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                                                   Abstract 

 

The present investigation reports a facile, eco-friendly, economical method for 

synthesizing stable silver nanoparticles (AgNPs) at room temperature using Azadirachta 

indica (neem) leaf extract as the reducing, capping and stabilizing agent. A visual 

colour change primarily confirmed the formation of AgNPs. The UV-visible 

spectroscopy analysis was performed for further confirmation and showed that surface 

plasmon resonance peaks varied from 425 to 436 nm depending upon the concentration 

of the silver salt. Structural analysis revealed that AgNPs exhibit face-centered cubic 

crystal structure with preferential orientation along (111) plane and the average 

crystallite size was ⁓ 20 nm. The surface morphology of the synthesized AgNPs was 

investigated using Field Emission Scanning Electron Microscopy and Transmission 

Electron Microscopy imaging, which showed that the synthesized NPs were spherical 

and average size varied from 27 to 32 nm. Energy Dispersive X-ray Spectroscopy 

analysis confirmed the presence of silver.  Fourier Transform Infrared spectroscopy 

revealed that biomolecules present in the leaf extract acted as reducing and capping 

agents. The thermal stability of AgNPs was studied by TGA and DSC analyses. The 

zeta potential measurement showed a negative value of ⁓ -23.2 mV that proved the 

stability of AgNPs. Further, synthesized AgNPs were incorporated onto oxygen plasma-

treated cotton fibres to test their antibacterial efficacy and they exhibited good 

antibacterial activity against Escherichia coli and Staphylococcus aureus bacteria. 

Hence, these antibacterial cotton fibres have great potential for utilization in 

burn/wound dressings and the fabrication of antibacterial textiles finishing. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

Nanotechnology is an emerging field of research with various applications in science 

and technology. It is the synthesis, design, characterization and application of 

nanostructures by controlling size and shape in the nano regime [1]. Nanotechnology 

research can be conducted in several forms like nanoparticles, nanocomposites, etc. The 

term “nano” has been derived from the Greek word “dwarf or miniature”. Therefore, 

nanotechnology deals with studying the extremely small size of particles (1-100 nm), 

which gives strong size-dependent physical, chemical, optical, magnetic properties, etc. 

Researchers have recently been paying much attention to nanoparticles due to their 

versatile applications in biomedicine, solar energy conversion, catalysis, sensors, 

wastewater treatment, food and health care, cosmetics, etc. [2, 3]. The advancement in 

the nanoparticles (NPs) system has drawn researchers' attention allowing them to design 

materials by controlling their size, shape and surface morphology [4].  

Metal NPs have drawn great scientific interest as they exhibit unique physicochemical 

properties due to their high surface-to-volume ratio. The change of energy level from 

continuous to discrete band with the decrease in particle size in nano regime gives 

strong size-dependent properties different from the same material in bulk. They exhibit 

enhanced catalytic activity, antibacterial efficacy, etc. [5-8]. Noble metal NPs such as 

silver, gold and platinum received significant attention for their remarkable 

antimicrobial properties [8]. Among various noble metal NPs, AgNPs are well-known 

biocidal substances used as antimicrobial agents in pharmacology, textiles, wound 

dressings, water purification systems, and medical as well as household products. 

In general, there are two types of synthesis routes to fabricate AgNPs. One is the “top-

down” approach, and another is the “bottom-up” approach. The top-down method is 

mainly the physical method of synthesizing nanoparticles by specialized ablations such 

as thermal decomposition, mechanical grinding, etching, cutting and sputtering of bulk 

material to get nano-sized particles. The main limitation of this method is the surface 
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structural defects that significantly impact the physical features and surface chemistry of 

metallic NPs. Moreover, physical methods are expensive because they require a 

constant energy supply to maintain high pressure and temperature. Also, the equipment 

is highly sophisticated [9-12]. The bottom-up approach is the preparation of material 

from the bottom: atom by atom, molecule by molecule or cluster by cluster. This 

approach includes chemical and biological processes. The chemical synthesis method 

can be subdivided into chemical reduction, electrochemical, irradiation-assisted 

chemical and pyrolysis methods [13, 14]. The synthesis of AgNPs in solution requires 

metal precursor, reducing agents and stabilizing or capping agents. In chemical 

methods, the most commonly used chemical reductants are ethylene glycol, ascorbic 

acid, alcohol, borohydride, sodium citrate, hydrazine compounds, etc. [15]. However, 

chemical processes are suitable for large-scale production but require strong reducing 

agents or toxic chemicals and produce harmful byproducts and thus, raising hazardous 

impacts on the environment and limiting their biomedical applications [16, 17]. Hence, 

the need for eco-friendly and non-toxic synthetic protocols for synthesizing AgNPs led 

to the biological approach, which is facile, biocompatible and economical. 

