiconductors. Nature, 43, 488-492. 

Nowack, B., Bucheli, T. D. (2007). Occurrence, behavior and effects of nanoparticles in the 

environment. Environmental pollution, 150, 5-22. 

Omoloso, A. D. (2001). Broad spectrum antibacterial activity of Allium cepa, Allium roseum, 

Trigonella foenum graecum and Curcuma domestica.Natural Product Sciences, 7, 13-16. 

Ouzounidou, G., Lannoye, R., Karataglis, S. (1993). Photoacoustic measurements of 

photosynthetic activities in intact leaves under copper stress. Plant science, 89, 221-226. 

Pandian, R. S., Anuradha, C. V., Viswanathan, P. (2002). Gastroprotective effect of 

fenugreek seeds (Trigonella foenum-graecum) on experimental gastric ulcer in rats. Journal 

of ethnopharmacology, 81, 393-397. 

Pasricha, V., Gupta, R. K. (2014). Nutraceutical potential of Methi (Trigonella foenum-

graecum L.) and Kasuri methi (Trigonella corniculata L.). Journal of Pharmacognosy and 

Phytochemistry, 3, 47-57. 

Passano, P. (1995). The many uses of methi. Manushi,91, 31-34. 

Patil, S. P., Niphadkar, P. V., Bapat, M. M. (1997). Allergy to fenugreek (Trigonella foenum 

graecum). Annals of Allergy, Asthma & Immunology, 78, 297-300. 

Pokhrel, L. R., Dubey, B. (2013). Evaluation of developmental responses of two crop plants 

exposed to silver and zinc oxide nanoparticles. Science of the Total Environment, 452, 321-

332. 

Prasad, T. N. V. K. V., Sudhakar, P., Sreenivasulu, Y., Latha, P., Munaswamy, V., Reddy, K. 

R., Pradeep, T. (2012). Effect of nanoscale zinc oxide particles on the germination, growth 

and yield of peanut. Journal of Plant Nutrition, 35, 905-927. 



Chapter 6  References 

64 
 

Radwan, S. S., Kokate, C. K. (1980). Production of higher levels of trigonelline by cell 

cultures of Trigonella foenum-graecum than by the differentiated plant. Planta, 147, 340-344. 

Raei, M., Angaji, S. A., Omidi, M., Khodayari, M. (2014). Effect of abiotic elicitors on tissue 

culture of Aloe vera. International Journal of Biosciences, 5, 74-81. 

Ramesh, B. K., Yogesh, R. H. L., Kantikar, S. M., Prakash, K. B. (2010). Antidiabetic and 

histopathological analysis of fenugreek extract on alloxan induced diabetic rats. International 

Journal of Drug Development and Research, 2, 356-364. 

Ramesh, M., Palanisamy, K., Babu, K., Sharma, N. K. (2014). Effects of bulk & nano-

titanium dioxide and zinc oxide on physio-morphological changes in Triticum aestivum Linn. 

Journal of Global Biosciences, 3, 415-422. 

Randhir, R., Lin, Y. T., Shetty, K. (2004). Phenolics, their antioxidant and antimicrobial 

activity in dark germinated fenugreek sprouts in response to peptide and phytochemical 

elicitors. Asia Pacific Journal of Clinical Nutrition, 13, 295-307. 

Raskar, S. V., Laware, S. L. (2014). Effect of zinc oxide nanoparticles on cytology and seed 

germination in onion. International Journal of Current Microbiology and Applied Sciences, 

3, 467-473. 

Remédios, C., Rosário, F., Bastos, V. (2012). Environmental nanoparticles interactions with 

plants: morphological, physiological, and genotoxic aspects. Journal of Botany, 2012, 

doi:10.1155/2012/751686. 

Roco, M. C. (2003). Nanotechnology: convergence with modern biology and medicine. 

Current opinion in biotechnology, 14, 337-346. 

Rohman, A., Riyanto, S., Yuniarti, N., Saputra, W. R., Utami, R., Mulatsih, W. (2010). 

Antioxidant activity, total phenolic, and total flavaonoid of extracts and fractions of red fruit 

(Pandanus conoideus Lam). International Food Research Journal, 17, 97-106. 

Rosei, F. (2004). Nanostructured surfaces: challenges and frontiers in nanotechnology. 

Journal of Physics: Condensed Matter, 16, 1373. 

Safari, J., Zarnegar, Z. (2014). Advanced drug delivery systems: Nanotechnology of health 

design A review. Journal of Saudi Chemical Society, 18, 85-99. 

Sattler, K. D. (Ed.). (2010). Handbook of nanophysics: principles and methods. CRC press. 



Chapter 6  References 

65 
 

Sedghi, M., Hadi, M., Toluie, S.G. (2013). Effect of nano zinc oxide on the germination of 

soybean seeds under drought stress. Ann West Uni Timis¸oara ser Biol XVI 2, 73–78. 

Semalty, M., Semalty, A., Joshi, G. P., Rawat, M. S. M. (2009). Comparison of in vitro 

Antioxidant Activity of Trigonella foenum-graecum and T. corniculata Seeds. Research 

Journal of Phytochemistry, 3, 63-67. 

Sharma, R. K., Agrawal, M. (2005). Biological effects of heavy metals: an overview. Journal 

of environmental Biology, 26, 301-13. 

Sheikhlar, A. (2013). Trigonella foenum-graecum L. (Fenugreek) as a Medicinal Herb in 

Animals Growth and Health. Science International, 1, l94-198. 

Sheldon, A., Menzies, N. W. (2004). The effect of copper toxicity on the growth and 

morphology of Rhodes grass (Chloris gayana) in solution culture. In 3rd Australian New 

Zealand Soils Conference, 5-9 December 2004, University of Sydney, Australia. 

Siddiqui, M. H., Al-Whaibi, M. H., Firoz, M., Al-Khaishany, M. Y. (2015). Role of 

Nanoparticles in Plants. InNanotechnology and Plant Sciences,19-35.  

Singhal, P. C., Gupta, R. K., Joshi, L. D. (1982). Hypocholesterolemic effect of Trigonella 

foenum-graecum (METHI). Current science, 51, 136-137. 

Smith, M. (2003). Therapeutic applications of fenugreek. Alternative Medicine Review, 8, 20-

27. 

Sresty, T. V. S., Rao, K. M. (1999). Ultrastructural alterations in response to zinc and nickel 

stress in the root cells of pigeon pea. Environmental and Experimental Botany, 41, 3-13. 

Thomas, J. (2006). An Introduction to Nanotechnology: The next small big thing. 

Development, 49, 39-46. 

Thounaojam, T. C., Panda, P., Mazumdar, P., Kumar, D., Sharma, G. D., Sahoo, L., Sanjib, 

P. (2012). Excess copper induced oxidative stress and response of antioxidants in rice. Plant 

Physiology and Biochemistry, 53, 33-39. 

Tiwari, D. K., Dasgupta-Schubert, N., Cendejas, L. V., Villegas, J., Montoya, L. C., García, 

S. B. (2014). Interfacing carbon nanotubes (CNT) with plants: enhancement of growth, water 

and ionic nutrient uptake in maize (Zea mays) and implications for nanoagriculture. Applied 

Nanoscience, 4, 577-591. 



Chapter 6  References 

66 
 

Trisonthi, P., Baccou, J. C., Sauvaire, Y. (1980). Attempt to improve production of steroidal 

sapogenins by fenugreek (Trigonella foenum-graecum L.) grown in vitro. Comptes Rendus 

Hebdomadaires des Seances de l'Academie des Sciences, 291, 357-360. 

Tsiri, D., Chinou, I., Halabalaki, M., Haralampidis, K., Ganis-Spyropoulos, C. (2009). The 

origin of copper-induced medicarpin accumulation and its secretion from roots of young 

fenugreek seedlings are regulated by copper concentration. Plant science, 176, 367-374. 

Unrine, J. M., Hunyadi, S. E., Tsyusko, O. V., Rao, W., Shoults-Wilson, W. A., Bertsch, P. 

M. (2010). Evidence for bioavailability of Au nanoparticles from soil and biodistribution 

within earthworms (Eisenia fetida). Environmental science & technology, 44, 8308-8313. 

Van der Weele, C. M., Spollen, W. G., Sharp, R. E., Baskin, T. I. (2000). Growth of 

Arabidopsis thaliana seedlings under water deficit studied by control of water potential in 

nutrient‐agar media. Journal of Experimental Botany, 51, 1555-1562. 

Villagarcia, H., Dervishi, E., de Silva, K., Biris, A. S., Khodakovskaya, M. V. (2012). 

Surface chemistry of carbon nanotubes impacts the growth and expression of water channel 

protein in tomato plants. Small, 8, 2328-2334. 

Wagh, P., Rai, M., Deshmukh, S. K., Durate, M. C. T. (2007). Bio-activity of oils of 

Trigonella foenum-graecum and Pongamia pinnata. African journal of Biotechnology, 6, 

1592-1596. 

Wang, X., Sun, C., Gao, S., Wang, L., Shuokui, H. (2001). Validation of germination rate and 

root elongation as indicator to assess phytotoxicity with Cucumis sativus. Chemosphere, 44, 

1711-1721. 

