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ABSTRACT 

Nanoparticles are used extensively in agriculture, including in fertilizers to enhance 

crop quality and strategies to reduce heavy metal contamination. They are also 

used in nano-enabled platforms for improved agrichemical delivery, plant signal 

monitoring, and food security. Silver (Ag) is a noble and reliable element, which is 

why silver nanoparticles are so popular. The increased usage of nanoparticles 

endangers the environment and causes an ecosystem to become unbalanced. 

Silver nanoparticles synthesized from silver salts have outstanding properties being 

antibacterial, antifungal, photochemical, and physicochemical properties. Silver 

nanoparticles will inevitably be released into the environment through their 

synthesis, incorporation into products, recycling, and disposal due to their 

exponential development and expansion. Plants are the first point of entry of 

nanoparticles into the other trophic levels of the ecosystem through their roots or 

leaves. According to research in plant biology and biotechnology, depending on the 

plant species or kind of nanoparticle, nanoparticles can have both positive and 

negative impacts on plants or have no effect at all. Changes in the morphology, 

physiology, and metabolism of the plant are signs of the nanoparticle effect on 

plants. The SEM and STEM examination revealed that the silver nanoparticles 

made from S. spinosa leaf water extract had uniformly dispersed spheres with an 

average size of 53.4 nm. Additional confirmatory tests using UV-vis, XRD, EDX, 

FTIR, and Raman spectroscopy supported the presence of these nanoparticles. 

The nanoparticles were silver with traces of oxygen and carbon (EDX), stable at 

427 nm (UV-vis), and had cubic lattice crystals with a crystalline size of 16.75 nm 

(XRD). The nanoparticles were stabilized by biomolecules with amide and hydroxyl 

groups (FTIR and Raman). AgNPs (12.5, 25, 50, 100, and 200 µg/ml) were used in 

varied concentrations to treat S. cocculoides and S. spinosa in vitro cultures. 

Strychnos seedlings did indeed acquire silver nanoparticles as shown by the rising 

silver ion content with each rising AgNPs treatment concentration, according to 

flame atomic absorption spectroscopy. Except for germination percentage and dry 

weight biomass, silver nanoparticles considerably impacted growth and 

development overall. The metabolites of the seedlings were also significantly 

impacted by AgNPs in a dose-dependent manner; total anthocyanin, total flavonoid, 

total phenol, and total protein content all increased while total chlorophyll content 

dropped with increasing AgNPs treatment concentration. Silver nanoparticles 

triggered an accumulation of ROS that resulted in imposing oxidative stress 

on Strychnos seedlings. A reduction in chlorophyll content demonstrated how the 

accumulation of ROS hampered seedling growth and development. As a crucial 

component in the process by which plants produce their own food, photosynthesis, 

chlorophyll decreases the amount of food a plant requires to grow, resulting in 

reduced growth and development. Seedlings had more phenols and protein than 

usual because plants have built-in defense strategies against oxidative stress, 

including overexpression of antioxidative compounds like phenols and proteins. 

Future research should consider ultramicroscopic examination of the tissues from 

Strychnos seedlings to see how AgNPs affect ultracellular structures. 

Genomic analysis of genes involved in Strychnos is recommended. 
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CHAPTER 1.0: INTRODUCTION 
Nanotechnology is a study that focuses on synthesis of nanomaterials, 
investigation, and applications of these molecules in different sectors (Ahmed, et 
al. 2012; Banerjee, et al. 2010). These molecules are nano sized and have a high 
surface area to volume ratio, thus exhibit novel properties that are not shared with 
the same bulk material/particles (Ahmed, et al. 2012; Ranu, et al. 2012). These 
properties include good electrical conductivity, increased efficiency of 
photochemistry, enhanced surface plasmon resonance, hence the broad 
applications in areas such as medicine, biotechnology, agriculture, and water 
treatment (Ma 2016; Sudha, et al. 2018). 

Nanoparticles are widely applied in agriculture including nano-enabled platforms for 
enhanced agrichemical delivery, plant signal monitoring, food security, fertilizers to 
improve crop quality and strategies to reduce contamination by heavy metals (Ma 
2016; Zare‐Bidaki, et al. 2022). Carbon, silver, and silicon nanoparticles are 
explored for their capacity to protect plants against pathogens and enhance their 
growth as nano-pesticides, nano-herbicides, nano-fertilizers, nano-sensors and 
nano-molecular carriers for proteins, nuclei acids, plant growth hormones and other 
molecules needed by the plants (Prasad, et al. 2014). 

Silver nanoparticles, synthesized from silver salts have excellent physicochemical, 
photochemical, antibacterial, and antifungal properties (Kora, et al. 2009; Vance, et 
al. 2015). Silver(Ag) is a noble and stable material hence the prevalence of silver 
nanoparticles (Kora, et al. 2009). In 2015, the US market for silver nanoparticles 
(AgNPs) was reported at $1 billion and is projected to be at $3 billion by 2024, and 
among other nanomaterials, silver nanoparticles comprise of 25% market share of 
nano-based consumer product (Vance, et al. 2015). 

Exponential development of AgNPs results in inevitable discharge of these 
nanoparticles into the environment during fabrication, integration into products, 
recycling, and discarding of the products  (Handy, et al. 2008; Vance, et al. 2015). 
Air, soil, and aquatic environments are various reservoirs where there is possible 
accumulation of nanoparticles over time (Handy, et al. 2008; Klaine, et al. 2008; 
Zhang, et al. 2018). Numerous studies on effects of nanoparticles to both the 
terrestrial and aquatic environment are well documented. Discharge of 
nanoparticles and nanomaterials into the environment imposes potential 
toxicological risks of nanoparticles to/on living organisms and the ecosystem 
balance (Künniger, et al. 2014; Vance, et al. 2015; Zhang, et al. 2018). 

In plant biology and biotechnology research, nanoparticles have been shown to 
have both positive and negative effects, or can have no effect at all, depending on 
the plant species or nanoparticle type (Pacheco and Buzea 2018; Siddiqui, et al. 
2015). Some nanoparticles can enhance plant growth and development (Arora, et 
al. 2012; Delfani, et al. 2014; Rizwan, et al. 2019; Xin, et al. 2020), while some can 
have an inhibitory role depending on the chemical reaction of the nanoparticles with 
the plant cell milieu that causes changes to the molecular nature of the plant 
(Pacheco and Buzea 2018; Pittol, et al. 2017; Siddiqui, et al. 2015).  

Nanoparticle effects on plants manifest as changes in the morphology and 
physiology of the plant. Silver nanoparticles have shown potential to reduce fungal 
and bacterial contamination during plant in vitro culture (Cromwell, et al. 2014; 
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Mishra, et al. 2014). Indeed, these nanoparticles can also inhibit plant growth and 
development by weakening and/or damaging various stages of cell division and 
disintegrating root cortical cells, epidermis, and root caps (Pittol, et al. 2017; Syu, 
et al. 2014; Zhang, et al. 2018).  

Strychnos species are dicotyledonous plants from the Loganiaceae family and are 
found in Africa and some parts of Asia (Bisset 1988; Mwamba 2006). Interestingly, 
Strychnos has a variety of medicinal benefits owing to their concoction of secondary 
metabolites. Studies have shown that it has high content of alkaloids, phenols, 
reducing sugars, terpenoids hence its vast ailment treating potential (Bisset 1988; 
Mwamba 2006; Phillips 1991). A variety of secondary metabolites found in plant 
extracts have been investigated for their potential to form nanoparticles. It was 
observed that when these secondary metabolites are combined with metal ion salts, 
they serve as reducing agents, producing nanoparticles (Mittal, et al. 2013). 
Strychnos plants were used in this study to synthesize nanoparticles and the 
investigation of the interactions between Strychnos in vitro plants with 
nanoparticles.  

1.1 PROBLEM STATEMENT 
Continued use of nanoparticles leads to environmental contamination and has the 
potential to endanger public health at large. Following mercury, silver is an 
extremely toxic metal to aquatic ecosystem. Even though AgNPs are stable, upon 
oxidation they leak silver (Ag+) ions which are more active, bio-accumulative, and 
toxic to the environment. 

Understanding the effects of AgNPs on plant growth and development is essential 
for the assessment of any possible environmental threats to food safety and human 
health imposed by AgNPs since plants are the foundational element of the 
ecosystem and the most significant source of food for humanity. Terrestrial plants 
are exposed to AgNPs in the environment through leaking from nano-enabled 
products, deliberate sub-surface release for environment remediation, irrigation 
using contaminated water, land application of contaminated biosolids and 
wastewater effluent discharge. In agriculture, contaminated waters may permeate 
the fields through fertilizers and irrigation and eventually enter the plant 
rhizosphere. Plants absorb these nanoparticles from the soil, distribute them 
internally via translocation and then introduce them into food webs. 

1.2 SIGNIFICANCE/JUSTIFICATION 
Studies on the phytotoxicity of nanoparticles are crucial for evaluating possible 
threats to the environment and human health. A conduit for transport in the 
environment, plants serve as the foundational element (primary producers) of the 
ecosystem and are a significant source of trophic transfer of pollutants. Though 
toxic, NPs have potential to elicit growth and secondary metabolite production and 
accumulation in plants. Silver nanoparticles are widely used as nanoparticles due 
to the noble nature of the silver metal and are therefore expected to enter the 
ecosystem thus increasing bioavailability of nanoparticles. 

Different organisms respond in different ways when exposed to silver nanoparticles, 
therefore there is need to understand the mechanisms of AgNPs toxicity in 
terrestrial plants given the limited studies investigating this matter. AgNPs' potential 
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toxicity must be better understood to forecast potential hazards to the environment 
and human health from increased usage of these compounds. 

Strychnos species are adopted as the model plant at the plant biotechnology 
research lab at Botswana International University of Science and Technology in the 
Biological Sciences and Biotechnology department. As a group of researchers, we 
have taken a keen interest to explore where these plants can be beneficial starting 
with documenting its abundance in Botswana. These plants have benefits to people 
and animals as a source of food. Other species of Strychnos such as S. potatorum 
have been investigated for their deflocculation (Rajalakshmi, et al. 2021) and water 
purification properties (Sarawgi, et al. 2009). We therefore seek to explore how 
Strychnos cocculoides and Strychnos spinosa interact with AgNPs, whether these 
nanoparticles can be an enhancer or inhibitor during growth of the two species. 

There is a need to obtain more information and data about trophic contamination in 
aquatic environments and transfer of AgNPs into terrestrial systems. There is also 
a need to understand the fate, behavior, and localization of AgNPs in plants. This 
study therefore is crucial in compiling already done studies, or direct future research 
that seeks to better understand nanotoxicology as well as to assess the potential 
implications on Strychnos species growth and provide insights on the possibility of 
using this species to remediate AgNPs in the soil. 

Green synthesis of silver nanoparticles from plants is biologically safe as compared 
to the pathogenic micro-organisms such as E. coli, algae, cyanobacteria etc. 
Comparing green synthesis of nanoparticles to other approaches such as chemical 
and physical nanoparticle synthesis, green synthesis is less toxic to the 
environment and is cost effective. In accordance with the in-fashion quest to save 
the environment these study aims to be environmentally sustainable and reduce 
expenditure on reagents and resources. 

1.3 AIM OF STUDY 
To evaluate the impact of silver nanoparticles on Strychnos growth, development, 

and metabolism 

1.4 OBJECTIVES 

• To synthesize and characterize silver nanoparticles from Strychnos spinosa leaves 
by bio-reduction of silver nitrate salt solution with S. spinosa leaf extract. 
 

• To analyze silver ion accumulation in Strychnos seedlings treated with the green 
synthesized silver nanoparticles 
 

• To assess the effects of silver nanoparticle on Strychnos early growth parameters 
and metabolism  
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CHAPTER 2.0: LITERATURE REVIEW  

2.1 Strychnos Species 
Strychnos is a genus belonging to the Loganiaceae family of woody plants, that is 
pantropical and is made up of 200 species (Mwamba 2006; Struwe, et al. 2018). 
Strychnos plants are widely distributed in tropical and sub-tropical regions in Asia, 
America, and Africa (Moore 1947; Struwe, et al. 2018). Strychnos spinosa Lam and 
Strychnos cocculoides Baker are both trees from Eastern and Southern Africa 
occupying Sahara and sub-Saharan Africa (Mwamba 2006). These plants grow in 
sandy soils and can be found along riverbanks hence their adaptation to the tropical 
and arid regions of Africa (Isa, et al. 2014; Mwamba 2006; Sitrit, et al. 2003; 
Sunghwa and Koketsu 2009). 