The biological synthesis method utilizes eco-friendly resources such as plant extracts, 

bacteria, fungi, yeasts, etc. [18-21]. The biological techniques are well-known as „Green 

synthesis‟ since they use non-toxic solvents such as water, natural extracts, and 

biological systems. Consequently, they are suitable for biomedical and pharmaceutical 

applications. One of the possible options to achieve this goal is to use microorganisms 

to synthesize AgNPs. Many investigations have already been done, such as synthesizing 

AgNPs using fungi like Fusarium oxysporum and Trichoderma harzianum [22, 23]. But 

synthesis using microbes is not commercially viable because it requires highly hygienic 

conditions for maintenance and culturing microbes is very complex as well as a slow 

process [24].  Plant-mediated green synthesis of AgNPs is gaining more attention 

among researchers than other biological approaches. It has advantages such as being 

facile, safe to handle, and having a faster synthesis rate as there is no need to maintain 

specific media and cell culture preparation process [25-29]. Natural plant extracts 

contain many phytochemicals such as alkaloids, flavonoids, terpenoids, phenolic 

compounds, proteins, etc. [30-35]. These phytochemicals are responsible for reducing 

metal ions to nanoparticles and can be used as capping and stabilizing agents. The use 



 

 
 

 3 

of optimum plant extract for nanoparticle synthesis has advantages over other biological 

processes because it can be suitably scaled up for large-scale production. 

The present study aims to apply a biological green technique to fabricate AgNPs using 

Azadirachta indica (A. indica) leaf extract. A. indica, locally known as Neem, is a 

common plant in our sub-continent belonging to the Meliaceae family. It is a medicinal 

plant and each part of this tree has been used as a household remedy against various 

human diseases and to treat bacterial, fungal, viral, and many skin ailments. 

Phytochemicals like flavanones and terpenoids are abundant in the leaf extract of         

A. indica and play a vital role in synthesizing AgNPs. They act as both reducing and 

capping agents [36, 37]. Roy et al. [36] reported the green synthesis of AgNPs using     

A. indica leaf extract. They varied the leaf extract concentration and showed surface 

plasmon resonance (SPR) peaks in the 420-450 nm range. They reported that their 

prepared nanoparticles had a wide size distribution and showed antibacterial activity 

against both Gram-negative and Gram-positive bacteria. However, structural and 

surface morphological properties were not examined, despite the fact that they are 

crucial for determining the average size and shape of the prepared sample. Because the 

SPR peak depends on the size and shape of the nanoparticles. Since prepared 

nanoparticles have a tendency to agglomerate and form larger-sized particles, it is vital 

to know the dispersion stability of the sample. Further information about chemical 

bonding is crucial to identify which phytochemicals are responsible for redox reactions 

and stabilization. Therefore, there is much scope to synthesize the sample by varying the 

salt concentration, pH of the solution and reaction time and study the characterization 

mentioned above to gain in-depth knowledge about the sample. Furthermore, they 

didn‟t prepare any composite material using their prepared AgNPs that can be utilized in 

various biomedical and medical sectors. So, we intended to biologically synthesize 

AgNPs and combine them with cotton fibres to prepare AgNP/cotton composite fibres 

for practical use in different biomedical and medical fields. 

The demand for the fabrication of antibacterial textiles using the green synthesis route 

has been rapidly growing over the last few decades [38]. The reason is for their 

promising applications in medical, health care and hygienic products, protective textile 

materials, etc. [39, 40]. Cotton fibres are particularly suitable for manufacturing textiles 

for sports, non-implantable medical products, and sterile products [41]. However, cotton 

can absorb a significant amount of moisture and act as a medium for microorganism 



 

 
 

 4 

growth as pathogenic or odor-generating bacteria and fungi under specific temperature 

and humidity conditions [42, 43]. In contact with the human body, these 

microorganisms get an ideal environment for growth, having a large surface area and 

retaining oxygen and moisture. Therefore, the antibacterial coatings on the surface of 

cotton can be applied to get better antimicrobial cotton textiles. AgNPs exhibit strong 

antibacterial effects among various antimicrobial agents and can prevent or minimize 

infection with pathogenic bacteria. This fabrication process can be carried out using 

chemical and biological routes. Pad dry cure method is widely used to incorporate 

AgNPs onto cotton fabrics [44, 45]. It is a multi-step process and requires a high-

pressurized instrument for padding AgNPs. It is also important to maintain a fixed 

curing temperature; if not, the fabric can be deformed. The green synthesis route can 

solve these problems because it can be performed at room temperature and this one-step 

process does not require curing cotton fibers [46]. Since environmentally benign 

materials and energy efficient synthesis route is used to prepare AgNPs, it may address 

the growing concern about environmental exigency. 