Wierzbicka, M., Obidzińska, J. (1998). The effect of lead on seed imbibition and germination 

in different plant species. Plant science, 137, 155-171. 

Xu, R., Wang, D., Zhang, J., Li, Y. (2006). Shape‐dependent catalytic activity of silver 

nanoparticles for the oxidation of styrene. Chemistry–An Asian Journal, 1, 888-893. 

Yahya, R. T., Al-Salih, H. S. (2014). Uptake of Zinc Nanoparticles by Prosopisfarcta L. 

Plants Callus Cultures. Journal of Engineering &Technology, 32,3. 

Ye, L., Yong, K. T., Liu, L., Roy, I., Hu, R., Zhu, J., Cai, H., Law, W.C., Liu, J., Wang, K., 

Liu, J., (2012). A pilot study in non-human primates shows no adverse response to 

intravenous injection of quantum dots. Nature nanotechnology, 7, 453-458. 



Chapter 6  References 

67 
 

Yu, G., Gao, J., Hummelen, J. C., Wudl, F., Heeger, A. J. (1995). Polymer photovoltaic cells: 

enhanced efficiencies via a network of internal donor-acceptor heterojunctions. Science-

AAAS-Weekly Paper Edition, 270, 1789-1790. 

Zhang L, Webster TJ. (2009). Nanotechnology and nanomaterials: 5. promises for improved 

tissue regeneration. Nano Today. 2009, 66-80.  

Zhang, L., Fang, M. (2010). Nanomaterials in pollution trace detection and environmental 

improvement. Nano Today, 5, 128-142. 

Zheng, W., Wang, S. Y. (2001). Antioxidant activity and phenolic compounds in selected 

herbs. Journal of Agricultural and Food chemistry, 49, 5165-5170.



  Appendix 

 
 

Appendix 

Table 1: Phytochemical screening and antioxidant activity of shoot and root extracts of T. 

foenum-graecum L. treated with CuONPs 

 

Table 2: Phytochemical screening and antioxidant activity of stem explant of T. foenum-

graecum L. treated with CuONPs 

Sample ID (mg/L)
Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root

50 0.048 0.112 0.097 0.347 0.652 1.543 0.873 2.147 43.26 51.28
100 0.060 0.111 0.121 0.314 0.611 1.456 0.903 1.612 50.37 39.39
200 0.053 0.024 0.105 0.300 0.559 1.400 0.670 1.570 46.90 37.30
400 0.046 0.109 0.078 0.260 0.264 1.360 0.340 1.350 29.37 36.58

0.50% 0.046 0.052 0.185 0.213 1.273 0.828 1.456 1.560 8.20 24.64
1% 0.118 0.307 0.337 0.326 2.214 1.447 1.977 1.780 59.99 71.14

Control 0 0.038 0.058 0.172 0.134 0.958 0.638 1.550 1.430 36.20 36.65
Sample ID (mg/L)

Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root
50 0.068 0.353 0.150 1.315 0.543 3.834 0.924 2.845 64.54 31.82

100 0.073 0.162 0.233 1.423 1.079 4.334 1.349 4.051 12.29 28.20
200 0.056 0.415 0.210 1.626 0.831 5.752 0.632 4.284 32.50 24.93
400 0.028 0.288 0.058 1.106 0.343 3.080 0.567 3.670 23.22 36.77

10 0.084 0.795 0.134 1.758 0.873 4.563 0.998 3.540 49.91 33.00
20 0.058 1.320 0.130 2.105 0.619 4.145 0.673 3.260 32.44 38.00
40 0.109 0.340 0.170 2.200 0.579 3.987 1.207 3.010 39.67 29.50
80 0.035 0.302 0.097 0.530 0.436 3.776 0.438 2.670 60.10 25.60

Control 0 0.038 0.058 0.172 0.134 0.958 0.638 0.980 0.654 36.20 36.65

Sample ID (mg/L)
Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root

50 0.073 0.075 0.198 0.026 0.959 0.760 0.692 33.41 24.82
100 0.068 0.182 0.134 0.767 0.618 2.253 0.779 50.31 70.00
200 0.033 0.298 0.174 0.507 0.987 2.013 1.346 36.71 19.98
400 0.055 0.131 0.142 0.672 0.908 14.11 35.2

10 0.028 0.265 0.070 0.262 17.07 30
20 0.056 0.827 0.135 2.938 0.666 9.748 1.223 23.350 12.24 40.00
40 0.044 0.211 0.108 0.534 0.598 1.943 1.048 2.791 51.45 39.61
80 0.325 1.738 0.621 3.400 3.461 18.355 4.420 30.435 55.38 68.92

Control 0 0.038 0.058 0.172 0.134 0.958 0.638 1.550 1.430 36.20 32.00

CuONP-PVP (mg/L)

PVP (mg/L)

CuONP   (mg/L)

Cu-acetate 

CuONP-PEG (mg/L)

PEG (mg/L)

TFC (µg QE/mg FW) TPC (µg GAE/mg FW) TAC (µg AAE/mg FW) TRP (µg AAE/mg FW) DPPH (% inhibition)

TFC (µg QE/mg FW) TPC (µg GAE/mg FW) TAC (µg AAE/mg FW) TRP (µg AAE/mg FW) DPPH (% inhibition)

TFC (µg QE/mg FW) TPC (µg GAE/mg FW) TAC (µg AAE/mg FW) TRP (µg AAE/mg FW) DPPH (% inhibition)
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Table 3: Phytochemical screening and antioxidant activity of leaf explant of T. foenum-

graecum L. treated with CuONPs 

 

 

 

 

 

 

 

 

 

 

Control
2.5 5 10 2.5 5 10 2.5 5 10 0

TFC (µg QE/mg DW) 2.80 3.03 2.82 3.12 2.56 1.65 3.51 3.83 3.88 2.35
TPC (µg GAE/mg DW) 3.20 4.00 3.33 3.99 3.19 2.11 3.98 4.01 3.96 2.64
TAC (µg AAE/mg DW) 3.67 5.26 4.37 5.24 5.94 4.33 4.19 6.45 6.53 7.18
TRP (µg AAE/mg DW) 5.94 7.73 9.45 9.60 7.93 6.49 8.23 10.35 10.55 9.00
DPPH (% inhibition) 40.54 43.86 35.94 38.27 56.39 42.33 44.41 55.00 56.00 56.24

CuONP (mg/L) CuONP-PEG (mg/L) CuONP-PVP (mg/L)

Control
2.5 5 10 2.5 5 10 2.5 5 10 0

TFC (µg QE/mg DW) 2.78 3.07 3.14 2.64 1.75 2.02 3.20 3.58 3.46 3.45
TPC (µg GAE/mg DW) 3.00 2.55 3.03 3.50 3.03 2.60 2.26 3.13 3.47 3.50
TAC (µg AAE/mg DW) 5.64 9.51 7.59 9.91 7.25 5.99 3.36 6.48 6.5 8.15
TRP (µg AAE/mg DW) 10.31 7.25 5.38 9.72 8.22 8.10 9.24 7.55 7.65 8.22
DPPH (% inhibition) 48.07 53.81 39.90 69.11 72.87 58.66 46.19 59.26 60 58.00

CuONP (mg/L) CuONP-PEG (mg/L) CuONP-PVP (mg/L)
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CuONPs and it was 100%. But shoot and root growth of fenugreek varied with concentration of
nanoparticles. Maximum shoot growth was found 7.7cm in plantlets treated with CuONP at 50mg/L as
compared to control 7.2cm but elongation was evidently inhibited as concentration of CuONPs increased.
Whereas as root elongation was found to be maximum in CuONP-PEG 50mg/L, 6.8 cm as compared to
control 4.1cm but root elongation was inhibited as the concentration increased indicating toxicity in roots.
In a parallel experiment, Cu-acetate salt solution have shown 100% seed germination but it restricted root
and shoot elongation. Phytochemical screening of shoot and root extracts was also carried out showing
maximum flavonoid and phenolic contents in Cu-acetate treated plantlets as compared to CuONP and
control with maximum radical scavenging DPPH and antioxidant activity. PEG and PVP treated plantlets
accumulated more flavonoid and phenolic contents as compared to CuONP-PEG, CuONP-PVP and
control, indicating more secondary metabolite production due to osmotic stress. But radical scavenging
activity was higher in CuONP-PEG, 50mg/L and CuONP-PVP, 100 mg/L as compared to PEG, PVP and
control. Callus was induced from stem and leaf explants of T. foenum graecum L. treated with
CuONP,CuONP-PEG and CuONP-PVP. Maximum fresh and dry weight was found to be in control i.e.
stem explant; 1.65g and 0.10g and leaf explant; 1.33g and 0.09g after 30 days as compared to explants
treated with nanoparticles. Phytochemical screening of callus extracts derived from leaf and stem explants
have shown more flavonoid and phenolic contents accumulation in CuONP-PVP treated explants as well
as antioxidant activity. Therefore, these results indicate that copper oxide nanoparticles affect the growth of
seedling of fenugreek depending on size, concentration as well as species of the plant without inhibiting
seed germination. Chapter 1 INTRODUCTION Nanotechnology represents an area with significant wide
range of applications including food processing, wastewater treatment, biomedical products, healthcare,
diagnostics and pharmaceuticals, as well as environmental, energy and material sciences. Therefore,
nanotechnology has become a dynamic developing industry and it is also estimated that 15% of all
products worldwide would have incorporated nanotechnology within their production processes via 2014
(Remedios