Strychnos species are known for their poisonous compounds which have been 
identified as alkaloids. The alkaloids found in these plants include mainly strychnine 
and brucine (Neuwinger 1998). In the past, these alkaloids were used in different 
applications; for instance, curare was used as an arrow and dart poison in South 
America and Malaysia, to help with hunting (Borgia, et al. 2017; Neuwinger 1998; 
Phillips 1991). Adding to alkaloids, terpenoids, steroids, tannins, reducing sugars 
and saponins are some of the other compounds accumulated in different Strychnos 
plants (Isa, et al. 2014; John, et al. 2015; Shoko, et al. 2013; Sudhira, et al. 2015; 
Sunghwa and Koketsu 2009). 

Due to the abundance and variety of secondary metabolites, Strychnos is a 
medicinal plant which is indigenously used to prepare body ailment treatment 
concoctions. Roots, barks, and leaves are used in different forms, either as powder 
or in solution to treat venereal diseases, leprosy, diarrhea, fever, and microbial 
infections (Aremu and Moyo 2022; Isa, et al. 2014). The synergistic activity of 
Strychnos secondary metabolites confer its cytotoxic, antioxidant, anti-inflammatory 
and antimicrobial properties (Bero, et al. 2009; Chinsembu 2016; Isa, et al. 2014; 
Mwamba 2006; Tor-Anyiin, et al. 2015). Strychnos are also a source of food to both 
people and herbivores. Fruits of edible Strychnos species are rich in vitamin C, zinc 
and iron and are therefore consumed and processed to by-products such as fruit 
jams, fruit rolls and juice while leaves are fed on by herbivores (Mwamba 2006; 
Ngadze, et al. 2017). 

Industrial use of Strychnos species to decontaminate the environment is less 
explored yet there is potential for this application to flourish. Environmental 
contamination is eminent with population growth coupled with development and 
usage of nanoparticles. Therefore, a search for environmentally friendly practices 
to circumvent this challenge is necessary. Strychnos inclusion into agro-forestry is 
being explored around the world, and this involves its possible application in 
bioremediation practices such as phytoremediation (Oppelt, et al. 2005). 

Phytoremediation focuses on using plants to avert air, soil, and water pollution. This 
can occur through absorption, flocculation, coagulation, precipitation, reverse 
osmosis, evaporation, and absorption (Ahmad, et al. 2012; Alenazi, et al. 2020; 
Mahmood, et al. 2011; Senthil Kumar, et al. 2013), and these plant species can be 
investigated to assess their remediation capacity. Strychnos potatorum is a popular 
plant species abundant in India that is being incorporated into phytoremediation. 
According to the literature, Strychnos seeds possess high polysaccharide content 
(Corsaro, et al. 1995) which are the active remediation components (Vishali and 
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Karthikeyan 2014), shown to successfully de-flocculate effluent water (Babu and 
Chaudhuri 2005), remove reactive orange M2-R azo dye from aquatic bodies 
(Sankar, et al. 2015), adsorb copper, nickel, and cadmium from aquatic water 
bodies. S. potatorum seeds have the capacity to successfully coagulate industrial 
paint effluent (Senthil Kumar, et al. 2013). 

Since this is an indigenous yet useful plant, its propagation is important to preserve 
its germplasm. In nature, plants perpetuate through seeds, vegetative parts, or 
special modified organs. Plant tissue culture is a laboratory conditioned technique 
that is useful in propagating plants (Bhojwani and Razdan 1986). There are different 
plant tissue culture techniques, categorized into sexual and vegetative propagation 
used in plant biology research (Cabahug, et al. 2018). Examples of such techniques 
are embryo culture, meristem culture, suspension culture, callus culture, micro 
propagation, etc. (Espinosa-Leal, et al. 2018; Smith and Drew 1990; Twaij, et al. 
2020). Embryo culture involves extraction of embryos from seed and growing them 
in sterile plant growth media in small jars (Bhojwani and Razdan 1986; Kundu, et 
al. 2017; Pierik 1997). This technique has been shown to establish sterile in vitro 
cultures of different Strychnos species (Heita 2018; Leite, et al. 2021). 

Strychnos spinosa Lam and Strychnos cocculoides Baker, figure 2.1 are both trees 
from Southern Africa occupying Sahara and Sub-Sahara regions and are popularly 
known as monkey orange trees, because the fruits are round with an orange 
resemblance and are consumed by monkeys (Mwamba 2006; Sitrit, et al. 2003). 
These trees are small deciduous shrubs approximately 9 m tall (Sitrit, et al. 2003; 
Struwe, et al. 2018). Strychnos spinosa Lam is characterized by branching from low 
down; light green leaves, spiny branchlets and grey rough bark while Strychnos 
cocculoides Baker is characterized by a spreading open crown, dark green and 
hairy leaves, and a thick brown bark (Sitrit, et al. 2003; Struwe, et al. 2018). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: a) S. cocculoides whole plant and b) mature fruit, c) S. spinosa whole 
plant and d) mature fruit 
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2.2 NANOPARTICLES APPLICATION IN PLANT BIOTECHNOLOGY 
Nanotechnology is a field that is based on studying and evaluating the applications 
of nanomaterials in various industries such as agriculture, pharmaceuticals, food 
packaging, and medicine (Ahmed, et al. 2021; Othman 2014; Robles-García, et al. 
2016). Nanoparticle-enhanced biotechnology tools applicable to agriculture are 
focusing on improving food quality and increasing global food production (Kole, et 
al. 2013; Wang, et al. 2020), on plant protection from pests and diseases (He, et al. 
2019), on increasing plant stress tolerance, detection of plant diseases (Wu, et al. 
2017) and on monitoring plant growth and development (Adisa, et al. 2018; Liu and 
Lal 2015; Nandhini, et al. 2019).  

Plants take up nanoparticles either by roots or through leaves, and plant cell wall 
pore sizes affect passage of nanoparticles into the plant (Asli and Neumann 2009; 
Sabo-Attwood, et al. 2012). Aerosol nanoparticle uptake through the stomatal 
pathway to the stem and to the other cellular districts mainly affects aerial parts of 
the plant such as the leaf (Shukla, et al. 2016) while adsorption from the soil 
prominently affects the root structure  as nanoparticles  oxidize and form toxic metal 
ions (Syu, et al. 2014; Ur Rahim, et al. 2021). Selective uptake through the root 
system enables translocation and biotransformation thus storing nanoparticles in 
plant cells (Milewska-Hendel, et al. 2019; Sabo-Attwood, et al. 2012).  

Novel reactivity of nanoparticles allows for easy interactions with root secretions 
and specific membrane transporters. Nanoparticles can alter their chemical 
properties and reaction tendencies in their environments and aggregate to form 
complexes with organic matter and colloids in soil and water (Sudha, et al. 2018; 
Zare‐Bidaki, et al. 2021). Therefore, their bioavailability for living organisms is 
subject to abiotic factors such as unregulated release or disposal of silver 
nanoparticles. 

Effects of nanoparticles on plants have been studied in terms of seed germination, 
plant growth promotion and metabolism. Effects of nanoparticles on plants can 
either be positive or negative depending on the inherent physicochemical properties 
of the nanoparticles used as well as their nanoparticle concentration, and varies 
from one species to another (Ma, et al. 2010; Mohamed and Kumar 2016). Metal 
nanoparticles and their oxides as well as coated nanoparticles are different classes 
of nanoparticles usually studied in relation to their effects on seed germination, 
shoot/root growth, biomass production, and physiological and biochemical activities 
(Mohamed and Kumar 2016).  

Synthesized nanoparticles can exert positive effects on plants by enhancing plant 
growth and development at the optimum dosage. Increased absorption of solar 
radiation, uptake of minerals (Fe, Cu, Zn, P, and Mg) and enzyme activities 
(dehydrogenase, esterase, acid phosphatase, alkaline phosphatase, nitrate 
reductase) in Triticum aestivum L. (wheat) and Vigna unguiculata subsp. 
unguiculata (black eyed peas) were observed on application of nano-magnesium at 
a concentration ranging from 0.2 to 0.5 g/L (Delfani, et al. 2014). According to 
(Deshpande, et al. 2017; Raliya, et al. 2016), it was observed that upon foliar 
application of zinc oxide NPs (ZnO-NPs), Zn is released in the acidic stomatal 
interior and translocated via the phloem with the highest absorption in the leaves 
followed by the stem, seeds, and shoots. 
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2.3 NANOPARTICLE MECHANISMS OF ACTION ON PLANTS 
Increasing production and applications of nanoparticles in different disciplines 
results in their eminent release into the environment. Introduction of nanoparticles 
into the environment by anthropogenic activities is through domestic wastewater, 
transport and chemical manufacture, environmental remediation efforts as well crop 
improvement (Medina-Pérez, et al. 2019; Rajendran, et al. 2022). Nanoparticles 
find their route for bioaccumulation into the food chain by being absorbed by the 
plant root system from soils and water or uptake through the stomatal pathway in 
the leaves from the atmosphere (Battke, et al. 2008; Da Silva, et al. 2006; Wang, 
et al. 2013). The impact of nanoparticles on plant growth and development is 
influenced by nanoparticle surface area, surface coating, size, concentration, 
synthesis method used and plant species, genotype, age, development stage and 
chemical milieu of the plant cells (Cox, et al. 2016; Mehrian and De Lima 2016). 

Plants are constantly challenged by heavy metal toxicity which affects cellular and 
subcellular components altering the plants’ physiology. At the core of metal 
nanoparticle induced stress is the production of reactive oxygen species (ROS) by 
the plants, due to the release of toxic metal ion (Jalil and Ansari 2019; Rascio and 
Navari-Izzo 2011; Shahid, et al. 2014; Sharma, et al. 2012). According to Wan, et 
al. (2019), zinc oxide nanoparticles can enter the plant root system of Arabidopsis 
thaliana by inducing endocytosis as it was observed that plants treated with the 
nanoparticles had an increased uptake of FM4-64 stain. At the core of metal 
nanoparticle induced stress is production of ROS by the plants, due to release of 
toxic metal ion (Jalil and Ansari 2019; Rascio and Navari-Izzo 2011; Shahid, et al. 
2014; Sharma, et al. 2012).  

Metal nanoparticles undergo redox reactions with plant components and produce 
free radicals, which then leads to oxidative stress that generates excess ROS with 
the potential to oxidize proteins, lipids, carbohydrates and nucleic acids, either as a 
stress signal to trigger the defense system (Tripathy and Oelmüller 2012) or to 
aggravate cell damage (García-Sánchez, et al. 2015; Kaveh, et al. 2013; Kim, et al. 
2015; Nasci, et al. 2000; Pospíšil, et al. 2019; Vannini, et al. 2013). Alterations of 
the plant macromolecules leads to changes in biochemical function, physiology, cell 
structure and plant growth. Excessive metals cause oxidative stress in plants either 
by direct effects of environmental stress or by indirect reactive oxygen species 
generation and accumulation which damages plant cells before elimination 
(Czarnocka and Karpiński 2018; Tripathy and Oelmüller 2012).  