The incorporation of AgNPs onto the cotton fibres largely depends on the surface 

structure of cotton fibres. Cotton fibres having hydrophilic properties and less 

hemicellulose can absorb more AgNPs. So it is also important to functionalize cotton 

fibres by a surface modification to get better results. Alkali and low-temperature oxygen 

plasma treatment are commonly used for surface modifications [47]. These treatments 

reduce cellulosic compounds and make cotton fibres more hydrophilic.  

The purpose of this study is two-fold. Firstly, the synthesis of greener AgNPs using     

A. indica leaf extracts and the fabrication of AgNPs coated cotton fibres for their 

practical application as antibacterial cotton fibres. To the best of our knowledge, there is 

no report on the fabrication of AgNPs coated antibacterial cotton fibres using A. indica 

leaf extract. 

1.2 Objectives of the Present Study 

The objectives with specific aims are as follows: 

i. Synthesis of AgNPs and AgNPs incorporated cotton fibres via a green approach 

using A. indica leaf extracts. 
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ii. Study the optical properties and dispersion stability using UV-vis spectroscopy 

and Zeta potential measurement. 

iii. Investigation of the crystalline structure and functional groups of AgNPs using 

X-ray diffraction (XRD) pattern and Fourier Transform Infrared (FTIR) 

spectroscopy. 

iv. Study the surface morphology of synthesized samples through Field Emission 

Scanning Microscopy (FESEM) and Transmission Electron Microscopy (TEM). 

v. Study the thermal stability of both AgNPs and AgNPs loaded cotton fibres by 

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry 

(DSC).  

vi. Investigation of the antimicrobial efficacy of AgNPs and AgNPs coated cotton 

fibres against Gram-positive and Gram-negative bacteria using the agar well 

diffusion method. 

 

1.3 Outline of the Thesis 

The main purpose of the research work is to synthesize AgNPs via the green synthesis 

route and to fabricate AgNPs coated antibacterial cotton fibres. The thesis has been 

organized as follows: 

Chapter 1 of this thesis discussed the introduction and importance of the green 

synthesis of AgNPs along with specific aims and objectives. 

Chapter 2 described the literature review of the present state of AgNPs synthesis. 

Chapter 3 discussed the sample preparation technique and different characterization 

techniques required for analyzing green synthesized AgNPs and AgNPs coated cotton 

fibres.  

Chapter 4 presented experimental results and possible discussions based on the results.  

Chapter 5 described the present work's summary and concluding remarks and scope for 

future work.



 
 

   

CHAPTER 2 

LITERATURE REVIEW AND THEORETICAL ASPECTS 

 

2.1 Previous Reports on the Synthesis of AgNPs  

Many research works have been done on the synthesis of AgNPs. When bulk silver is 

reduced to nanosilver, it exhibits remarkable changes in its different properties, making 

it more valuable from the application point of view. Since then, many researchers have 

synthesized AgNPs using different methods. Some researchers utilized the green 

synthesis technique to synthesize AgNPs. A few of them synthesized AgNPs to 

incorporate them onto cotton fibres to investigate antibacterial activity against some 

bacteria. Some of the works are discussed below. 

M. C. Lea synthesized the first nanosilver or AgNPs in 1889. He used citrate to stabilize 

AgNPs and the average size was between 7 to 9 nm [48]. 

The Pulsed laser ablation method is one of the most popular techniques for synthesizing 

AgNPs.  Zamiri et al. [12] prepared AgNPs in natural polymers assisted by the pulsed 

laser ablation method. An Ag plate (99.99% purity) was irradiated by a Q-switched Nd: 

YAG pulsed laser of wavelength 532 nm and energy 360 mJ/pulse. Silver atoms were 

ejected from the metal surface by the local high temperature and plasma plumes of high 

pressure. Then the ejected silver ions formed AgNPs through cooling and condensation. 

Different polymers such as gelatin, starch, and chitosan were used as stabilizers. It is a 

rapid and simple one-step process of preparation of AgNPs and provides a significant 

result. They found minimum-sized NPs using gelatin as a stabilizer. Nevertheless, the 

experimental setup is quite sophisticated and expensive. Moreover, it requires an 

external stabilizer to cap the ejected AgNPs and synthesized NPs may get agglomerated 

due to poor focusing conditions.  