39et al., 2012; Aslani et al., 2014; Nhan et al.,

2015) Nanoparticles are characterized by the materials with at least one dimension less than 100nm and
large surface area (Burklew et al., 2012). The small size of nanomaterials confers unique properties such
as electrical conductivity, toughness and optical features. Due to these distinctive features, nanoparticles
are increasingly been employed in industry and daily life by advancing the everyday materials and
processes. (Remedios et al., 2012) Nanoparticles (NPs) have also been used in agriculture as
nanofertilizers to enhance plant growth and development in more effective way than applied fertilizers that
are unable to reach plant due to leaching, hydrolysis and decomposition. These nanofertilizers also protect
against biotic stresses for instance insect, fungi and bacteria. Hence nanofertilizers reduce the loss in
fertilization and increase crop yielding through certain properties than are effective for crop plants. (Ma et
al., 2009; Nhan et al., 2015; Siddique et al., 2015) Nanoparticles interact with plants causing many
morphological and physiological changes, depending on the properties of NPs. Efficacy of NPs is
determined by their chemical composition, size, surface covering, reactivity, and most importantly the dose
at which they are effective (Khodakovskaya et al., 2012). There are large number studies have been done
showing both beneficial and negative effects on plant growth and development (Monica and Cremonini,
2009). Many studies have proved that zinc oxide NPs (ZnONPs) in peanut, soyabean, wheat and onion at
low concentrations exhibiting beneficial effect on germination of seed (Prasad

39et al., 2012; Sedghi et al., 2013; Ramesh et al., 2014; Raskar and Laware, 2014)

. Carbon nanotubes have also gained importance due to unique properties in plant development by
influencing the seed germination in various studies (Villagarcia et al., 2012; Tiwari et al., 2014). Silver
nanoparticles have great impact on plant growth. A study was carried out to check the effect of biologically
synthesized AgNPs on Bacopa monnieri, and results have revealed

15a significant effect on seed germination and induced the
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15synthesis of protein and carbohydrate and decreased the total phenol

contents and catalase and peroxidase activities (Krishnaraj et al., 2012).

In another study, the effects of nanoscale titanium oxide (TiO2) and silicon oxide (SiO2) on Soyabean
plant were observed and these NPs improved the activity of nitrate reductase in Soyabean, and
germination and growth was apparently accelerated (Lu et al., 2002). Nanoparticles also elicit the
production of secondary metabolites that are produced by plants under stress conditions and these are
bioactive compounds play important role in host immune system. Aloe vera L. is of the important medicinal
plant due to its secondary metabolites, is treated with TiO2 NPs and AgNPs to increase the production of
secondary metabolites and it was concluded that NPs elicit the production of aloin in Aloe vera. (Mona et
al., 2014) Copper oxide nanoparticles (CuONPs) have gained special attention due to its simplicity and
various physical properties including superconductivity, electron correlation effects, and spin dynamics.
CuONPs are progressively

52used in various applications such as in catalysis, batteries, gas sensors,

heat transfer fluids,

and solar energy (Maqusood et al., 2014).

54CuO crystal structures possess a narrowband gap, giving useful

photocatalytic and photovoltaic properties

(Chang et al., 2012). Although nanotechnology have huge number of beneficial applications, but
technology always comes with a price i.e. there are environmental and healthcare concerns related to
nanoparticles (Maynard et al., 2006). Nanoparticles enter into the environment by intentional or
unintentional means including waste streams from manufacture facilities, volcanic emissions, industrial
processes and transportation (Klaine et al., 2008; Dutschk et al., 2014). Toxicity studies of NPs have been
carried out aiming on biological and ecological effects but there are still gaps due to lack of knowledge
release rates into the environment (Hansen et al., 2008). NPs kill pathogenic bacteria effectively but on the
other hand they have deleterious effects on helpful microbes in the environment such as plant growth
promoting microbes, pollutants degrading and element cycling. Industrial wastes with NPs move into
waters thus polluting oceans by accumulating on the surface of oceans and pose risk to marine life, birds
and mammals (Kennedy et al., 2004; Nowack and Bucheli, 2007).

1Fenugreek is one of the oldest plants in

the world, commonly known as “methi”.

45It is a self- pollinating, leguminous crop native to the Indian subcontinent

and the Eastern Mediterranean region.

Nearly 260 different varieties of fenugreek were suggested by Linnaeus but

5only 18 species of fenugreek have been traced.

It is currently widely cultivated in central Asia, central

35Europe, northern Africa, North America and parts of Australia,
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with India being the leading fenugreek producer in the world. (Vani et al., 2014)

5Most popular species of this genus is Trigonella foenum-graecum

L. Trigonella, is a Latin word meaning “little triangle”, due to the triangular shape of its flowers and
“foenum-graecum” stands for “Greek hay” which refers to its use as forage crop. It is also known as ‘ox
horn’ or ‘goat horn’ because its two seed pods project in opposite directions from the nodes of the stem
base and resemble an ox or goat horns. It is grown mainly as a spice crop (Morcos et al., 1981; Patil et al.,
1997). Fenugreek plant exhibits antioxidant activity. It

43is due to the presence of certain phytochemicals in the plant including

vitamins, flavonoids, terpenoids, carotenoids, cumarins, curcumins, lignin,

saponins etc.

Different studies have proved that fenugreek extracts have scavenging activity against free hydroxyl
radicals that are associated with diseases like diabetes mellitus, atherosclerosis, cataract, rheumatism, and
other auto immune diseases. Studies have also shown anti-bacterial activity possessed by fenugreek.
Extracts of fenugreek have shown to inhibit different bacterial species;

25Pseudomonas spp., E. coli, Shigella dysentiriae, Saccharomyces bayanus

and Salmonella typhi.

(Akbari et al., 2012) Objectives of the study

20Objectives of this study were; 1. To evaluate the effect of

copper oxide nanoparticles in different concentrations on seed germination, root and shoot elongation as
well as on callus of Trigonella foenum graecum L. 2. To determine the antioxidant activity Chapter 2
Review of Literature Nanotechnology is a developing field with a great potential to make new products
incorporating distinctive properties and improving the products for various applications. There are many
products of nanotechnology that are already

34Many nanotechnology-based products are already available in the market,

including sporting goods, electronics, personal care, and automotive parts

(Kang, 2010).

It was estimated by 2010, $11 trillion market will be represented by nanotechnology (Pitkethly, 2003).
According to another estimate the product sale incorporating nanotechnology will rise from

31<0.1% of global manufacturing output in 2004 to 15% in 2014, totaling $2.6

trillion (Lux research 2004).

The term nanotechnology is a combination of two words; “nano” is a Greek word denoting a billionth and
the word technology. Therefore nano scaled particles are considered to be the one with size less than
100nm at least one dimension (Bhushan, 2004; Sattler, 2010). This extremely small size of NPs, confers
unique physical and chemical properties that results in higher reactivity with large surface area, making
NPs feasible to utilize in a huge number of products for example
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17paints, cosmetics, medicines, food and suntan lotions, as well as

applications which directly release NPs into the environment, such as

remediation of polluted environments (Aitken et al., 2006).

Classification of Nanoparticles Nanoparticles are classified into following three types: i. Natural NPs;

3Natural nanoparticles have existed from the beginning of the earth’ history

and still occur in the environment (volcanic dust, lunar dust, mineral

composites) ii. Incidental NPs; also defined as waste or anthropogenic

particles, take place as the result of manmade industrial processes (diesel

exhaust, coal combustion, welding fumes, etc.) iii. Engineered NPs; are

further grouped into four categories; a) carbon based NPs which include

fullerene, single walled carbon nanotube (SWCNT) and multiwalled carbon

nanotubes (MWCNT); b) metal based NPs including quantum dots, nanogold,

nanozinc, nanoaluminum and nanoscales metal oxides like TiO2, ZnO and

Al2O3; c) dendrimers

are nano-sized polymers built from branched units, which are capable to be designed to perform specific
chemical function; d) composites which combine nanoparticles with other nanoparticles or with larger bulk-
type materials (Lin and Xing, 2007) and present different morphologies such as spheres, tubes, rods and
prisms (Yu-Nam and Lead, 2008). Engineered NPs have gained a lot of importance due to their wide
range of applications in industry and improving the economy sectors such as

63consumer products, pharmaceutics, cosmetics, transportation, energy

and agriculture etc. (Roco, 2003; Novak and

Bucheli, 2007). Metal nanoparticles (MNPs) belong to the category of engineered NPs, have been in focus

28due to their unique features such as electronic, optical, mechanical,

magnetic and chemical properties that can be significantly different from

those of bulk materials (Boddu et al.,

2011). Metal NPs are synthesized employing various methods that confer different properties for desired
purposes. Mostly methods that are used for synthesis of metal NPs are sol-gel, hydrosol/magnetic fluid,
vacuum deposition and ball milling method (Lue, 2007). Applications The process of nanotechnology began
with the

7generation, manipulation, and deployment of nanomaterials, representing an

area holding significant promise for a wide range of applications.