Reactive oxygen species are natural by-products of cellular metabolism that are 
generated by metabolic processes in plants as intermediate products of the 
reduction of ground state oxygen to water (Apel and Hirt 2004; Karuppanapandian, 
et al. 2011; Pospíšil, et al. 2019). Oxygen is reduced for energy production and in 
the process the following ROS species are sequentially produced: Singlet oxygen 
(1O2), superoxide (O2

-), hydroxy peroxyl radical (HO2), hydrogen peroxide (H2O2) 
and hydroxyl (-OH) (Apel and Hirt 2004; Halliwell and Gutteridge 2015; 
Karuppanapandian, et al. 2011; Tripathy and Oelmüller 2012). These ROS are 
produced within plant cells particularly the chloroplast, mitochondria, peroxisomes, 
endoplasmic reticulum, and plasma membrane (Czarnocka and Karpiński 2018; 
Tripathy and Oelmüller 2012).  
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Since plants are sessile and  cannot move to avoid stressors, accumulation of ROS 
in plant cells will result in a state of oxidative stress as levels of ROS will be higher 
than can be handled by the antioxidant defense system (Jalil and Ansari 2019; 
Tripathy and Oelmüller 2012). Toxicity of nanoparticles can be associated with 
release of toxicants from the surface such as metal ions or residues after synthesis. 
To cope with oxidative stress, plants have mechanisms with which to scavenge 
ROS produced in excess under stress conditions in cells. Biotic and abiotic factors 
alter the equilibrium between production and removal of ROS which are 
continuously removed by the plants’ enzymatic and non-enzymatic actions in a 
complex defensive system (Tripathy and Oelmüller 2012).  

The enzymatic ROS defense system comprises of different enzymes such as 
catalase (CAT), guaiacol peroxidase (GPOX), ascorbate peroxidase (APOX), 
superoxide dismutase (SOD), glutathione reductase (GR) and dehydrogenase 
reductase (DHAR) and low molecular weight antioxidants including thiols and 
ascorbates which act as ROS scavenging components (Czarnocka and Karpiński 
2018; Tripathy and Oelmüller 2012). Secondary metabolites such as alkaloids, 
phenols and flavonoids have antioxidant capacity. In fact, antioxidant activity and 
total phenols increased 2.2-fold in Raphanus sativa treated with titanium dioxide 
nanoparticles (He, et al. 2021).  

Studies on nanoparticle interaction with plants pave a way for a comprehensive 
mechanistic understanding on nanoparticle toxicity. This will enable the 
development of biomarkers for toxicity as well as evaluating underlying biochemical 
and molecular mechanisms. Nanoparticles have significant effect on physiology 
and morphology of plants, biochemical make up as well as gene expression. 

2.3.1 PHYSIOLOGICAL AND MORPHOLOGICAL EFFECTS OF 
NANOPARTICLES ON PLANTS 
The whole plant, roots, stems, or leaves have direct interactions with environmental 
matrices which contain nanoparticles. Interaction of nanoparticles with plants 
induces several morphological and anatomical changes. Analyzing physiological 
effects is relevant as it provides comprehension of how nanoparticles affect plant 
growth and development which in turn interferes with timing of flowering, 
senescence, fruiting, dormancy, and death (Wan, et al. 2019).  

Plant growth, biomass, leaf surface area, germination, root, and shoot length are 
the aspects assessed to predict the effects of nanoparticles on plant growth and 
development. Nanoparticle toxicity on plants is dependent on treatment time and 
concentration. In a study by Boonyanitipong, et al. (2011), it was observed that rice 
(Oryza sativa) treated with zinc oxide nanoparticle had 100% germination, root 
length reduced at 100 mg/L and was greatly inhibited at 500 mg/L to 1000 mg/L, 
with longer soaking time inhibiting root growth. Reduced root and shoot length was 
observed in rice treated with gold nanoparticles as compared to the control while 
the germination effect was minimal (93%-95%) (Ndeh, et al. 2017).  

Multiwalled carbon nanotubes had a positive effect on root and shoot elongation in 
wheat, maize, peanut, and garlic while germination and biomass were improved at 
low concentrations (Srivastava and Rao 2014). In a study conducted by Rafique, et 
al. (2019), TiO2 enhanced millet (Pennisetum glaucum) germination rate as 
compared to control. Selenium nanoparticles investigated on Hordeum vulgare by 
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Siddiqui, et al. (2021) successfully enhanced morpho-functional parameters of 
seeds stored for more than 10 years. In their study, Siddiqui, et al. (2021) revealed 
that shoot and root length as well as germination percentage were enhanced to 
13.85 mm, 24.07 mm and 65%, respectively, when treated with 4.65 µg/mL 
selenium nanoparticles as compared to the control which recorded 7.40 mm, 13.85 
mm and 45%, respectively. Wheat germination index, root length and shoot length 
decreased with increased copper nanoparticle concentration (Essa, et al. 2021).  

In a study done by Wan, et al. (2019), it was shown that zinc oxide nanoparticles 
can enter the plant root system of Arabidopsis thaliana by inducing endocytosis 
because plants treated with nanoparticles had an increased uptake of FM4-64 
staining agent. Endocytosis has been observed to be a factor that enables entrance 
of nanoparticles into the plant root system, observed by disrupted and disorganized 
actin microfilaments, thereby disturbing transport and localization of plasma 
proteins leading to a disrupted auxin transport and subsequently repressing root 
growth and development (Wan, et al. 2019).  

Physiological effects of nanoparticles on plant structures are assessed by 
techniques such as Transmission Electron Microscopy (TEM), light microscopy, 
and fluorescence microscopy etc. (Rajput, et al. 2019). Ultrastructural deformities 
of the cell structures such as epidermal walls, cell walls, and chloroplasts and 
cortical cell layers are affected by plant- nanoparticle interactions visible through 
these techniques. 

Oak (Quercus robur L.) chloroplasts  treated with 50 mg/L copper and silver 
nanoparticles exhibited large starch granules and plastoglobules as compared to 
control plants when visualized with TEM (Olchowik, et al. 2017). Barley seeds 
treated with silver nanoparticles had  deformed chloroplasts that showed fewer 
grana thylakoid and stroma lamellae, ruptured nuclear envelope and small number 
of plastoglobuli as compared to the untreated plants (Fayez, et al. 2017). Increased 
number of perixosomes and mitochondria with degenerated cristae and condensed 
nuclei were observed in root cells of tomato seedlings treated with Ni-O 
nanoparticles (Faisal, et al. 2013). High power optical microscopy and transmission 
electron microscope used to visualize the effect of fullerene nanoparticles in wheat 
(Triticum aestivum L.) seedlings, revealed that root endothelial cells were 
squeezed, and inner wall structures were damaged by the extrusion of 
nanoparticles (He, et al. 2021). Effects of silver nanoparticles on morphology of 
Strychnos species will be assessed in this study. 

2.3.2 BIOCHEMICAL EFFECTS OF NANOPARTICLES ON PLANTS 
Generation of ROS by nanoparticle oxidative stress has the potential to significantly 
affect fluidity and membrane permeability and consequently the kinetics of nutrient 
acquisition in plants. Therefore, transpiration rate, translocation hindrance, and net 
photosynthetic rate are some biochemical parameters used to assess effects of 
nanoparticles on plant biochemical functions.  

In a state of oxidative stress, activity of anti-oxidative enzymes and non-enzymes 
such as superoxide dismutase and peroxidase, phenolics, alkaloids etc. are 
increased (Bhuyan, et al. 2019). In plants, nanoparticles inhibit photosynthesis 
which is an oxygen producing mechanism and this in turn interferes with food supply 
in the form of organic matter which forms the basis of food chain (Jiang, et al. 2017; 
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Zhao, et al. 2021). During oxidative stress there is inhibition in the activity of 
enzymes key to chlorophyll biosynthesis (Ahanger, et al. 2018; Wang, et al. 2020). 

Tomato seedlings treated with 10 mg/L cerium oxide nanoparticles had the least 
water transpiration as compared to the untreated seedlings (Wang, et al. 2013). 
Fullerene nanoparticles blocked cell pores of  wheat seedlings and resulted in a 
decreased transpiration rate as compared to untreated seedlings (He, et al. 2021). 
Titanium oxide nanoparticles had 23% increase on net photosynthesis in Raphanus 
sativa, however beyond 60 hours, net photosynthesis and transpiration rate 
decreased (He, et al. 2021). 

Reactive oxygen species accumulation leads to photo-oxidative damage that is 
evident through the disintegration of chloroplasts. Nanoparticles have the potential 
to reduce the fluorescence parameter values, recognized by reduced photosystems 
efficiency which is concomitant with decrease in chlorophyll content (Tripathi, et al. 
2017). These factors combined leads to photosynthesis inhibition. Wheat seedlings 
treated with silicon dioxide nanoparticles had an increased rate of photosynthesis 
as it is evident in increased photochemical efficiency of photosystem II, 
performance index and content of other photosynthesis pigments (Younis, et al. 
2020).  

Zinc oxide nanoparticles decreased the content of chlorophyll a and b and reduced 
photosynthetic efficiency and some other chlorophyll fluorescence parameters in a 
concentration-dependent manner of 35-day old tomato plantlets (Wang, et al. 
2018). The Fe2O3 nanoparticles at a concentration of 500 mg/L caused slight 
increases in the net photosynthetic rate and stomatal conductance of 6 and 20 %, 
respectively in soybean (Alidoust and Isoda 2013). 

Tomato seedlings under 8 mg/L treatments of zinc oxide nanoparticles had a 45% 
increase in protein content as compared to control plants. In the same study activity 
of antioxidant enzymes increased under ZnO treatment; CAT, POX, SOD and DAS 
showed a 69.7%, 65%, 80% and 45% increase respectively and proline also 
increased by 65% as compared to the control (Faizan et al., 2018). 

In a study by Večeřová, et al. (2016), barley seeds treated with cadmium-oxide 
nanoparticles decreased photosystem II activity by 2%, total chlorophyll content and 
flavonol content by 14%; however, a significant negative effect was observed on 
primary metabolites such as amino acids and saccharides while the change was 
not significant in secondary metabolites at the exposure of cadmium oxide 
nanoparticles.  

2.4 SILVER NANOPARTICLE APPLICATION IN PLANT BIOTECHNOLOGY 
Silver nanoparticles (AgNPs) release silver ions which have either positive or 
negative effects on cells depending on the plant target site. AgNPs unregulated 
release into the environment affect both terrestrial and aquatic organisms 
(Haverkamp and Marshall 2009; Rastogi, et al. 2019). Plants that naturally grow in 
contaminated matrices absorb silver from their environment depending on 
concentration and chemical species and different oxidative states of silver ions 
allow for easy uptake and translocation into plants (Miralles, et al. 2012; Tripathy 
and Oelmüller 2012).  



11 
 

High level enrichment and accumulation of AgNPs in plants can occur  when plants 
are grown in an environment rich in AgNPs and thus the  transfer of AgNPs to food 
chains become inevitable (Tripathy and Oelmüller 2012). Increased AgNPs 
concentration results in severe reduction of biochemical and molecular parameters 
while oxidative damage indexes increase with increase in AgNPs concentration 
(Khan, et al. 2019; Rastogi, et al. 2019).  

Silver nanoparticles have both negative and positive impact on plant growth 
parameters. Seed priming with AgNPs increased growth of wheat seedlings 
(Anjum, et al. 2013). According to Salama (2012), shoot, root length and leaf area 
were reduced at lower AgNPs concentration (20-60 mg/kg) while higher 
concentration (>60 mg/kg) inhibited development of these parameters in common 
bean and corn plants. Arabidopsis thaliana displayed a decrease in fresh weight 
and root weight upon treatment with 0-1.0mg/L AgNPs (Li, et al. 2018). 

It is alleged that AgNPs get accumulated in the intracellular space of plant reducing 
its translocation capacity (Castro-González, et al. 2019). Microscopic analysis 
confirmed uptake and translocation of AgNPs in Stevia, where they were shown to 
be present within epidermal stem cells, in vascular bundles, intermembrane spaces 
as well as in ribs and stomata in leaves (Castro-González, et al. 2019) indicating 
that AgNPs were transported through the plant. 

Upon oxidation of AgNPs the ions released interact with cytoplasmic components 
and reduce membrane permeability. This phenomenon resembles the activity of 
ethylene as it helps in extending vase life of cut flower crops by reducing water 
uptake through the aquaporins (Sreelekshmi, et al. 2021). Treatment of A. thaliana 
with AgNPs significantly decreased petal and pollen viability, reduced pod 
production and transcription of genes involved in flowering and floral organ 
development were downregulated by 10-40% compared to the control (Ke, et al. 
2020). Flowering stage is a crucial, long, and complex stage in plant development, 
and it requires numerous genes for flower development therefore its disturbance 
hinders vegetative growth of the plant (Ke, et al. 2020). 