Nanotechnology has become a dynamically developing industry, with

multiple applications in energy, materials, computer chips, manufacturing,

health care, and medical diagnosis

(Safari and Zarnegar, 2014; Neto, 2014; Dutschk et al., 2014). Diagnostics and Therapeutics

6Nanotechnology is an interdisciplinary field integrating engineering,

chemistry, biology and medicine, thus making it useful
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for diagnostic and therapeutic purposes. It has been successfully used not only the diagnosis of cancer but
also to treat cancer by using it as a drug delivery vehicle (Larouia et al., 2013). Recent advances have
shown that NPs have bioaffinity property making it a probe

6for molecular and cellular imaging, targeted NP drugs for cancer therapy,

and integrated nano devices for early screening and detection of cancer.

These developments offer exciting opportunities for the development of

personalized therapy, in which the molecular profiles of an individual’s

genetic and protein biomarkers may be used to diagnose and treat the

patient’s cancer

(Cai et al., 2008). Nanometrology Nanometrology deals with the

36measurement of functionally important, mostly dimensional parameters

and components with at least one critical dimension which is smaller<100

nm.

Success in nanomanufacturing of devices will rely on new nanometrologies needed to measure basic
materials properties including their sensitivities to environmental conditions and their variations, to control
the nanofabrication processes and materials functionalities, and to explore failure mechanisms (Nomura et
al., 2004). Nano and Energy Energy comes highest on the list of priorities in human needs (Ghoniem,
2011). World’s

40primary energy demand will increase by 36% between 2008 and 2035

according to International Energy Agency

(IEA). Due to carbon dioxide emission and climate changes that are influencing life and health, renewable
energy resources needs to play vital role in developing more reliable and sustainable energy path. Solar
energy is the most abundant, infinite and pure renewable energy source to date and it can be harnessed
using photovoltaic cells. Although inorganic semiconductors including silicon, gallium arsenide and sulfide
salts are primarily used but organic materials with nanostructures are more advantageous because of low
cost and large scale manufacturing processes (Yu et al., 1995; Forrest, 2004). Nanoparticles and
Agriculture Engineered NPs act as a smart tool

50for the efficient delivery of fertilizers, herbicides, pesticides and plant

growth regulators etc.

(Johnston, 2010; Ditta, 2012). Applications of NPs has influenced the earlier plant germination as well as
enhanced the yield of plants for food, fuel, and other uses (figure). Nanoparticles have been employed in
numerous researches to show crop improvement. Carbon nanotubes (CNT) have increased the seed
germination in tomato (Khodakovskaya, 2009). Other than CNT, metal nanoparticles including gold (Au),
silver (Ag), copper (Cu), zinc (Zn), aluminum (Al), silica (Si), zinc oxide (ZnO), cesium oxide (Ce2O3),
titanium dioxide (TiO2) and magnetized iron (Fe) have also found to improve crop yield (Zhang and
Webster, 2008). Figure 2.1: Applications of engineered nanoparticles in agriculture (Aslani et al., 2014) In a
study effect of Au-NPs on Brassica juncea was checked at different concentrations and it was found that
Au-NPs decreased overall growth of plant but increased the free radical stress supporting increase in
biomarker antioxidative enzymes, proline and hydrogenperoxide (Gunjan et al., 2014). In another study
zinc and silver nanoparticles were employed on two important crops; Zea mays L. and Brassica oleracea
var. capitata L. and both plants showed lower nanoparticle toxicity as compared to the free ions (Pokhrel
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and Dubey, 2013). Copper (Cu) is an essential nutrient for the growth of plants and

29plays an important role in the photosynthetic reactions.

Copper

29activates several enzymes and contributes in RNA synthesis and improve

the performance of photosystems.

But at higher level of Cu, seed germination and plant growth may be adversely affected. Both soybean and
chickpea are sensitive to Cu. Copper oxide NPs (CuONPs),

11one of the major and frequently used engineered oxide NPs with

significant industrial applications

like catalyst, superconducting materials, thermoelectric materials, sensing materials, glass, ceramics etc.

11Thus significant industrial production and applications of

CuO

11NPs may lead to environmental exposure. The

11acquired results reflect the toxicity of

engineered nano particles

11to bacteria, nematodes, and other organisms.

26Studies on the toxicity of nano materials are still emerging and basically

evidence several negative effects on growth and development of plants

(Adhikari et al.,

2012). CuNPs at various concentrations have been shown to improve the growth and yield of wheat as
compared to control by improving chlorophyll content, leaf area, number of spikes and number of grains
when applied to soil pots (Hafeez et al., 2015). Nanotoxicology Increased production of NPs has raised the
concern of its negative impact on the environment and interaction with the living organisms (Ye et al.,
2012; Lok and Pokhrel, 2014). NPs enter living systems

42through intentional and unintentional releases such as solid/liquid waste

streams from manufacture facilities and atmospheric emissions

Nanomaterials can come into contact with living organisms via multiple routes (Figure), such as
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7incidental release, direct release from industrial products or processes, as

well as commercial products during intended uses that in turn enter the

sewer-to-wastewater treatment plants

(Grieger et al., 2009; Zhang and Fang, 2010). Figure 2.2: Nanomaterials in living systems Fenugreek
(Trigonella-foenum gracecum L.)

53Fenugreek (Trigonella foenum-graecum L.) is one of the oldest medicinal

plants

commonly known as “methi”, cultivated all over the world (Passano, 1995; Basch et al., 2003). Fenugreek
has been used as both food and medicine since ancient times in different regions of the world. This crop is
native to Indian subcontinent and Eastern Mediterranean region but also cultivated in central Asia, central

35Europe, northern Africa, North America and parts of Australia

(Petropoulos, 2002). T. foenum graecum L. is annual dicotyledonous herb belonging to family
Leguminosae (Table 1) and its main producers are India, Pakistan, Bangladesh, Iran, Nepal, Egypt,
Morocco, China, France, Spain, Turkey and Argentina (Basu et al., 2004; Sheikhlar, 2013). Its height is up
to 60cm. The characteristic features of this plant are trifoliate leaves, white flowers of triangular shape and
roots bearing conspicuous root nodules (Figure 1). Its seeds are of sickle pod shape and are of brown
color with 3×4mm in dimensions (Morton, 1990; Acharya et al., 2006). Figure 2.3: Fenugreek (T.foenum
graecum L.) plant (Akbari et al., 2103) Table 1: Classification of fenugreek (T.foenum graecum L.) plant

5Kingdom Plantae Phylum Anthophyta Class Dicotyledonae Order Fabales

Family Fabaceae Genus Trigonella Species Trigonella foenum graecum

Binomial name Trigonella foenum graecum L. Active Compounds Fenugreek

5has also been used as a medicinal plant since

ancient times. The active constituents of fenugreek seed consist of carbohydrates (45-60%), proteins (20-
30%) and lipids (5-10%). The carbohyrdates mainly contains galactomanans (mucilaginous fiber) that helps
in decreasing the consumption

5of glucose and other calorie rich foods, thus plays an effective role to control

blood glucose levels in diabetic patients.

Glycosides produce steroidal sapogenins through hydrolysis (diosgenin, yamogenin, tigogenin,
neotigogenin) that aid in the production of synthetic sex steroids as well as used in the treatment of
hypercholesterolemia. Other chemical compunds that are produced include spirostanol saponins,

5triterpenoids, trigonelline, flavonoids (e.g. atroside, quercetin, etc.)

with presumed therapeutic effects. Apart from these pharmacological effects leaf extracts of fenugreek are
used to treat Pediculus humanus capitis (head lice) in human beings (Al Asadi, 2014). Figure 2.4:
Galactomanan Figure 2.5: Diosgenin Medicinal Importance Fenugreek is a medicinal plant and it has
therapeutic effects against various diseases like
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57atherosclerosis, rheumatism, sugar lowering, blood lipids lowering and

appetizer. It also contain antioxidant activity

(Akbari et al., 2012). Hypoglycemic effects Hypoglycemia refers to abnormal decrease in the blood sugar
level in human body (Meghwal and Goswami, 2012). The seeds of fenugreek stimulate the glucose
dependent insulin secretion from pancreatic beta cells thereby, exerting hypoglycemic effects in humans. It
also inhibits the activity of two intestinal enzymes, alpha amylase and sucrase involved in metabolism of
carbohydrate (Amin et al., 1987; Ajabnoor and Tilmisany, 1988). Hypocholesterolemic activity
Hypocholesterolemia is condition with abnormal deficiency of cholesterol level in blood. In a study it has
been shown that administration of fenugreek seed extracts lower the

46serum cholesterol, triglyceride and low-density lipoprotein in

hypercholesterolemia suffering patients and experimental models

(Singhal et al., 1982). It also reduces accumulation of triglyceride in the liver without interfering with plasma
insulin in rats suffering obesity (Basch et al., 2003). Gastroprotective effect Fenugreek is effective against
gastric ulcer and it is used for this purpose since old times. In a study

1ulcer protective effect of fenugreek seed was compared to omeprazole on

ethanol-induced gastric ulcer in rats and

1seeds showed significant ulcer protective effects compared to those on

omeprazole. Scientists have discovered that seeds of

fenugreek has cytoprotective effect

1due to the anti-secretory action and to the effects on mucosal

glycoproteins

(Pandian et al., 2002). Antimicrobial activity Antimicrobial activity of plant extracts is due to variety of
compounds including aldehyde and phenolics. Antibacterial effects of fenugreek have been reported in
numerous studies. Researhers

1reported strong activity of T. foenum-graecum against 26 bacterial

pathogens

(Omolosa and Vagi, 2001). In another study

1a high antimicrobial activity against peptic ulcer-linked Helicobacter pylori

in the fenugreek sprout extract

was observed (Randhir et al., 2004).

41Phenolic-type antimicrobial agents have long been used for their

antiseptic, disinfectant, or preservative properties (Hugo and
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Bloomfield, 1971). Methanol

25extract of fenugreek and coriander have shown increased antimicrobial

activity against Pseudomonas spp., Escherichia coli, Shigella dysentiriae and

Salmonella typhi

(Dash et al., 2011).

1Fatty oil of fenugreek seeds showed very significant antimycotic activity

against Aspergillus niger and A. fumigates

(Wagh et al., 2007). Tissue culture studies of T. foenum graecum L.

8Plant tissue cultures provide propagation of plants which are rare or

economically important and can be used to induce quantitative and

qualitative modifications on the production of plant secondary metabolites

by changing nutrient and hormonal media culture conditions (Collin, 2001).

Plant tissue cultures, is an important tool to understand physiological, biochemical, and morphological
reactions taking place in cell under controlled conditions to specified factors in order to gain insight into the
intact plant life to its natural environment (Neuman et al., 2009).Fenugreek is an important medicinal plant
producing several secondary metabolites that help in treating various disease conditions thus several
studies have been conducted for the production of secondary metabolites from cell suspension cultures,
callus and protoplast culture as well as organogenesis and genetic transformation. In 1945, Cerdon et al.
carried out first tissue culture on fenugreek to evaluate the effects of diniconazole (broad spectrum triazole-
type fungicide) on cell suspension cultures of fenugreek and found that cell growth decreased by addition
of fungicide as compared to control after 21 days.. Trisonthi et al. (1980) found effects of mevalonic acid
on steroidal sapogenins synthesis in suspension cultures of fenugreek tissue and it should positive
promoting effects. In another study cultures treated with nicotinic acid had increased trigonelline
concentration (37%) (Ramesh et al., 2010). Leguminous plants produce medicarpin,

12in response to biotic or abiotic elicitation from either their glycosidic

conjugate pools or by de novo synthesis.

Seedlings of fenugreek were treated with CuCl2 to find out the origin of isoflavonoid pterocarpans, like
medicarpin, medicarpin

12in response to copper elicitation. Accumulation of

12isoflavonoid aglycones and their glycosides were measured by using High

Performance Liquid Chromatograpghy (HPLC) and their results

showed the clear relationship between copper and de novo synthesis of medicarpin (Tsiri et al., 2009).
Callus Culture Plants can be regenerated through micropropagation, in vitro culture techniques including
callus culture from shoot tips and axillary bud explants. Callus is an unorganized mass of cells or tissue
derived from explants with the help of plant

4growth regulators. Plant regeneration from calli is possible by de novo
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organogenesis or somatic embryogenesis. Callus cultures also facilitate the

amplification of limiting plant material. In addition, plant regeneration from

calli permits the isolation of rare somaclonal variants which result either

from an existing genetic variability in somatic cells or from the induction of

mutations, chromosome aberrations, and epigenetic changes by the in vitro

applied environmental stimuli, including growth factors added to the

cultured cells

(Larkin and Scowcraft, 1981; Flick et al., 1983; Raghavan, 1986). Callus cultures of

44T. foenum graecum L. in the presence of Adenosine triphosphate (ATP and

MgCl2 have showed

10conversion of nicotinic acid and S. adenosylmethionine into trigonelline

103 to 4 times higher than seeds and 12- 13 times higher than

root and shoot cultures and successive stable subculturing was also obtained (Joshi and Handler, 1960).
Khanna and Jain (1975), induced higher steroidal contents from callus culture compared to seeds and
produced diosgenin,

10gitogenin and tigogenin with other sterols

of spirostane derivatives on agar solidified MS medium containing 1 mg/l 2, 4-D. They noted that six week
old cultures were more prone to the

10production of diosgenin, gitogenin and tigogenin, other sterols,

high growth index and the total steroidal content compared to the seeds. Effect of Polyethylene glycol
(PEG) and Polyvinylpyrrolidone (PVP) on Plants Plants continue to grow and develop under variable
environment and adapt to the conditions. Water deficiency can result into limited growth of plant often. It
affects the shoot growth more than the root. Actually

13even under mild water deficit shoots may stop growing completely while

roots continue to grow. Continued root growth allows the plant to plumb the

soil for water and can be especially important for seedling establishment

(Corine et al., 2000). Polyethylene glycol is often used to induce drought stress in seed germination
studies and also influence growth of plant negatively as the concentration of PEG increases by reducing
the oxygen availability (Hardegree and Emmerich, 1994).

22Polyvinylpyrrolidone (PVP), is a versatile polymer, water soluble with

excellent colloidal, stabilizing and complexing properties, being at the same

time metabolic and physiologically inert (Magnunsan et al., 1996).
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Previous studies have shown that PVP has positive effect on plant growth at various concentrations.
Phytochemical Assays Total flavonoid and phenolic content Flavonoids and phenolics are important
compounds of T. foenum graecum L. and they accumulate at different stages of growth.

2Dietary flavonoids are usually glycosylated and can be classified as

anthocyanidins, flavanols (catechins), flavones, flavanones, and flavonols

which responsible for the orange, red and blue colors in fruits and

vegetables (Merken and Beecher, 2000). Traditionally, deep colored fruits,

vegetables or foods are recognized as more healthy to human body,

especially in the oriental countries. There has been a growing interest in

pigment components of fruits and vegetables, which may promote human

health or lower the risk for disease

(Lin and Tang, 2006). Total antioxidant capacity Antioxidants are present naturally in plants as well as
supplements are also available. Antioxidants of natural origin have benefits over synthetic because they do
not

37side effects while synthetic were found to have genotoxic effects (Chen et

al., 1992; Kahl and Kappus, 1993;

Zheng and Wang, 2001; Rohman et al., 2010). Hence determination of

38biological activity and chemical composition of medicinal plants as a

potential source of natural antioxidants are numerous.

Generation of excessive reactive oxygen species (ROS) lead to the oxidative stress which plays an
important

30role in development of development of chronic and degenerative ailments

such as cancer, autoimmune disorders, rheumatoid arthritis, aging,

cardiovascular and neurodegenerative diseases. (Mandal et al.,

2009; Ebrahimzadeh et al., 2010). Antioxidants inhibit and scavenge radicals and protecting against
infections and degenerative diseases. Chapter 3 MATERIALS AND METHODS Nanoparticles Copper
oxide nanoparticles (CuONPs) were used

15to evaluate the effect of these nanoparticles on seed germination

frequency as well as for biochemical screening of Trigonella foenum graecum L. in the experiment. Three
types of CuONPs were tested; simple CuONPs and two others were capped with PEG and PVP (CuONP-
PEG and CuONP-PVP) respectively. The NPs were provided by Miss Rabia Javed, PhD

51scholar at Department of Biotechnology Quaid I Azam University Islamabad.

The NPs were synthesized by chemical method in

Plant Transformation Laboratory while characterization including
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62X-ray diffraction, UV-visible spectroscopy and Fourier transform infrared

spectroscopy

(FTIR) was performed at Physics Department and Microbiology Department Quaid I Azam University
Islamabad. The size of all NPs that are employed was <50nm (Table 3.1). Table 3.1: Size of test
nanoparticles Sr. No. Nanoparticles Size 1 CuONP 2 CuONP-PEG 3 CuONP-PVP 46nm 47nm 40nm
Preparation of Nanoparticles, Salt, PEG and PVP Dilutions The test NPs

24were suspended directly in distilled water and dispersed by ultrasonic

vibration (100W, 40 kHz) for 30 min.

Different doses of NP suspensions 50, 100, 200 and 400 mg/L, were prepared for the seed germination
experiment. PEG and PVP solutions were also prepared with concentrations; 10, 20, 40 and 80 mg/L.
Along with these, salt solutions of copper acetate, 0.5 and 1% were also prepared.

59Plant material Seeds of Trigonella foenum graecum L. were purchased

from

National Agricultural Research Centre (NARC). Seeds were identified and authenticated by the Medicinal
and Aromatic plants Research Institute, NARC. Selection of the seeds was based on ethno botanical,
traditional medicinal importance and least exploration. Seeds were cleaned, freed from dust and foreign
material and then kept in dark and dry place before use. Seed Germination Media was prepared for the
germination of seeds containing 2.2g/L (half-strength) of Murashige and Skoog medium (MS0), 3%
sucrose and 0.44% gellan.