Plant biochemical make up is also affected by AgNPs treatment. Biochemical 
components in the plant cells function to maintain cell homeostasis as well as 
helping with osmoregulation under stress (Mohamed, et al. 2017). Proline and total 
soluble sugar content was increased in wheat seedlings treated with lower 
concentrations of AgNPs (Mohamed, et al. 2017). According to Tripathi, et al.( 2017) 
comparative total protein content reduction in plants exposed to AgNPs treatment 
is due to increased generation of reactive carbonyl groups produced under metal 
stress, this will in turn reduce total protein content in plants. Silver ions bind to thiol 
groups of proteins or they replaces copper ions and this  causes misfolding and 
damage to proteins (Anjum, et al. 2013; Tripathi, et al. 2017). Due to different 
nanoparticle sizes, shapes and coating materials, Ag+  may interact differently with 
proteins and the dissolution of Ag+ ions increases the effects on proteins (Nangia 
and Sureshkumar 2012).  

Photosynthesis can either be increased or decreased by interaction of plant 
intracellular environment with AgNPs Anjum, et al. (2013) and Mohamed, et al. 
(2017) observed that wheat seedlings treated with lower concentrations had high 
levels of chlorophyll content while at higher concentration chlorophyll content 
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decreased. Changes in photosystem photochemistry is examined through 
chlorophyll fluorescence and photosynthetic pigments measurements (Mohamed, 
et al. 2017; Tripathi, et al. 2017). Arabidopsis thaliana seedlings treated with silver 
nanoparticles had a decreased chlorophyll content as compared to the control, and 
this resulted in an inhibited photosynthesis efficiency thus reducing the capability of 
photochemical conversion to enable occurrence of photosynthesis (Li, et al. 2018).   

Inhibition of photosynthesis is due to degradation of photosystems and chlorophyll, 
thylakoid lipids, O2 evolution (Mohamed, et al. 2017; Tripathi, et al. 2017). 
Cucumber seedlings treated with AgNPs had decreased content of photosynthetic 
pigments (carotenoids and chlorophyll) as compared to the control (Tripathi, et al. 
2017). Chrysanthemum plants treated with AgNPs had increased carotenoid and 
decreased chlorophyll a and b content (Tymoszuk and Kulus 2020). Overproduction 
of ROS leads to inhibited chlorophyll and carotenoid synthesis, which affects 
developing chloroplasts and causing a decline in chlorophyll content (Tripathi, et al. 
2017). 

Nanoparticles have the capacity to modulate secondary metabolism in plants by 
interfering with signaling pathways. Pharmaceutical industry has keen interest in  
application of AgNPs as a stimulus to improve the quality and quantity of products 
(Ramezani, et al. 2019). Nanoparticles enter the cells through the apoplast and 
cross the plasma membrane through endocytosis, influencing gene expression as 
it enters the nucleus (Ramezani, et al. 2019). In their study, Ramezani, et al. (2019) 
showed that treatment with 40 mM AgNPs increased transcription level of genes 
involved in steviol glycoside biosynthesis pathway  acting as a strong amplifier of 
the transcriptional trigger for steviol glycoside biosynthesis pathway genes which 
have the potential to control the production of steviol glycosides positively. 

Safety and toxicity aspects of nanoparticles lags behind the rate at which they are 
being produced (Ganguly, et al. 2018; Olawoyin 2018). This can be because there 
are no standards and agreements among researchers that guide study designs or 
experimental techniques in this area, or it might be because the special features of 
nanoscale materials which makes it difficult to conduct toxicological evaluations of 
new substances (Chakravarty and Vora 2021; Olawoyin 2018). 
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CHAPTER 3.0: MATERIALS AND METHODS  
In here, biosynthesis of AgNPs from S. spinosa, how AgNPs affect Strychnos early 
growth parameters, metabolism and silver ion accumulation will be studied. 

3.1 GREEN SYNTHESIS OF SILVER NANOPARTICLES 

Silver nanoparticle synthesis was obtained following a protocol formulated by Rao 
and Tang (2017) with modifications. 

3.1.2 Strychnos leaf extract preparation 

Fresh S. spinosa leaves were collected from the Botswana International University 
of Science and Technology campus. The leaves were first washed with running tap 
water, followed by 70% ethanol for 3-5 minutes, rinsed with distilled water 3 times 
and left to dry for 5 days at 60 ℃. The dried leaves were ground into fine powder 
using a pestle and mortar. A mass of 25 g of the leaf powder was weighed into a 
300 mL Erlenmeyer flask and boiled with 200 mL distilled water for 10 minutes. The 
extract was filtered through a 150 mm filter paper and centrifuged at 4000 rpm for 
15 minutes to get a cell free extract.  

3.1.3 Silver nanoparticle synthesis 

For nanoparticle synthesis, protocols from Mallikarjuna, et al. (2011) as well as 
Vanaja and Annadurai (2013) were used. Ninety milliliters (90 mL) 100 mM silver 
nitrate solution was added to 10 mL of the cell free extract obtained in 3.1.2, this 
was followed by incubation at 25 ̊ C in a shaking incubator for 24 hours. The mixture 
was centrifuged at 4000 rpm for 15 minutes to separate AgNPs aggregates from 
the liquid. The obtained AgNPs were washed with distilled water to remove excess 
silver nitrate, and this was followed by drying the nanoparticles at 60 ˚C for 6 hours. 

3.1.4 Silver nanoparticles characterization 

For structural characterization and phase identification, diffraction peaks in the 2θ 
scanning mode were recorded using Bruker D8 Advance X-ray diffractometer 
(XRD), with a CuKα radiation source of λ=1.5406 Å. The Raman spectrum was 
measured using a Horiba LabRAM HR Evolution Raman microscope and functional 
groups of the synthesized silver were investigated through Fourier Transformation 
Infrared spectroscopy (FTIR) (Bruker vector 22 Spectrophotometer) at transmission 
range of 400 cm-1 to 4000 cm-1.  It is worth to note that during the synthesis, the 
formation of Ag nanostructures was analyzed through absorbance measurements 
recorded from a wavelength of 350- 800 nm using a Thermo Scientific Evolution 
201 UV-vis spectrophotometer. Silver nanoparticles for Scanning Electron 
Microscopy (SEM) and Scanning Transmission Electron Microscopy (STEM) 
analysis were prepared by drop casting the nanoparticles on a carbon coated 
copper grid. The sample AgNPs were dispersed in double distilled water and a drop 
of the dispersion was placed on carbon coated copper grids. The excess solution 
was removed with a blotting paper and the film allowed to dry under a mercury lamp 
for 3 to 5 minutes. Imaging of the AgNPs was performed with the Zeiss Merlin FEG 
SEM coupled with a transmission mode detector. The presence of silver element 
was analysed with SEM coupled to energy Dispersive x-ray detector (Bruker, 
XFlash 4010) combined with SEM. 
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3.2 Strychnos TISSUE PROPAGATION 

3.2.1 Plant sample collection and preparation 

Strychnos fruits were collected around Palapye village. Strychnos cocculoides fruits 
were collected at coordinates (S 22°32’34.3" E 027°06’ 00.0") while Strychnos 
spinosa was collected at the following coordinates (S 22°32’41.0" E 027°06’ 19.5”). 
The collected fruits were washed with running tap water to remove dirt followed by 
sequential wash with fungicide (Verkop and vermicide), half strength 3.5% domestic 
bleach, 70% ethanol and sterile distilled water for 3-5 minutes. 

Working aseptically under the laminar flow, fruits were opened using a scalpel to 
remove the seeds. The seeds were placed in 10% ethanol solution, cut open using 
a sterile blade and embryos were extracted from the seeds using sterile forceps. 
The isolated embryos were placed in 10% ethanol while awaiting to be planted. All 
the materials and equipment used were sterilized by autoclaving at 121⁰ C for 15 
minutes at 103kPa.  

3.2.2 Plant Growth Medium Preparation 

Half strength media was prepared, according to the manufacturer’s instructions, by 
dissolving 15 g sucrose, 8 g micro-agar and 2.215 g of Murashige and Skoog (MS) 
medium in 1 L distilled water. Concentrated hydrochloric acid and 2 M sodium 
hydroxide were used to adjust pH to 5.7-5.8. Silver nanoparticles 1 g/L stock 
solution was prepared by dispersing the nanoparticles in distilled water through 
ultrasound sonication. Silver nanoparticles were added into half strength MS media 
to different concentrations (12.5, 25, 50, 100, 200 µg/mL) before adjusting pH.  This 
was followed by autoclaving at 121⁰ C for 15 minutes at 103 kPa. After autoclaving, 
media was poured into sterile magenta boxes aseptically inside the laminar flow. 

3.2.3 Establishing sterile embryo culture  

Embryos obtained in 3.2.1 above   were cultured in the media prepared in 3.2.2 
above aseptically under the laminar flow. Five embryos were cultured in each 
magenta box, and this was done in triplicates. The cultures were maintained in the 
dark at room temperature (25 ˚C) to initiate germination. After germination, the 
cultures were kept at alternating periods of 16 hours of light and 8 hours of 
darkness. The cultures were observed daily for germination from the day of culturing 
(Bian, et al. 2018). 

Early growth characteristics such as shoot, and root length were observed and 
measured with vernier calipers. Fresh and dry weight measured using a balance. 
An embryo was considered to have germinated when the cotyledons were open 
and changing color from yellow to green.  

3.3 SILVER ION ACCUMULATION ANALYSIS 
Samples were prepared by acid digestion for Flame Absorption Absorbance 
Spectroscopy analysis according to Khan, et al. (2020) with modifications. One 
gram plant material was dried at 70 ˚C for 48 hours in an oven. The dried samples 
were then digested with 8 mL concentrated nitric acid at 80 ˚C for 1-hour, further 
digestion was carried at 120 ˚C for another hour. This was followed by sample 
decolorization with hydrogen peroxide. The sample was dried at 80 ˚C to evaporate 
hydrogen peroxide. Total volume of the digests was adjusted to 25 mL with distilled 
water followed by filter sterilization through 0.45 µm filters. A standard solution was 
prepared by dissolving 1.575 g silver nitrate in 100 mL of 2% nitric acid. Different 
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concentrations were prepared by diluting standard with distilled water to establish 
a standard curve. The instrument parameters were set to obtain maximum Ag 
content. Silver ion content in the Strychnos samples was analysed with a FAAS 
contra 700 in a single cycle with five washes. 

3.4 METABOLISM ANALYSIS 

3.4.1 Biomolecule Decomposition 

Strychnos whole seedlings were dried at 70 ˚C for 48 hours and ground into fine 
powder. They were then analysed with Bruker VERTEX 70v vacuum FTIR 
spectrophotometer, with computer-based software-controlled operation and data 
processing. The following parameters we set to run the samples; 4cm-1  resolution, 
64 seconds scan time, 25 seconds measurement time, 300-400cm-1 transmittance 
wavelength. The spectral data of treated samples was compared with the control 
spectral data to identify functional groups in the samples. The spectra were 
analysed with Origin 8.0 software (Origin Lab Corporation, Massachusetts, USA). 

3.4.2 Total Chlorophyll Content 

A total of 30 mg leaf sample from the plantlets was incubated at 60˚C with 5 mL 
dimethyl-sulfoxide (DMSO) for 60 minutes. This was followed by centrifugation at 
4200 g for 10 minutes and absorbance was recorded in triplicates at 665 nm and 
648 nm. Chlorophyll a (Chl a) and chlorophyll b (Chl b) were calculated as 
milligrams of chlorophyll per gram of fresh weight of the leaf divided by volume of 
DMSO used as shown in equations 3.1 and 3.2. Total chlorophyll was calculated 
as a sum of Chl a and Chl b (equation 3.3). The protocol was adopted from (Barnes, 
et al. 1992). 