61In order to study the effect of CuO NPs on seed germination, solutions of

nanoparticles were

also added after sonication to the medium at concentrations 0 (control), 50, 100, 200 and 400mg/L in
duplicates. Solutions of PEG and PVP, 10, 20, 40 and 80mg/L. into the media. In addition to these, media
was also supplemented with solutions of Cu-acetate, 0.5 and 1%. The

8pH of media was adjusted to 5.7 and then plugged with

cotton buds followed by aluminum foil cover to seal the flasks. Media was autoclaved at 121°C for 20
minutes. Seeds were immersed in freshly prepared 0.1% mercuric chloride solution for 3-4 minutes for
surface sterilization. Subsequently washed with distilled water thrice. Five seeds per flask (100ml)
containing 25ml medium were inoculated, sealed and shifted to growth room. The temperature of growth
room was maintained at 25°C with 16 hours of photoperiod. Seed Germination Parameters Percentage
germination frequency Final percentage (%) germination was calculated after five days using formula;

64      (%) =     × 100

16Rate of germination (RG)   = ∑ / Where; N= daily increase in seedling

number D= number of days from seed placement

Mean period of final germination (MPFG)      = ∑()/
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16Where; N= daily increase in seedling number D= number of days from

seed placement

S= total number of seeds germinated Germination index (GI)   () = %    %   Percentage inhibition (%)  %   
h (%) = 1 − { %  } × 100 Seedling growth parameters Length of root and shoot After 5 days of inoculation
plantlets were separated from the medium. Root and shoot lengths of plantlets were measured using a
ruler in centimeter (cm) and average was taken. Fresh and dry weight Five seedlings were taken from
each flask after 5 days and their fresh weight was recorded using analytical weighing balance and average
fresh weight was calculated For dry weight plantlets were dried in open air for overnight time period and
then weighed. Callus Induction For callus induction, seeds of Trigonella foenum graecum L. were
germinated and plantlets were collected grown over a period of 10 days under controlled conditions on
MS0 media. Callus was initiated by cutting stem of a plantlet into pieces of 8mm ±1mm as well as leaf was
also cut into size of 5mm ±1 using a sterilized scalpel. Later, two explants of stem and leaf each were
placed in separate flasks of 100ml containing 20ml MS media supplemented with 2mg/L 1-
Naphthaleneacetic acid (NAA),

480.5mg/L 2,4-Dichlorophenoxyacetic acid (2,4-D) and 0. 5mg /L 6-

benzylaminopurine (BA).

10In addition to plant growth regulators

(PGRs) CuONPs; CuONP, CuONP-PEG and CuONP-PVP were also added into the medium at
concentrations of 0 (control), 2.5mg/L, 5mg/L and 10mg/L in duplicates. The media was autoclaved prior to
induction at 121°C for 20 minutes. After inoculation the flasks were transferred to growth room where
temperature is maintained at 25°C with 16 hours of photoperiod. The calli generated after the time period
four weeks from both stem and leaf explant were collected and fresh weight was calculated using
analytical balance. The callus was then subjected to drying in a vacuum oven at 45°C and -0.06 Pa for
three days. After drying, callus was once again weighed and readings were noted. Biochemical Screening
of Fresh Weight Extract Extract preparation Fresh weight extract of shoot and root were prepared in
ethanol and air dried. Later 20mg/ml extracts were made in DMSO i.e. 20mg of the desired fresh weight
extract dissolved in 1ml of dimethyl sulfoxide (DMSO). Dry weight callus extracts were prepared at
concentration of 100mg/ml i.e. 100mg of the dry weight extract dissolved in 1ml of DMSO. Phytochemical
Screening Chemicals and apparatus Quercetin, Potassium acetate, Aluminium chloride, Folin–Ciocalteu
reagent, (Riedel-da Haen, Germany), Gallic acid, Methanol, 2, 2-diphenyl-1-picryhydrazyl (DPPH),
Ascorbic acid, Sulfuric acid, Ammonium molybdate, Sodium phosphate, Phosphate buffer (Riedel-de-Haen,
Germany),

58Potassium ferricyanide, Trichloroacetic acid (TCA), Ferric chloride and

Dimethyl sulfoxide (DMSO) were purchased from

Sigma (Sigma Aldrich, USA), Incubator IC83 (Yomato, Japan), 96 well plate (SPL life science, Korea),
Microplate reader (Biotek USA, Elx 800) and Micropipette (Sartorius, France).

19Determination of total flavonoids contents (TFC) Total flavonoid contents of

the test samples were

identified

10according to the method previously described by Almajano et al.,
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(2008). 20µL test sample, standard and blank were taken in to 96 well microplate, followed by adding 10μL
of aluminum chloride solution and then 10 μL of potassium acetate (1 M). 160µL of distilled was added to
attain final volume of 200 μL. The plate was then

49incubated for 30 min at room temperature. The absorbance was measured

by using microplate reader (Bioteck, USA) at

415

19nm. Determination of total phenolic contents (TPC) Total phenolic

contents of the test samples waere determined by using method described by

Astill et al.,

2001. 20µL of the test sample, positive control (gallic acid) and DMSO (negative control) were added to

2796 well microplate, followed by addition of 90µL of Folin-Ciocalteu

reagent and

27incubated for 5 minutes at room temperature. After incubation 90µL of sodium

carbonate was added into the

plate. Readings were taken at 630nm wavelength of microplate reader. Antioxidant Assays The antioxidant
capacities of

32the test samples were determined by

three

60assays; DPPH free radical scavenging assay, total antioxidant capacity

and reducing power.

32DPPH free radical scavenging assay The free radical scavenging activity

of the test samples

against 2, 2-diphenyl-1-picrylhydrazyl reagent (DPPH)

14was determined according to the protocol described by Clarke et al., 2013 In

a

96 well microplate, 10µL of test sample, standard (ascorbic acid) and blank were added. Then 190µL of
DPPH reagent was added and incubated for 1 hour at 37°C. Further readings were noted at 517nm
wavelength on microplate reader

56Total antioxidant capacity determination The total antioxidant capacity of
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the fresh weight extracts was determined by

Clarke et al., 2013. In appendorf tubes, 100µL of test sample, standard and blank was taken and mixed by
adding 900µL of antioxidant reagent. The

21tubes were then incubated at 95 °C for 90 minutes. After incubation the reaction

mixture was cooled to room temperature and 200µL of sample was

transferred to microplate. Optical density was measured at 630nm on microplate reader. Total

55reducing power determination The reducing power of the test samples was

investigated according to the

protocol described by Jafri et al. (2014). 100µL of test sample, positive control (ascorbic acid) and negative
control (DMSO) were taken and then 200µL of phosphate buffer

44was added, followed by addition of 250µL of 1%

potassium ferricyanide

14into the eppendorf tubes. The mixture was then incubated at 50°C for 20

minutes. After incubation, 200µL of 10% TCA was added. The reaction mixture

was centrifuged at 3000rpm for 10

minutes. Carefully supernatant layer, 150µL was picked and poured into microplate well and then 50µL of
0.1% ferric chloride was added. Readings were taken at 630nm using microplate reader.

33Statistical Analysis Each treatment was conducted in duplicate and the

results were presented as mean values with respective standard deviations.

Chapter 4 RESULTS Objectives of this were to determine the effect of CuONPs on seed germination
frequency of medicinally important plant Trigonella foenum graecum L. as well as on growth parameters
including shoot and root elongation. CuONPs were used as elicitors to predict either they increase or
decrease seed germination. Three different types of CuONPs were used to test the effect; CuONP,
CuONP-PEG and CuONP-PVP at four different concentrations. The data was collected on 5th day after
inoculation of seeds and it showed significant effect on seed germination frequency, root and shoot
elongation along with biochemical profile showing variations at different concentrations. Effect of CuONPs
on seed germination Seeds were germinated on four different concentrations of CuONP, CuONP-PEG and
CuONP- PVP i.e.50, 100, 200 and 400mg/L, PEG and PVP; 10, 20, 40 and 80mg/L, two different salt
concentrations of copper acetate (Cu-acetate); 0.5 and 1% and control 0 (simple MS medium). After 5
days of inoculation final germination percentage (%) was 100% in control, CuONP-PEG, PEG, PVP and
Cu-acetate at all concentrations. Whereas it was 90 and 80% in CuONP at concentrations 50, 100 and
400mg/L respectively and 100% at 200mg/L. Seed germination frequency of CuONP-PVP was 90% at 50
and 400mg/L while 100% at 100 and 200mg/L (Table 4.1). No significant difference was found on seed
germination frequency. Table 4.1: Seed germination frequency of Trigonella foenum graecum L. on
CuONPs Treatment Concentration Final RG MPFG Germination (mg/L) germination (%) index % inhibition
50 CuONP 100 200 400 90 1.8 80 1.6 100 2.0 80 1.6 0.5 0.9 0.5 0.8 0.5 1.0 0.5 0.8 10 20 0 20 CuONP-
PEG 50 100 200 400 100 2.0 0.5 1.0 0 100 2.0 0.5 1.0 0 100 2.0 0.5 1.0 0 100 2.0 0.5 1.0 0 CuONP-
PVP 50 100 200 400 90 100 100 90 1.8 2.0 2.0 1.8 0.5 0.5 0.5 0.5 0.9 1.0 1.0 0.9 10 0 0 10 100 2.0 0.5
1.0 0 100 2.0 0.5 1.0 0 100 2.0 0.5 1.0 0 10 PEG 20 40 80 100 2.0 0.5 1.0 0 10 PVP 20 40 80 90 1.8 100
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2.0 100 2.0 100 2.0 0.5 0.9 0.5 1.0 0.5 1.0 0.5 1.0 10 0 0 0 Cu-acetate 0.5% 1% 100 100 2.0 2.0 0.5 1.0 0
0.5 1.0 0 Control 0 100 2.0 0.5 1.0 0

9Root and Shoot Length Average root and shoot length of plantlets were

recorded after

5 days of inoculation on all the concentrations. In control average shoot length of plantlet was 7.2 cm and
root length 4.1 cm (Table 4.2). Maximum shoot length was found at CuONP, 50mg/L i.e. 7.7cm and
gradual decrease as the concentration of nanoparticles increased. Data has shown the significant
decrease in shoot length treated with Cu-acetate at 0.5%, 4.9cm and 1%, 4.3cm as well as significant
decrease in root length i.e. 2.3cm at 0.5% and 1.6cm at 1% (figure 4.1). Whereas maximum root length
was 6.8cm at 50mg/L of CuONP-PEG and trend gradually decreased as concentration of nanoparticles
increased (figure 4.2) and same results were found for CuONP-PVP (figure 4.3). Table 4.2: Average shoot
and root length of Trigonella foenum graecum L. plantlets Treatment Concentration Average shoot length
Average root length (mg/L) (cm) (cm) CuONP 50 7.7 100 6.5 200 6.4 400 6.3 6.6 5.1 4.4 4.3 CuONP-PEG
50 7.0 6.8 100 6.9 6.1 200 6.8 6.0 400 5.4 3.0 CuONP-PVP 50 100 200 400 7.0 6.7 6.6 6.6 5.9 5.8 4.6
3.4 10 6.0 3.3 20 6.1 4.2 40 7.6 2.2 80 7.6 5.8 PEG 10 PVP 20 40 80 6.6 3.7 6.5 3.6 6.2 3.6 5.3 3.5 Cu-
acetate 0.5% 1% 4.9 2.3 4.3 1.6 Control 0 7.2 4.1 Figure 4.1: Effect of CuONP and Cu-acetate on root and
shoot length of T. foenum graecum L. at different concentrations Figure 4.2: Effect of CuONP-PEG and
PEG on root and shoot length of T. foenum graecum L. at different concentrations Figure 4.3: Effect of
CuONP-PVP and PVP on root and shoot length of T. foenum graecum L. at different concentrations
Average

9fresh and dry weight Average fresh weight of whole plantlet was calculated

after 5 days of inoculation

and dry weight was calculated after overnight period of drying in open air. Fresh and dry weight of control
was 0.28g and 0.04g. Fresh weight was recorded maximum at CuONP 50mg/L, 0.47g as well as maximum
dry weight, 0.05g (Table 3). Table 4.3: Average fresh and dry weight of Trigonella foenum graecum L.
plantlets Treatment Concentration Average fresh weight Average dry weight (mg/L) (g) (g) CuONP 50 0.47
100 0.42 200 0.13 400 0.11 0.05 0.03 0.01 0.01 CuONP-PEG 50 0.34 0.04 100 0.32 0.03 200 0.20 0.02
400 0.31 0.03 CuONP-PVP 50 100 200 400 0.43 0.31 0.32 0.31 0.04 0.03 0.03 0.02 PEG 10 0.28 0.04
20 0.26 0.03 40 0.24 0.03 80 0.34 0.03 PVP 10 20 40 80 0.32 0.29 0.45 0.13 0.04 0.04 0.03 0.01 Cu-
acetate 0.5% 1% 0.19 0.02 0.25 0.03 Control 0 0.28 0.04 Biochemical screening

9Total flavonoid and phenolic content According to the results obtained

after performing total flavonoid and phenolic activities, the trend has shown

maximum flavonoids and phenolic accumulation in Cu-acetate treated plantlets

as compared to control and CuONPs treatment (figure 4.4 and 4.5). Whereas in plantlets treated with PEG
have shown significantly higher flavonoid and phenolic content in comparison with CuONP-PEG and
control (figure 4.6 and 4.7). In addition to these, CuONP-PVP and control have shown much lower
contents of flavonoid and phenolic as compared to PVP treatment (figure 4.8 and 4.9). Figure 4.4: Effect of
CuONP and Cu-acetate on total flavonoid content derived from shoot and root extracts Figure 4.5: Effect of
CuONP and Cu-acetate on total phenolic content derived from shoot and root extracts Figure 4.6: Effect of
CuONP-PEG and PEG on total flavonoid content derived from shoot and root extracts Figure 4.7: Effect of
CuONP-PEG and PEG on total phenolic content derived from shoot and root extracts Figure 4.8: Effect of
CuONP-PVP and PVP on total flavonoid content derived from shoot and root extracts of T. foenum
graecum L. Figure 4.9: Effect of CuONP-PVP and PVP on total phenolic content derived from shoot and
root extracts

20DPPH radical scavenging activity DPPH activity was determined
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in plantlets treated with nanoparticles, PEG, PVP and compared with control. The results have shown that
Cu-acetate at concentration of 1% has maximum radical scavenging activity in both root and shoot extracts
as compared to CuONP and control (figure 4.10). But in case of CuONP-PEG, PEG and control, CuONP-
PEG has shown maximum scavenging activity at 50mg/L and trend gradually decreased as concentration
of nanoparticles is increased (figure 4.11). The free radical scavenging activity of CuONP-PVP was found
to be maximum in root extracts at concentration 100mg/L whereas seedlings grown on PVP have also
shown increased DPPH radical scavenging activity as compared to control (figure 4.12).

23Figure 4. 10: DPPH radical scavenging activity of root and

shoot extracts of T. foenum graecum L. against different concentrations of CuONP and Cu-acetate

23Figure 4. 11: DPPH radical scavenging activity of root and

shoot extracts of T. foenum graecum L. against different concentrations of CuONP-PEG and PEG

23Figure 4. 12: DPPH radical scavenging activity of root and

shoot extracts of T. foenum graecum L. against

21different concentrations of CuONP-PVP and PVP Total antioxidant capacity

The

total antioxidant assay results have shown maximum activity in plantlets tested on Cu- acetate as
compared to control and CuONP derived from shoot extracts but roots extract data revealed maximum
antioxidant activity in CuONP and Cu-acetate as compared to control (figure 4.13). CuONP-PEG tested
root and shoot extracts have shown maximum antioxidant activity as compared to PEG and control (figure
4.14). Maximum TAC activity was observed in PVP treated plantlets as compared to CuONP-PVP and
control (figure 4.15). Figure 4.13: Total antioxidant activity of root and shoot extracts of T. foenum graecum
L. against different concentrations of CuONP and Cu-acetate Figure 4.14: Total antioxidant activity of root
and shoot extracts of T. foenum graecum L. against different concentrations of CuONP-PEG and PEG
Figure 4.15: Total antioxidant activity of root and shoot extracts of T. foenum graecum L. against different
concentrations of CuONP-PVP and PVP Total reducing power According to the results to total reducing
power assay, maximum activity of shoot extracts was found in Cu-acetate and maximum reducing power of
root shown by CuONP as compared to control (figure 4.16). CuONP-PEG have shown maximum total
reducing power as compared to PEG and control (figure 4.17). Whereas, in case of CuONP-PVP, PVP and
control, PVP have increased reducing power activity as compared to others (figure 4.18). Figure 4.16: Total
reducing power activity of root and shoot extracts of T. foenum graecum L. against different concentrations
of CuONP and Cu-acetate Figure 4.17: Total reducing power activity of root and shoot extracts of T.
foenum graecum L. against different concentrations of CuONP-PEG and PEG Figure 4.18: Total reducing
power activity of root and shoot extracts of T. foenum graecum L. against different concentrations of
CuONP-PVP and PVP Callus Induction Effect of CuONP, CuONP-PEG and CuONP-PVP was determined
at three concentrations; 2.5, 5 and 10mg/L on callus induction from shoot and leaf explant. The experiment
was conducted over a time period of 30 days. After 30 days, calli were collected and their average fresh
weight and dry weight were calculated as well as biochemical profiling was performed. Average fresh and
dry weight of explant Average fresh weight and dry weight were calculated for both stem and leaf explant.
According to the calculated values average fresh weight of control both in stem, 1.65 g and leaf, 1.33g
explants was higher as compared to the explants treated with different concentrations of nanoparticles.
Whereas dry weight was also found to be higher in control i.e. 0.10g for stem explant and 0.09g for leaf
explant (Table 4). Table 4.4: Average fresh and dry weight of T. foenum graecum L. plantlets treated with
CuONPs Treatment Concentration Average fresh Average dry weight/explant (mg/L) weight/explant (g) (g)
Stem Leaf Stem Leaf CuONP 2.5 5 10 0.67 0.25 1.33 0.85 0.12 0.13 0.05 0.02 0.07 0.07 0.01 0.01
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CuONP-PEG 2.5 5 10 1.25 0.99 0.82 0.11 0.33 0.21 0.08 0.05 0.06 0.01 0.02 0.02 CuONP-PVP 2.5 5 10
1.13 1.31 1.42 1.24 0.14 0.12 0.07 0.08 0.09 0.08 0.02 0.01 Control 0 1.65 1.33 0.10 0.09 Biochemical
Screening Total flavonoid content According to the data, total flavonoid contents was found to be
maximum in shoot and leaf explants treated with CuONP-PVP at all three concentrations 2.5, 5 and
10mg/L as compared to CuONP, CuONP-PEG and control (figure 4.19 and 4.20). Figure 4.19: Effect of
CuONP, CuONP-PEG and CuONP-PVP on total flavonoid content derived from shoot explant of T.
foenum graecum L. Figure 4.20: Effect of CuONP, CuONP-PEG and CuONP-PVP on total flavonoid
content derived from leaf explant of T. foenum graecum L. Total phenolic content Results have shown
maximum phenolic contents accumulation in CuONP-PVP treated expalnts of shoot as compared to
CuONP, CuONP-PEG and control (figure 4.21). Whereas in leaf explants maximum phenolic contents
found at concentration 2.5mg/L of CuONP-PEG i.e. equivalent to control (figure 4.22). Figure 4.21: Effect
of CuONP, CuONP-PEG and CuONP-PVP on total phenolic content derived from shoot explant of T.
foenum graecum L. Figure 4.22: Effect of CuONP, CuONP-PEG and CuONP-PVP on total phenolic
content derived from leaf explant of T. foenum graecum L. Total antioxidant capacity Total antioxidant
capacity was found maximum in control and CuONP-PVP as compared to other nanoparticles treatment
derived from shoot explant (figure 4.23). The trend of total antioxidant capacity derived from leaf explant
was found maximum in CuONP and CuONP-PEG treated explants as compared to CuONP-PVP and
control (figure 4.24). Figure 4.23: Effect of CuONP, CuONP-PEG and CuONP-PVP on total antioxidant
capacity derived from shoot explant of T. foenum graecum L. Figure 4.24: Effect of CuONP, CuONP-PEG
and CuONP-PVP on total antioxidant capacity derived from leaf explant of T. foenum graecum L. Total
reducing power Total reducing power assay results have shown maximum activity in shoot explants treated
with CuONP-PVP as compared to control, CuONP and CuONP-PEG (figure 4.25). In case of leaf explants,
maximum reducing power was found in CuONP treated explants (figure 4.26). Figure 4.25: Effect of
CuONP, CuONP-PEG and CuONP-PVP on total reducing power derived from shoot explant of T. foenum
graecum L. Figure 4.26: Effect of CuONP, CuONP-PEG and CuONP-PVP on total reducing power derived
from leaf explant of T. foenum graecum L.