𝐶ℎ𝑙𝑜 𝑎 = (14.85 ∗ 𝐴655𝑛𝑚) − (5.4 ∗ 𝐴648𝑛𝑚) ∗ (𝐹𝑊 (𝑔) 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙))⁄  Equation 3.1 

𝐶ℎ𝑙𝑜 𝑏 = (25.45 ∗ 𝐴648𝑛𝑚) − (7.36 ∗ 𝐴655𝑛𝑚) ∗ (𝐹𝑊 (𝑔) 𝑉𝑜𝑙𝑢𝑚𝑒(𝑚𝑙))⁄   Equation 3.2 

𝑇𝑜𝑡𝑎𝑙 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 = 𝐶ℎ𝑙𝑜 𝑎 + 𝑐ℎ𝑙𝑜 𝑏 Equation 3.3 

3.4.3 Anthocyanin Content 

30 mg leaves were added to acidified methanol (1% hydrochloric acid in methanol). 
This was followed by incubation at 4˚C for 4 hours. The mixture was centrifuged at 
4200 g for 10 minutes followed by taking absorbance at 530 nm and 657 nm. 
Anthocyanin content was calculated according to Laby, et al. (2000) and Mancinelli 
(1984) using equation 3.4 below 

𝐴𝑛𝑡ℎ𝑜𝑐𝑦𝑎𝑛𝑖𝑛 = 𝑂𝐷530 𝑛𝑚 − (0.25 ∗ 𝑂𝐷657𝑛𝑚) ∗ (
𝐹𝑊(𝑔)

𝑉𝑜𝑙𝑢𝑚𝑒(𝑚𝑙)
)  Equation 3.4 

3.4.4 Plant Extraction Preparation 

500 milligrams of whole plant seedlings from 3.2.3 above were weighed and 
pulverized in liquid nitrogen with pestle and mortar. Phytochemicals were extracted 
with methanol. Secondary metabolites were extracted with 20 mL of the solvent 
twice using ultrasound technique at 40 ˚C for one hour. The extracts were filtered 
through 150 mm Whatman filter paper and dried in the fume hood in darkness at 
room temperature. After drying the extract was resuspended with (DMSO) to a 
concentration of 10 mg/mL. Resuspended extract was stored at 4 ˚C in darkness. 
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3.4.4.1 Total Phenol Content 

To estimate total phenol content a modified protocol was adopted from Ribarova, 
et al. (2005) and Singleton, et al. (1999). A standard curve was made with gallic 
acid. Serial dilutions (0, 0.05, 0.1, 0.15 and 0.2 mg/mL) of the standard were made 
from the stock concentration of 10 mg/mL with methanol as the diluent. To 200 μL 
gallic acid dilution, 200 μL Folin ciocalteu reagent and 2 mL distilled water was 
added. This was followed by incubation in the dark for 8 minutes at room 
temperature. A volume of 600 μL of 20% sodium carbonate was added and 
incubated for 5 minutes at 60 ˚C. Absorbance was recorded at 760 nm. To 200 μL 
of 10 mg/mL plant extract the same procedure was followed. Total phenolics 
content was calculated as milligrams of gallic acid equivalent per gram of dry weight 
of the extracted (mg GAE/ dry weight of the extract). Total phenol content was 
calculated as; 

=𝐸𝑥𝑡𝑟𝑎𝑝𝑜𝑙𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 (𝑚𝑔 𝑚𝑙)⁄ ∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 (𝑚𝑙)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 (𝑔)
   Equation 3.5 

3.4.4.2 Total Flavonoid content 

 Total flavonoid content was estimated according to a protocol developed by 
(Chang, et al. 2002). Quercetin was used as a standard to make a standard curve. 
Serial dilutions (0, 25, 50, 100, 125, 150 mg/mL) of the standard were made from 
the 10 mg/mL quercetin stock with methanol as a diluent. To 200 μL quercetin 
dilution 200 μL 2% aluminum chloride, 200 μL potassium acetate, 600 μL distilled 
water was added followed by incubation in the dark at room temperature for 30 
minutes. This was followed by taking absorbance at 420 nm. Total flavonoid content 
was calculated as milligrams of quercetin (QE) per gram of dry weight of the extract 
(mg QE/dry weight of the extract). Total flavonoid content was calculated as; 

=𝐸𝑥𝑡𝑟𝑎𝑝𝑜𝑙𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 (𝑚𝑔 𝑚𝐿)⁄ ∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 (𝑚𝐿)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 (𝑔)
       Equation 3.6 

3.4.5 Total protein Content 

Total protein isolation protocol with modifications from Schlereth, et al. (2000) was 
adopted for this assay. Lysis buffer was prepared with 10 mM, Tris-HCL pH 8.0, 1 
mM PMSF, 2% Sodium dodecyl sulfate, 30% sucrose. A total mass of 250 mg fresh 
leaf samples from each of the concentrations was ground to powder with liquid 
nitrogen and 10 mL lysis buffer was added to it. The mixture was thoroughly 
vortexed and centrifuged at 4200 xg for 20 minutes at 4 ˚C. The supernatant was 
decanted, and the unstable pellet was extracted again with lysis buffer.  

3.4.5.1 Total Protein Content Estimation 

Total protein content was quantified using the Bradford method according to 
Bradford (1976). To make the standard curve the following 2.0 mg/mL bovine serum 
albumin dilutions were made by aliquoting the following volumes of BSA stock 
solution: 0, 5, 10, 20, 30, 40, 50 and 100 μL and adjusting the volume to 100 µL 
with lysis buffer to 100 μL. Five milliliters of the Bradford reagents were added to 
the dilutions, followed by incubation for 45 minutes and readings were taken at 595 
nm with the 200E spectrophotometer. Five hundred μL of the plant protein sample 
was added to 4.5 mL Bradford’s reagent followed by incubation for 45 minutes and 
absorbance recorded at the same parameters as the standard. The results were 
recorded in triplicates. 
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3.4.5.2 Sodium-dodecyl sulphate Polyacrylamide Gel Electrophoresis 

Resolution 12% and stacking 4.5% gels were prepared according to a recipe in 
Appendix a table 1. Isopropanol was added after loading resolution gel to level the 
surface while waiting for polymerization of the gel. This was followed by washing 
off isopropanol with distilled water and loading stacking gel. A volume of 10 μL 
loading dye was mixed with 10 μL sample extracts in Eppendorf tubes. The mixture 
was heated in a heating block for 5 minutes before loading the samples into the 
SDS page gel. The gel was run for 120 minutes at 120 volts and 400 amps current. 
Strychnos sample protein was run the Bio-rad dual color precision plus protein 
ladder. The gels were stained with iodine solution for 2 hours at room temperature 
followed by destaining for 30 minutes. The gel was visualized with Bio-Rad lasec 
chemi doc MP imaging system. These modified protocol was adapted from (Haider, 
et al. 2012)  and (Jan, et al. 2016). 

3.5 Statistical Analysis 
Experiments were performed in triplicates and results were expressed as means of 
triplicates ± standard error mean (SEM). R-studio 4.0.4 (2021), Graph Pad Prism 
9.4.0 and Origin 8-pro analytical softwares were used to analyse the data. Analysis 
of variance (ONE-WAY ANOVA) in Strychnos species responses to treatment with 
silver nanoparticles was performed and means were compared based on least 
significant difference (LSD) using Tukey’s post-Hoc test at 95% certainty level 
(P<0.05). 
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CHAPTER 4: RESULTS  
Silver nanoparticles were successfully synthesized and characterized with 
Ultraviolet visible (UV-vis) spectroscopy, X-ray diffraction (XRD), Scanning electron 
microscopy (SEM), Scanning transmission electron microscopy (STEM), Energy 
dispersion X-ray (EDX), Raman spectroscopy and Fourier Transmission Infra-red 
(FTIR) spectroscopy. Strychnos embryos germinated and developed or grew 
successfully when treated with AgNPs suspension, and this enabled for further 
analysis as stipulated in chapter 3 above. Silver nanoparticles had a significant 
effect on early growth parameters and biochemical array of the treated seedlings. 
Silver ions accumulated in the seedlings as confirmed by Flame atomic absorption 
spectroscopy (FAAS). 

4.1 BIOGENIC SYNTHESIS AND CHARACTERIZATION OF SILVER 
NANOPARTICLES 
Formation of AgNPs was observed from a color change of extract and silver 
nitrate suspension from yellow to brown upon addition of silver nitrate solution as 
shown in figure 4.1. Silver nitrate alone did not show any color change at the 
same conditions indicating that the reduction of silver nitrate did not occur. 
Bioreduction of silver nitrate with S.spinosa extract was further confirmed with Uv-
vis spectroscopy. A distinct peak was detected at 427 nm as shown in figure 4.2. 

 

 

 

Figure 4.1: Bio-reduction of S. spinosa leaf water extract a) Leaf extract before adding 

silver nitrate, b) leaf extract with silver nitrate before incubation for 24 hours, c) silver 

nanoparticles in suspension 
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Figure 4.2: UV-vis spectra of the green synthesized silver nanoparticles show 
absorbance at 427 nm 

X-ray diffraction profile of the synthesized silver nanoparticles is shown in figure 
4.3. The strong peaks observed at state angles are assigned miller indices of (111), 
(200), (220), (311) and (222), respectively, as shown in figure 4.3 and table 2 in in 
Appendix b. The crystalline domain size was calculated by the Debye-Sherrer 
formula D=Kλ/βCosθ where D is the crystallite size in Angstroms, constant K is 1, 
β is the full width at half maximum, λ is the X-ray wavelength and θ is the diffraction 
angle.  

 

Figure 4.3: XRD peaks of S. spinosa water leaf extract synthesized silver 
nanoparticles correspond to the COD 2013 database ID COD 9004180. 

The SEM and STEM images in figure 4.4 revealed a uniform distribution of spherical 

clusters. The AgNPs are also mono dispersed as shown by the STEM micrograph 
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(figure 4.4 c and d). The micrographs also showed a monodispersed spherical 

morphology of the nanoparticles. Figure 4.5 shows the EDX profiles of the AgNPs 

showing strong signals for elemental silver at 3KeV and other peaks between 0-

1KeV are related to oxygen and carbon. 

 

 

 

 

 

 
Figure 4.5: EDX spectrum showing elemental composition of silver nanoparticles synthesised 

by bio-reduction of silver nitrate solution with S. spinosa leaf extract. 

Figure 4.4: SEM (a and b) and STEM (c and d) micrographs of silver nanoparticles 

synthesized from S. spinosa leaf extract and silver nitrate solution 
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Fourier Transformer Infrared Spectroscopy was used to identify the biomolecules 
within the S. spinosa plant extracts that are involved in silver nanoparticles 
synthesis by acting as stabilizers and capping agents. The FTIR spectra revealed 
peaks from 3728.1 to 950 cm-1 as shown in figure 4.6 below. The peaks assigned 
to O=C-OH/C-OH, C=O, C O, C=C, C-O-C respectively. 

 

Figure 4.6: Fourier Transformer Infrared Spectroscopy spectra of green 
synthesised silver nanoparticles. 

Raman spectroscopy was used to provide detailed information about the chemical 
structure phase and polymorph, crystallinity, and molecular interactions. Figure 4.7 
shows the Raman spectra with peaks at 229.9 cm-1, 1337.6 cm-1, 1588.2 cm-1 and 
1899.9 cm-1. 

 

Figure 4.7: Raman spectra of S. spinosa water leaf synthesized silver nanoparticles 
showing different peaks that indicate the presence of different functional groups. 
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4.3 SILVER ION ACCUMULATION IN Strychnos SPECIES 
Flame atomic absorption spectroscopy was employed to analyse AgNPs content in 
Strychnos seedlings.  Silver nitrate was used for calibration before testing the 
samples for ion content. In figure 4.8, AgNPs content increased in treated seedlings 
for both S. spinosa and S. cocculoides as compared to untreated seedlings, this 
was evident by a statistically significant difference (P=0.0001) of silver ion content 
at each respective AgNPs treatment concentration as silver ion content increased 
in a dose dependent manner. The highest accumulated silver ion content was 0.362 
± 0.006 ppm and 0.300 ± 0.012 ppm at 200 µg/mL for both S. cocculoides and S. 
spinosa respectively. 