20DPPH radical scavenging activity DPPH radical scavenging activity was

found maximum in shoot explants treated with CuONP- PEG, CuONP-PVP and control and decreased
activity has been shown by CuONP (figure 4.27). Whereas maximum scavenging activity was shown by
CuONP-PEG as compared to others in leaf explant (figure 4.28). Figure 4.27: Effect of CuONP, CuONP-
PEG and CuONP-PVP on DPPH radical scavenging activity derived from shoot explant of T. foenum
graecum L. Figure 4.28: Effect of CuONP, CuONP-PEG and CuONP-PVP on DPPH radical scavenging
activity derived from leaf explant of T. foenum graecum L. Chapter 5 Discussion Nanoscience has
expanded greatly in the past decade due to unique properties exhibited by nanoparticles. Thus,
nanoparticles are becoming main source of revolutionizing the industry and playing significant role in
economy (Rosei, 2004). Nanotechnology has also permitted advanced research in areas including
biotechnology and agriculture to improve crop yield, thus using nanoparticles as nanofertilizers.
Nanoparticles possess features that are beneficial to crops, released the nutrients on-demand, controlled
release of chemicals fertilizers that regulate plant growth and enhanced target activity (DeRosa et al.,
2010; Nair et al., 2010). Nonetheless, technology always comes with price, due to widespread use of
nanoparticles there are concerns related to environment and health i.e. taken up by living organisms
especially plants and entering into food chain (Leacoanet et al., 2004; Auffan et al., 2011). Many
researches have shown the effect of engineered nanoparticles, especially metal nanoparticles on the
plants including morphology and physiology depending on the properties of nanoparticles. The objectives
of current study were to investigate the effect copper oxide nanoparticles

47on seed germination, root and shoot elongation of T. foenum graecum L.

at various concentrations using tissue culture technique and also evaluating antioxidant activity of plantlets
treated with CuONP, CuONP-PEG, CuONP-PVP, PVP and PEG. Almost all treatments have shown 100%
seed germination and no adverse effect was observed. This data was in accordance with the study
conducted by Adhikari et al. (2012), showing 100% germination of seeds of soyabean and chickpea grown
on CuONP. In addition to this in another experiment, fenugreek seeds were treated with AgNPs and
results have shown increased seed germination enhancing the seed potential by increasing the
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characteristics of seed germination (Hojjat, 2015). Seed germination is a physiological process and widely
used as phytotoxicity test because it is sensitive, simple and low cost and it depends on nanoparticle-plant
physical interactions (Wang et al., 2001; Munzuroglu and Geckil, 2002). It also depends on size of the
nanoparticles. CuONP-PEG, 47nm and showed no inhibitory effects on seed germination (Table 4.1).
Germination starts

24with water imbibitions by seeds and ending with the emergence of rootlet.

Polyethylene glycol (PEG) is used to control the water potential and induce drought stress in seed
germination studies. The results of this study have shown seed germination frequency was not affected by
PEG treatment. But shoot and root elongation results were not the same as seed germination and showed
variations at different concentrations of nanoparticles. CuONP has shown maximum shoot elongation i.e.
7.7cm at 50mg/L as compared to control but trend gradually decreased as concentration of nanoparticles
have increased and trend was followed in plantlets treated with CuONP-PEG and CuONP-PVP. But
significant shoot inhibition has been observed in seedlings treated with Cu-acetate salt i.e. 4.3cm at 1%
concentration. Thus indicating minimal toxicity of copper oxide nanoparticles on shoot growth with increase
in concentration in contrast to copper acetate salt. Whereas in case of PEG, average shoot length have
shown to be increased at higher concentrations in contrast to previous study in which PEG has significantly
reduced the shoot growth in two populations of Anthxanthum odoratum performed by Anwer et al. (2004).
Average shoot elongation was decreased from lower to higher concentrations of PVP. Root elongation has
not been adversely affected by CuONPs and other two forms as compared to control but copper acetate
salt has inhibited the root elongation significantly. At lower concentrations CuONPs have shown maximum
root elongation but it was inhibited with increase in concentrations of nanopartilcles in the media showing
phytoxicity and evidently terminated root development. PEG and PVP also inhibited root growth due to
osmotic stress induced by PEG and in accordance with the results of Anwer et al. (2004). Thus
phytoxoicity should be investigated in higher plants for comprehensive toxicity profile of nanoparticles.
Average fresh and dry weight was found to be maximum in CuONP at lowest concentration as compared
to control but gradual decreasing trend was

18observed. The increase in biomass at certain concentration suggests

optimum dose limit for the growth of

fenugreek.

18However the decrease in biomass beyond this concentration suggested the

toxic effects of

CuONPs. Total flavonoid and phenolic contents were determined and results have shown that ethanolic
extracts of root have accumulated more flavonoids and phenols as compared to control root extracts while
plantlets treated with Cu-acetate salt has accumulated maximum phenolic contents indicating the elicitation
of secondary metabolites production in the presence of abiotic stress. The same trend was seen in the
shoot extracts and CuONPs have shown variations in the flavonoid and phenolic content accumulation.
Reactive oxygen species are proposed to be responsible for negative effects of nanoparticles (Nel et al.,
2006) but toxicity mechanism of nanoparticles has not yet been clearly understood. Antioxidant activity of
T. foenum graecum L. treated with CuONPs was determined in the current study. According to results
obtained have shown less significant difference on exposure to CuONP, CuONP-PEG and CuONP-PVP
as well as reducing power. Callus Induction Micropropagation is an interesting method to that can be
economically exploited for medicinal as well as ornamental purposes. Callus culture, a type of plant tissue
culture consisting of undifferentiated tissues, constitutes an important tool in plant biotechnology. It can be
used in numerous ways, for example, for organogenesis1, indirect somatic embryogenesis, and generation
of somaclonal variation (Jattana et al., 2008; Homhuan et al., 2008). Fenugreek is a plant with medicinal
properties and callus culture is an alternative method to enhance the production of secondary metabolites
like flavonoids, phenolics and antioxidants. The best growth of callus was obtained from stem and leaf
explants grown on MS0 medium and it was determined by fresh weight, 1.65g (stem explant) and 0.10g
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(leaf explant) as compared to callus grown on CuONP after 30 days of growth. The phytochemical assays
results of this study have shown more flavonoid and phenolic content accumulation in explants of stem and
leaf treated with capped CuONP i.e. CuONP-PVP as compared to other two forms of nanoparticles and
control. While DPPH radical scavenging activity and antioxidant activity was evidently higher in explants
treated with CuONP-PEG. These results indicate that capped nanoparticles have more phytotoxic effects
on explants as compared to simple CuONP. Overall experimental results depicted that presence of CuO
nanoparticles affects the

47growth of T. foenum graecum L. seedlings at different concentrations

and it depends on plant-nanoparticle interaction as well as depend on the size and type of nanoparticles
and species of plant.
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