 

 

 

 

4.2 EARLY GROWTH PARAMETERS OF THE Strychnos SEEDLINGS 
Seedlings germinated ten days after their culture on half strength MS growth media. 
Germination was signaled by opening of cotyledons and radicle elongation of the 
embryo. High mean germination percentage, 100% and 66.7% occurred at 
treatment with 50 µg/mL for S. cocculoides and 200 µg/mL for S. spinosa, 
respectively. Treatment with AgNPs had no statistically significant difference on 
germination percentage of Strychnos species, P=0.219 and P=0.287 for both S. 
cocculoides and S. spinosa respectively as depicted in figure 4.9.  

Figure 4.8: Silver ion content in Strychnos seedlings, a) S. cocculoides and b) S. 

spinosa cultured in MS media treated with different concentrations of AgNPs. 
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Figure 4.9: Mean germination percentage of Strychnos species at each AgNPs 
concentration and at the control. Lack of statistical difference is indicated by the 
alphabetical letters. 

Silver nanoparticle treatments of the Strychnos seedlings had a significant effect on 
shoot length, P=0.0012 and P=0.0001 for S. cocculoides and S. spinosa, 
respectively, as shown in figure 4.10 and 4.11. Shoot length decreased with 
increase in AgNPs treatment concentration therefore control seedlings had longer 
shoots. Control seedlings had the highest shoot length recording of 9.00±0.92 cm 
for S. cocculoides and 10.00±0.72 cm for S. spinosa while treatment with 200 µg/mL 
recorded 3.08±0.28 cm and 2.62±0.50 cm for S. cocculoides and S. spinosa. There 
was no concomitant relationship between root length and silver nanoparticles 
concentrations. Root length increased at AgNPs 12.5 µg/mL recording 11.1±2.06 
cm and 8.30±0.61 cm for S. cocculoides and S. spinosa.  

  

Figure 4.10: Strychnos seedlings from treatments with different concentrations of 
silver nanoparticles. 
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Figure 4.11: Mean ± standard error of shoot length a) and root length b) of the 
Strychnos species at each silver nanoparticle treatment and the control (0 µg/ml). 
Different letters indicate statistical difference while similar letters show that there is 
no statistical difference. 

Seedlings treated with AgNPs developed tap roots that darkened and were short 
while control seedlings developed long tap roots as shown in figures 4.12 and 4.13. 

 

 

 

Figure 4.12: a), Shoot length of the Strychnos seedlings and b), thickened stem and 

root browning in Strychnos seedlings under treatment with AgNPs. 
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Silver nanoparticles had no effect on S. cocculoides fresh weight (P=0.097) while 
S. spinosa fresh weight was reduced by treatment with AgNPs (P=0.012). 
Untreated plants had a higher biomass of 0.105±0.0445 mg and 0.089±0.006 mg 
for S. cocculoides and S. spinosa, respectively, but small fresh weight was 
observed in treatment with 200 µg/mL for both plant species. Strychnos cocculoides 
had a mean fresh weight of 0.072±0.010 mg while Strychnos spinosa mean 
0.045±0.01 mg. However, dry weight was not affected neither by AgNPs treatment 
nor by plant species as there was no statistical difference in dry weight content for 
both the Strychnos species as depicted in figure 4.14. 

 

 

Figure 4.14:  Bar graphs with standard error shown depicting mean fresh weight a) 
and mean Dry weight b) for S. spinosa and S. cocculoides. Statistical differences 
are shown by alphabetical letters. 

Figure 4.13:  Seedlings from in vitro culture of Strychnos embryo. a) Long tap roots 

in untreated seedlings, b) seedlings under AgNPs treatment and c) root length 

measuring criteria of Strychnos seedlings. 
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4.4 Strychnos METABOLISM ANALYSIS 
The purpose of this analysis was to investigate any shift in bands, which assesses 
the variability of biomolecules and detect any changes in the chemical bonds of the 
biomolecules in seedlings treated with silver nanoparticles. For S. spinosa in figure 
4.14b FTIR spectra shows that 200 µg/mL seedlings had a higher transmittance 
percentage as compared to the other treated samples and the control seedlings (0 
µg/mL). Interestingly S. cocculoides seedlings in figure 4.14b showed distinct 
infrared waves corresponding to 12.5, 25, and 0 (control) µg/mL while other waves 
were not identified. FTIR analysis revealed different broad and consistent bands for 
all the samples, both the control and treated seedlings.  

  

   

Figure 4.15: FTIR spectra of S. cocculoides and S. spinosa seedlings treated with 
different concentrations of silver nanoparticles showing different infrared 
absorption peaks. 

Leaves of seedlings under AgNPs treatment exhibited a color change from green 
to yellow as shown in figure 4.16. Treatment with AgNPs had a significant effect 
(P>0.0001) on chlorophyll accumulation in both the Strychnos species. Chlorophyll 
content decreased in a dose dependent manner where content decreased with 
increase with AgNPs treatment concentrations as depicted in figure 4.17. Strychnos 
cocculoides had a higher chlorophyll content mean (7.84 mg/g FW±1.44) as 
compared to Strychnos spinosa (3.00 mg/g FW±1.04).  
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Figure 4.17: Average total chlorophyll content is shown by the bar graphs, different 
alphabetical letters are showing statistically significant difference in total chlorophyll 
content in each plant at each treatment as well as the control. 

Both the Strychnos species had a higher chlorophyll a content as compared to 
chlorophyll b as shown in the table 3 in appendix C. Strychnos cocculoides had a 
higher chlorophyll a and b content as compared to Strychnos spinosa. Additionally 
control seedlings had a higher content of both chlorophyll a and b content. 

Figure 4.16; Leaves from Strychnos seedlings changed color from green to yellow with increase in 
AgNPs treatment concentration 

 



28 
 

Total anthocyanin content increased concomitantly with AgNPs concentration; 
therefore, silver nanoparticles had a statistically significant effect (P<0.0001) on 
anthocyanin content. Both Strychnos species had the same anthocyanin content at 
all the concentrations of AgNPs treatment with the highest recorded at 100 µg/mL 
and 200 µg/mL (figure 4.18).   

 

Figure 4.18: Shows bar graph of the mean total anthocyanin content. Differences 
in statistical significance are shown by alphabets. 

Treatment of Strychnos seedlings with AgNPs significantly increased (P<0.0001) 
total phenolic content in a dose dependent manner. Control seedlings had 1.4±0.1 
mgGAE/g FW and 6.0±0.114 mgGAE/g FW for S. cocculoides and S. spinosa 
respectively, whereas treatment with 200 µg/mL AgNPs yielded 8.05±0.087 
mgGAE/g FW and 10.44±0.040 mgGAE/g FW for S. cocculoides and S. spinosa 
respectively. On average S. spinosa had higher total phenol content (8.04±0.097 
mgGAE/g FW) as compared to S. cocculoides (4.96±0.144 mgGAE/g FW) (figure 
4.19). 
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Figure 4.19: Total phenol content, statistically significant difference is depicted by 
alphabetical letters 

The same trend of phenolic accumulation was observed with total flavonoids, where 
total flavonoid content increased with increase in AgNPs concentration as shown in 
figure 4.19. However, flavonoids content was higher than phenolic accumulation for 
both plants, and S. cocculoides had a higher total flavonoid content as compared 
to S. spinosa of 1.47±1.08 mgQE/g FW and 1.01±0.009 mgQE/g FW respectively. 
Treatment of both plants with AgNPs showed a statistically significant effect 
(P<0.0001) on total flavonoid content (figure 4.20).  

Figure 4.20:  a) S. cocculoides and b) S. spinosa total flavonoid content averages 
shown in the bar graph with standard errors, alphabetical letters are assigned to 
statistical significance. 

Protein content significantly increased (P<0.0001) with increase of the AgNPs 
treatment concentrations as shown in figure 21. Strychnos cocculoides had an 
average higher protein content (24.6±0.260 mg/mL FW) than Strychnos spinosa 
(22.7±0.753 mg/mL FW). However, Strychnos spinosa had the highest total protein 
after treatment with 200 µg/mL silver nanoparticles of 52 mg/mL FW±1.57) as 
compared to Strychnos cocculoides (41.1 mg/mL FW ± 0.256). These results show 
that there was a significant difference between Strychnos species in terms of total 
protein accumulation. 
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Figure 4.21: Average of the total protein content of Strychnos species, statistical 
differences are depicted by the alphabetical letters 

The obtained proteins resolved with SDS Page revealed intense peaks at 10 kD 
and faint peaks at 150 kD as shown in figure 4.22 below. 

  

Figure 4.22: SDS-PAGE analysis of Strychnos species showing bands at 10kD. 
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CHAPTER 5: DISCUSSION 
The color change of the extract-silver nitrate solution mixture is due to reduction of 
the silver metallic ions (Ag+) in silver nitrate solution by the plant extract to AgNPs 
(Ag0) (Awwad, et al. 2012). Interesting property of metal nanoparticles is that their 
optical properties are size and shape dependent. Silver is a noble metal and has 
excellent optical properties due to excitation of surface plasmon resonance hence 
the color change as well the characteristic UV-vis band visible at 427 nm (Mittal, et 
al. 2015). 

The characteristic surface plasmon resonance of the synthesized AgNPs was 
identified at λ 427 nm as shown in figure 4.2, which falls within range of 400nm-
450nm (Mittal, et al. 2013) thus confirming stability of the nanoparticles. Free 
electrons in the AgNPs are excited by absorbing photons and are raised to a higher 
energy level; however, the electron is unstable in this higher energy state and emits 
a photon to make a transition to the base energy state (Burda, et al. 2005; Thrall, 
et al. 2013). 

X-ray diffraction peaks match that of COD 2013 database ID COD 9004180, 
corresponding to the face centered cubic (fcc) phase of silver. The average size of 
crystallites was 16.75 nm and is a cubic lattice. These peaks represent silver as the 
main constituent. The weaker peak at 32.5o may be attributed to a small size and 
small atomic distribution of the silver crystals.  

The shape and structure of the synthesized AgNPs determined by SEM, STEM and 
EDX are shown in figure 4. The synthesized AgNPs appeared as spherical clusters 
uniformly distributed. The mono dispersed aggregates are due to polarity and 
electrostatic attraction of the AgNPs (Hu, et al. 2016). The size of most of the AgNPs 
from SEM analysis was 52.0 nm with an average size of 53.4 nm. Elemental 
composition of AgNPs was analysed with EDX revealed along with it oxygen that 
could be from organic moieties that were in the leaf extract while carbon could be 
from coating procedure during AgNPs preparation for SEM analysis. 

In the FTIR spectra peaks 3728, 2346, 2113, 1531, 1195 cm-1  are assigned to 
stretching hydroxyl group of  O=C—OH and C-OH (Tadayon and Jahromi 2020), 
bending vibrations of C=O or ketone carbonyl (Dastan, et al. 2017), triple bond 
carbon stretching alkyne (Mistry, et al. 2021), stretching C=C aromatic ring 
(Darabdhara, et al. 2016) and asymmetric stretch of -C-O-C group (Tamizifar and 
Sun 2018), respectively. Phytochemical compounds with these functional groups 
are known to be good reducing agents with excellent radical scavenging capacity 
(Brewer 2011). These results show that dry biomass has various functional groups 
present for binding heavy metal ions. 

Raman spectroscopy analysis of the nanoparticle peaks emerging at 229.9cm-1, 
1337.6cm-1, 1588.2 cm-1 and 1899.9 cm-1 respectively assigned to Ag-O-C-O- (Cai, 
et al. 2017; Liu, et al. 2010), CαCm (Kang, et al. 2010) or -C=N stretching vibration 
of guanidine (Khan, et al. 2020). The final peak at 1899.9 cm-1 was not identified. 
The peaks are due to vibrational modes of silver element bonded to different 
compounds being phenols and alkaloids. The aliphatic chains might be phenolic 
compounds while the nitrogenous asymmetric are attributed to alkaloids. Mostly the 
biomolecules found in the spectra are alkanes. The Raman spectra revealed the 
presence of alkanes, alkaloids and phenols bonded to silver element. 
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Flame Atomic Absorption Spectroscopy is one of the approaches that can be used 
to characterize uptake, accumulation, and toxicity mechanisms of AgNPs in 
Strychnos. Silver is taken up by roots, translocated throughout the leaves with 
substantial transformation or dissolution. Results show that silver ions from AgNPs 
increased at all concentrations for both the Strychnos species as concentration 
increased from 0.100±0.006 ppm in control plants to 0.362±0.010 ppm in seedlings 
treated with 200 µg/mL. Plants take up AgNPs from the growth media through both 
the intercellular spaces and vascular tissue, particularly the xylem cells (Tripathi, et 
al. 2017) and also the uptake and translocation of AgNPs is dependent on their size 
and shape, permeability and structure of the plant cell (Carlson, et al. 2008; 
Homaee and Ehsanpour 2015). 

Cell wall has a semi-permeable epidermal layer that allows internalization of 
nanoparticles, in some instances nanoparticles larger than the epidermal pores 
induce pore  formation and enter the plant vascular system and move up the plant 
through various series of events and processes (Navarro, et al. 2015). Silver 
nanoparticle uptake into the plant is aided by formation of vesicular membranes 
which acts as cargo that enfolds AgNPs and transport them to different destinations 
in the plant (Fabrega, et al. 2009; Ovečka, et al. 2005). Following accumulation of 
AgNPs into the plant system these nanoparticles will induce physiological, 
biochemical, and structural effects on plants hence in this study each dose of 
AgNPs treatment had an increasing or decreasing effects on the early growth or 
metabolism parameters. 

Germination of the embryos was not affected by AgNPs but rather depended on the 
plant type. These results are consistent with findings reported by Sweet and 
Singleton (2015). AgNPs have either negative, positive or no effect on germination 
percentage. Silver nanoparticles enhanced germination in watermelon and zucchini 
(Almutairi and Alharbi 2015). Consistent with our results are other reports that Vicia 
faba (Abdel-Azeem and Elsayed 2013) and Arabidopsis thaliana (Geisler-Lee, et 
al. 2012) germination parameters were not affected by AgNPs. According to Xiu, et 
al. (2011), AgNPs have the tendency to aggregate or be complexed by ligands, and 
this reduces bioavailability of Ag+ thus decreasing toxicity of Ag+ on plants. Other 
reports have stated that lentil (Hojjat and Ganjali 2016; Yadu, et al. 2018) 
germination parameters were enhanced by treatment with AgNPs. However low 
concentrations of AgNPs enhanced germination while higher concentrations had 
detrimental effects on germination percentage in Pinus sylvestris (Bayramzadeh, et 
al. 2019) and Sorghum bicolor (Ziotti, et al. 2021). 

The results obtained indicated that roots and shoots are more sensitive to AgNPs. 
This could be because roots are the first tissues in contact with AgNPs and 
accountable for the continuous uptake of minerals and nutrients from the medium. 
Root length was higher at lowest concentration and dramatically reduced at high 
concentration. Treated seedlings had stunted roots with a browning effect and 
increasing thickness  observed by Sweet and Singleton (2015) at the radicles 
compared to roots of control seedling and those exposed to AgNPs, and this finding 
concurs with reports (Al-Huqail, et al. 2018; Geisler-Lee, et al. 2012). The browning 
is anticipated to be due to the highest accumulation of silver at the roots as reported 
for other plant species and this suggests that AgNPs were adsorbed by the root tips 
and maybe that was a survival response of roots to AgNPs exposure (Yin, et al. 
2012). Decrease in shoot length was dose dependent as they decreased with 
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increase in AgNPs concentrations as observed by other researchers  (Aghdam, et 
al. 2019; Bagherzadeh Homaee and Ehsanpour 2015; Baskar, et al. 2015; 
Moustaka, et al. 2018).  

Biological material such as plants are highly homogenous, they are made up of 
biological molecules with different steps of stabilities and reactivities (Luo, et al. 
2014). Functional groups of different molecules correspond to specific infra-red-light 
frequencies and the functional groups interact with transitional metals of which their 
composition is determined by infrared light adsorption (Jackson, et al. 2006). In here 
we used FTIR analysis to detect changes in chemical profiles of the Strychnos 
seedlings. 

From the results S. spinosa seedlings exposed to 200 µg/mL had a higher 
transmittance percentage while the other samples from different treatment 
concentrations had a low transmittance percentage. On the other hand, S. 
cocculoides seedlings had a lower transmittance percentage. S. cocculoides and 
S. spinosa vibrations were as follows; 3323 – 3295 cm-1 is assigned to -OH 
stretching vibrations and/or be assigned to N-H stretching vibrations. Bands at 
1548-1508 cm-1 are assigned to C-N stretching or N-H in-plane bend. These 
vibrations could also be assigned to C=O/C-O stretching aliphatic and aromatic 
compounds while 1091-1066 cm-1  are assigned to -C-O aromatics and symmetric 
PO2 phosphate ion (Nandiyanto, et al. 2019). 

There was a significant difference in transmittance percentage for the treated 
Strychnos seedlings as compared to the control seedlings, this could imply partial 
decomposition and change in structure of molecules by silver nanoparticle that 
changed the chemical environment of the cell (Reheem, et al. 2016). Though the 
absorption bands were similar for both the species, some were weaker as they 
appeared at lower transmittance percentages. Evidently the bands pattern is not 
concomitant with the nanoparticle concentration. Metabolites analyzed (chlorophyll, 
anthocyanin, phenols, flavonoid, and proteins) were affected by AgNPs 
concentration as some were increased while others were decreased. These results 
are correlated by the FTIR spectra in figure 4.15 that shows different transmission 
percentages of biomolecules at each treatment concentration. 

The spectra also shows that there exist the same biomolecules in both the species 
as shown by the peak’s uniformity (bands appear at the same wavelength range) 
that corresponds to specific function group. FTIR wavenumber revealed peaks with 
different functional groups that are moieties to plant secondary metabolites. 
Alkaloids are made up of the amine moiety where nitrogen is bonded to a 
heterocyclic aromatic ring (Wang 2018). The hydroxyl group is a functional group 
of alcohols and carboxylic acid, and this reveals the presence of phenols and its 
derivatives as well as terpenes (Dhivya and Kalaichelvi 2017; Mohandas and 
Kumaraswamy 2018). Phosphate ions revealed presence of nucleic acids and 
proteins (Ma and Liu 2020). Therefore, the obtained results show that there was a 
cationic or metal bonding of biomolecules existing between Strychnos and AgNPs 
that resulted in a changed structure or composition of biomolecules found in the 
plant samples.   

Chlorophyll is an important biomarker that reveals the status of plant growth. 
Treatment of Strychnos seedlings with AgNPs had a negative impact on total 
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chlorophyll content where chlorophyll content decreased in a dose dependent 
manner. Chlorosis, which is yellowing of leaves also confirmed the degradation or 
inhibited synthesis of chlorophyll biomolecule. Treated seedlings had an impaired 
growth system evident in the short, abscised roots and short shoot length which 
ultimately disturbed nutrient (nitrogen and magnesium) uptake. The impaired 
growth can be attributed to interference of photosynthesis because of degraded 
chlorophyll or inhibition of chlorophyll production (Dias, et al. 2019; Liu, et al. 2019). 

Corresponding to results obtained from these research, several reports have 
indicated that AgNPs reduced chlorophyll content in Arabidopsis thaliana (Qian, et 
al. 2013) Lycopersicon esculentum (Song, et al. 2013) and Oryza sativa (Nair and 
Chung 2014). Silver nanoparticles inhibit water uptake hence the yellowing of 
leaves (Carrillo-López, et al. 2016). The inhibitory effect of AgNPs on chlorophyll is 
also attributed to chloroplast and thylakoid damage by ROS accumulation which 
then subsequently affects the process of photosynthesis (Baskar, et al. 2015).  
Silver nanoparticles enter the Strychnos plant system and interact with the 
chlorophyll metabolism. 

AgNPs influence the photophysical behavior activity of plants where the metallic 
nanoparticles have a quenching effect on chlorophyll fluorescence, in turn 
decreasing photosynthetic activity. In a study by  Falco, et al. (2020), there was an 
overlap found between chlorophyll fluorescence and AgNPs absorption. In such 
cases inhibited synthesis and degradation of chlorophyll disturbs/interferes with 
light harvesting complexes capability to transfer light to photosynthetic reaction 
centers (Dewez, et al. 2012). 

Contradictory to findings in this study, in a study by Park and Ahn (2016) multiwalled 
carbon nanoparticles and AgNPs increased rate of photosynthesis in carrot. This 
could be because nanoparticles tend to enter chloroplast membrane and enhance 
photosynthetic capacity and electron transport chain (Giraldo, et al. 2014), 
nanosized titanium oxide was also reported to have increased photosynthesis and 
photosynthetic pigments in maize (Samadi, et al. 2014). Treatment with AgNPs 
increased chlorophyll content in potato (Homaee and Ehsanpour 2015) confirming 
that photosynthetic pigment can be used as heavy metal stress biomarkers (Kumar, 
et al. 2012). According to Giraldo, et al. (2014), it was reported that single walled 
carbon nanotubes were found in the chloroplast membrane suggesting that 
nanoparticles can be used to enhance photosynthesis. 

Phenols are a diverse group of compounds, inclusive of anthocyanins which are 
categorized by a free hydroxyl group (Abbasi and Jamei 2019). The free hydroxyl 
group has antioxidative properties that enables phenols to possess antioxidative 
activities to scavenge free radicals in living organisms (Bagherzadeh Homaee and 
Ehsanpour 2015).  

Anthocyanins are soluble flavonoids possessing antioxidant properties compounds 
which relieve stress or protects cells from ROS by scavenging free radicals 
(Aghdam, et al. 2019; Bagherzadeh Homaee and Ehsanpour 2015; Baskar, et al. 
2015; Moustaka, et al. 2018). In this study, treatment of Strychnos with AgNPs 
increased anthocyanin content in a dose dependent manner. Increase in 
anthocyanin content in plants under heavy metal stress was also observed in 
Arabidopsis thaliana (Nair and Chung 2014), Brassica rapa spp. Pekinensis 
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(Baskar, et al. 2015), potato (Homaee and Ehsanpour 2015) and Echium amoenum 
(Abbasi and Jamei 2019). The higher content of anthocyanins in Strychnos shoots 
at high AgNPs concentrations can be attributed to high oxidative stress induced by 
exposure to AgNPs, of which anthocyanin act against to protect plant from ROS 
damage (Abbasi and Jamei 2019; Bagherzadeh Homaee and Ehsanpour 2015; 
Thiruvengadam, et al. 2015). In another study it was observed the PAL gene was 
overexpressed in a progressive manner in Brassica rapa spp. Pekinensis seedlings 
treated with AgNPs, making it evident that anthocyanin enhances the plants’ 
response to stress by counteracting ROS activity (Homaee and Ehsanpour 2015). 
These molecules scavenge free radicals and restrict hydrogen peroxide movement 
in plant cells (Hatier and Gould 2008). 

Treatment of Strychnos with AgNPs showed a significant increase in total flavonoid 
content. Triticum aestivicum had an increased flavonoid content by 200% (Rastogi, 
et al. 2019) and Linum usitatissimum L. suspension cultures had approximately 6.5-
fold total flavonoid (Zahir, et al. 2019) when exposed to different concentrations of 
AgNPs. These results are therefore in sync with this literature as the accumulation 
flavonoids was concomitant with increase in silver nanoparticle concentration, 
indication the oxidative stress AgNPs imposed on Strychnos plants. Total flavonoid 
and total phenol content accumulation is dependent on duration of exposure, (Zahir, 
et al. 2019) demonstrated that total flavonoid increase in the first phase of culture 
but declined at a later stage after 20 days of culture. Flavonoids have free radical 
scavenging activity, can inhibit hydrolytic and oxidative enzymes, and possesses 
anti-inflammatory activity (Atanassova, et al. 2011). 

Silver nanoparticle treatment of Strychnos seedlings showed a significant increase 
in total phenol content in a dose dependent manner. Total phenol content was 
increased in Solanum lycopersicum L. (Girilal, et al. 2018), fenugreek plant (Sadak 
2019), Prunella vulgaris L calli cultures (Fazal, et al. 2016) and Cucumus anguria 
hairy root cultures (Chung, et al. 2018), Linum usitatissimum L. suspension cultures 
(Zahir, et al. 2019)  treated with AgNPs. Phenols have carboxyl and hydroxyl groups 
that can bind metal ions such as silver hence the elevated increase in their content 
as concentrations increase (Girilal, et al. 2018). Phenols act as metal chelators and 
have antioxidant properties that are responsible for reducing reactive oxygen 
species and lipid alkoxy. 

However, AgNPs also have contradicting effects as a decrease in phenol content 
was noted in rice seedlings (Gupta, et al. 2018) and water hyacinth (Rani, et al. 
2016). This phenomenon is corroborated by Zhao, et al. (2010) where it was 
suggested that elicitation of suspension cultures at an early stage increased 
flavonoid content while it was decreased at a later stage. 

Silver nanoparticles interact with cellular components causing reactive oxygen 
species formation, a causative agent of oxidative stress (Banerjee, et al. 2010; 
Rinna, et al. 2015). Phenols, including anthocyanins and flavonoids are the frontline 
elements functioning as free radical terminators thus essential to plant protection 
against oxidative stress (Dai, et al. 2006). Silver nanoparticles have the potential to 
induce oxidative stress on plants that intermittently increases accumulation of 
phenols and flavonoids as reported in our findings.  
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Proteins are key players in stress response both as structural proteins and as 
proteins involved in plant epigenome, transcriptome, and metabolome (Kosová, et 
al. 2019) (Janmohammadi, et al. 2015). Changes in protein abundance reveal how 
plants cope with stress (Kosová, et al. 2013). In our study total protein content in 
Strychnos seedlings increased with increase in AgNPs treatment concentration. 
The increase in protein content is also shown by the intense bands of the proteins 
at 10 kD in plants. Studies have shown that in AgNPs-induced stress, AgNPs 
interact with normal cell metabolism such as protein synthesis/degradation and 
apoptosis, cell defense and primary metabolism (Peharec Štefanić, et al. 2019). 
Tobacco plants exposed to treatment with AgNPs had differential abundance in 
total protein content, of which some proteins were increased while others were 
decreased (Peharec Štefanić, et al. 2019). 

In a study by Huang, et al. (2016) it was reported that exposure of Skeletonema 
costatum to 5.0 mg/L AgNPs increased protein content with 16% as compared to 
the control.  However, protein content in wheat grown at different concentrations of 
AgNPs decreased when compared with the control (Yang, et al. 2018). Treatment 
of Brassica sp. with 3 mM AgNPs reduced protein content by 7% compared to the 
control (Vishwakarma, et al. 2017) and total soluble protein was decreased in 
tomato plants (Karami Mehrian, et al. 2015). The reduction in protein content is 
assumed to be due to conformational changes imposed on the plant’s proteome by 
AgNPs interfering with protein interactions, cell signaling and DNA transcription 
(Saptarshi, et al. 2013; Vannini, et al. 2013; Vishwakarma, et al. 2017).  

Soybean treated with nanoparticles showed both a 10-fold increase and decrease 
in different proteins, especially aspartyl protease and expansin-like protein 
(Mustafa, et al. 2015). Lettuce shoots treated with AgNPs 25 ppm and 50 ppm 
increased protein content by 12% (Hasan, et al. 2021). Plants under stressful 
conditions alter internal mechanisms of preserving cell from damage by degrading 
damaged molecules responsible for stress induced response to prevent their 
accumulation therefore AgNPs can increase accumulation of proteins responsible 
for degrading these materials (Mirzajani, et al. 2014; Peharec Štefanić, et al. 2019). 

Increase in total protein content can be attributed to upregulation and increase of 
heat shock proteins and certain amino acids secreted by plants in response to the 
stress induced by AgNPs (Al-Whaibi 2011; Štefanić, et al. 2018). Heat shock 
proteins have the ability assist other proteins to maintain their integrity or native 
conformation by stabilizing the partially unfolded states of proteins (Al-Whaibi 
2011). As a result, plants have a propensity to release heat shock proteins in 
response to stress-evoking agents. The secretion of plant proteins would likewise 
rise under conditions of intense stress (Girilal, et al. 2015; Wang, et al. 2004). 
Therefore, the increase in total proteins in Strychnos seedlings is because of the 
increase expression of heat shock proteins that counteracted the oxidative stress 
caused by exposure to AgNPs. 

Silver nanoparticles are highly toxic, mostly due to release of the silver ion (Ag+) 
during redox reaction with plant intercellular environment, therefore AgNPs-cell-Ag+ 
interaction at the cell interface can increase AgNPs toxicity on plants. Silver ion 
generated is due to the two possible fates of AgNPs when they enter the cell 
cytoplasm. They can either be oxidized by intracellular ROS, or can inactivate 
proteins and DNA (Xiu, et al. 2011). Plants differ in their reaction to AgNPs 
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depending on physicochemical properties of nanoparticles as well morphology and 
anatomy (Bayramzadeh, et al. 2019) of the plant used as a sample therefore the 
phytotoxicity of higher plants needs to be investigated to establish a comprehensive 
toxicity of AgNPs on plants. 
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CHAPTER 6: CONCLUSION 
Strychnos spinosa leaf extract has capping and stabilizing phytochemicals that 
reduces silver nitrate salt solution to yield stable and pure AgNPs. This study 
managed to synthesize spherical aggregated of AgNPs with an average of 54.3 nm 
and their crystals were 16.75 nm. Flame atomic absorption spectroscopy also 
confirmed accumulation of silver nanoparticles in the seedlings in a dose dependent 
manner. S. cocculoides was amenable to taking up AgNPs as compared to S. 
spinosa.  It is therefore concluded that plants have mechanisms of absorbing and 
internalizing AgNPs. It can also be that plant macromolecules interact with AgNPs 
and oxidizes them to silver ions.  

Accumulation of AgNPs in S. cocculoides and S. spinosa seedlings influences 
growth parameters, either negatively or positively, and this is evident in the 
increased shoot length and fresh weight while root length was greatly reduced. It is 
therefore concluded that AgNPs uptake alters the growth metabolism of seedlings 
and in turn interferes with the ultra-cellular structures such as cell wall and cell 
membrane and the root hair cell. Chlorophyll degradation and biosynthesis is 
affected by AgNPs accumulation in the two Strychnos species. Chlorosis and 
decreased chlorophyll content is assumed to be due to damaged chloroplast and 
thylakoid membranes, which are organelles involved in chlorophyll synthesis.  

AgNPs accumulation has ability to increase phenolic content, and this is an 
indication that AgNPs can upregulate production and accumulation of ROS 
scavenging molecules. Anthocyanin, flavonoid, and phenol content increased in a 
dose dependent manner. We therefore conclude that administration of silver 
nanoparticles to Strychnos seedlings has a negative impact on early growth 
parameters except for the dry weight, while metabolism was increased except for 
chlorophyll content. Silver nanoparticles can indeed be absorbed from the growing 
media by Strychnos cocculoides and Strychnos spinosa therefore these plant 
species can possibly be used to remediate AgNPs contaminated environmental 
metrices such as soil.  Applications of AgNPs to Strychnos plants can also increase 
phenolics accumulation hence useful in increasing the production of these 
metabolites for commercial purposes. 

 CHAPTER 7: FUTURE PROSPECTS 
To assess the effects of AgNPs on Strychnos growth and development, there is a 
need to assess the relationship between time/duration of exposure to the effect 
imposed on the seedlings. This will also include assessing germination rate over a 
set period. For future studies, Strychnos species should be cultivated in soil 
supplemented with AgNPs or in areas contaminated with AgNPs outside the 
laboratory such as mining areas and areas affected with acid mine drainage as 
target study areas to simulate environmental exposure of Strychnos to AgNPs. 

Ultramicroscopic analysis of the Strychnos plant tissues is recommended to assess 
how AgNPs deforms the root structure, the chloroplast, and thylakoid membranes. 
To deepen this study, gene expression analysis on how AgNPs affect genes 
involved in total phenol biosynthesis, and chlorophyll degradation and biosynthesis 
is suggested. Employing more precise and advanced analytical tools such as ICP-
MS to assess AgNPs accumulation in Strychnos seedlings is also recommended. 
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To advance the investigation on metabolism, it is a recommendation to identify 
proteins involved in alleviating ROS activity in Strychnos that is caused by exposure 
to AgNPs. This will help enlighten how proteins are regulated under stress. 
Assessing the effects of these nanoparticles on other macromolecules that are 
essential to plant development such as carbohydrates, and nutrient uptake is also 
recommended. 
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APPENDIX A 
Table 1: Resolution and stacking gel reagent proportions 

Reagent 12% Resolution Gel 
(mL) 

4.5% Stacking Gel (mL) 

40% Acrylamide 3.13 0.56 

Distilled water 4.2 3.73 

1.5M Tris-HCl (pH 8.8) 2.5 - 

1M Tris-HCl (pH 6.8) - 0.63 

Sodium Dodecyl 
Sulphate (10%) 

0.1 0.1 

Ammonium persulphate 
(10%) 

0.05 0.05 

TEMED 0.02 0.01 

 

APPENDIX B 
Table 2: XRD data of green synthesized AgNPs 

D 2θ I h K L 

2.35430 38.196 999 -1 -1 -1 

2.03890 44.395 468 -2 0 0 

1.44170 64.493 256 -2 -2 0 

1.22950 77.587 271 -3 -1 -1 

1.17720 81.741 77 -2 -2 -2 
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APPENDIX C 

Table 3: Shows the content of (a), Chlorophyll a (b) Chlorophyll b in Strychnos 
seedlings treated with different concentrations of AgNPs. 

AgNPs (µg/ml) S. cocculoides S. spinosa 
0 8.10 ± 0.149

a 4.06 ± 0.015
c 

12.5 1.79 ± 0.021
b 1.80 ± 0.022

d 
25 2.67 ± 0.015

ab 2.68 ± 0.061
cd 

50 1.37 ± 0.010
b 1.80 ± 0.025

d 
100 2.47 ± 0.008

ab 2.48 ± 0.015
cd 

200 1.57 ± 0.009
b 2.03 ± 0.015

d 

 

 

a 

AgNPs (µg/ml) S. cocculoides S. spinosa 

0 14.4 ± 0.009
a 5.08 ± 0.005

c 

12.5 8.21 ± 0.020
b 3.99 ± 0.005

d 

25 7.5 ± 0.005
ab 3.52 ± 0.009

cd 

50 7.09 ± 0.005
b 2.40 ± 0.005

c 

100 5.28 ± 0.015
b 2.30 ± 0.015

cd 

200 4.48 ± 0.009
b 2.16 ± 0.026

d 

b 
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Germination Percentage distribution for Strychnos species 

 

 

APPENDIX C 
 

 

 

Shoot length and root length distribution of Strychnos cocculoides and Strychnos 
spinosa. 
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Fresh weight and Dry weight distribution of Strychnos species. 

 

 

 

 

APPENDIX E 

 

Gallic acid standard curve for total phenol content in Strychnos species 
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Total Phenol Content distribution for Strychnos species 

 

 

 

 

APPENDIX G 

 

Quercetin standard curve for flavonoid content quantification in Strychnos seedlings 

APPENDIX H 
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Total Flavonoid content distribution for Strychnos species 

 

 

 

 

APPENDIX I 

 

Bovine Serum Albumin calibration curve for quantifying total protein content in 
Strychnos seedlings. 

APPENDIX J 
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                            Strychnos total Protein Content Distribution 

 

APPENDIX K 
 

 

Silver nitrate standard curve for silver ion accumulation in Strychnos species 

 

APPENDIX L 
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FTIR spectra showing biomolecule composition of (a) S.cocculoides and (b) S. 

spinosa 

 

 

 

 

 

 