AgNPs have to be stable, small in size and narrow in size distribution for biomedical 

applications. The chemical reduction method is very often used to synthesize such 

AgNPs. Various surfactants are used to prepare controlled-size AgNPs. The main 

difficulty in this process is the purification of colloids from surfactants, which is 

important for biological applications. Wang et al. [13] reported the chemical synthesis 

of AgNPs using AgNO3, glucose, polyvinyl pyrrolidone (PVP) and sodium hydroxide. 
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They synthesized AgNPs by reducing AgNO3 in PVP, glucose and NaOH aqueous 

solution.  The synthesized AgNPs were well dispersed with sizes ranging from 20 to 80 

nm, suggesting a wide size distribution. It is crucial to maintain a suitable amount of 

dispersant which controls the formation and agglomeration of AgNPs. If there is a lack 

of dispersant, the protection layer cannot be formed, leading to aggregation. However, 

this is a multi-step and costly process and requires many chemical reagents. Some of 

them are toxic chemicals and hazardous to our environment. Sometimes bi-products 

come out from different reactions, which are of no use except for polluting the 

surroundings.  So this problem led researchers to prefer the biological route to develop 

an eco-friendly, cost-effective and one-step process. 

In the biological route, various species of fungus are widely exploited for the biogenic 

synthesis of AgNPs. Dameron et al. first utilized Candida albicans fungus to synthesize 

CdSe NPs in 1989. Guilger-Casagrande et al. [23] synthesized AgNPs employing 

Trichoderma harzianum fungus. At room temperature, they cultivated T. harzianum 

using wettable powder in potato dextrose agar medium. This fungus culture was done in 

the absence of light and the temperature was maintained nearly constant. Their report 

confirmed that the mean diameter of biosynthesized AgNPs was 57.02+/-1.75 nm and 

the zeta potential value was -18.70+/-3.01 mV. Biological synthesis using fungi is very 

lengthy process. It takes 12 to 15 days to cultivate fungi and requires extra carbon and 

nitrogen for growth. Then additional three days are needed to prepare fungus as a 

reducing agent. The reduction rate is slow and the particle size obtained was larger than 

plant-mediated synthesis. 

Kajani et al. [26] synthesized anisotropic AgNPs using Taxus baccata extract and 

investigated their potent anticancer activity. They performed several characterizations to 

study the physical, chemical, thermal and cytotoxic properties of synthesized 

anisotropic AgNPs. From particle size distribution, the average size of anisotropic 

AgNPs was found to be ⁓ 91 nm. The zeta potential value was measured as -7.7 mV for 

optimal conditions. The thermal stability of synthesized anisotropic AgNPs was studied 

from TGA analysis. A weight loss of 27% was noticed at the temperature of 521 ºC and 

the total weight loss was about 36.89% at 700 ºC. The flower extract could be a good 

reducing agent, along with different plant parts. Arokiyaraj et al. [27] reported the 

synthesis of AgNPs using Chrysanthemum indicum (C. indicum) floral extract and 

studied its antibacterial and cytotoxic effects. 



8 
 

 
 

 

Fig. 2.1 Size distribution of anisotropic AgNPs using Taxus baccata extract [26]. 

 

They also characterized the optical and morphological properties of synthesized AgNPs. 

Their TEM micrograph revealed that the average size of AgNPs ranged from 37 nm to 

71 nm. EDS analysis confirmed the presence AgNPs as the majority of the constituents. 

Their study confirmed that AgNPs were crystalline and exhibited face-centered cubic 

structure. XRD analysis showed characteristic peaks at 38º, 44º, 64º, 77º and 81º, 

corresponding to 111, 200, 220, 311 and 222 planes. The crystallite size calculated from 

the XRD pattern using Scherrer‟s equation was ⁓53 nm. This size range suggested that 

synthesized AgNPs had a wide size distribution.  

 

 

Fig. 2.2  XRD pattern of synthesized AgNPs using C. indicum floral extract [27]. 
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They tested antibacterial efficacy against both gram-positive and gram-negative 

bacteria. Their result showed a zone of inhibition (ZoI) of 8.33+/-0.57 mm against        

Staphylococcus aureus (S. aureus) and 13+/-0.90 mm against Escherichia coli (E. coli) 

bacteria. This better efficacy against gram-negative bacteria was due to the thickness 

peptidoglycan layer. 

Many researchers synthesized NPs using plants grown under in vitro conditions. 

Pirtarighat et al. [28] synthesized AgNPs using the green route, where they used plant 

extract of Salvia spinosa in vitro. First, the seeds of S. spinosa were sterilized with 70% 

ethanol followed by 2.5% sodium hypochlorite. Petri dishes were prepared using 

mineral salt, 4.5% agar and the pH was kept at 5.8. Then seeds were explanted for 

germination. Synthesized AgNPs were characterized with FESEM, FTIR and XRD 

analysis. The synthesized AgNPs exhibited good efficacy against Gram-positive and 

Gram-negative bacteria. But harvesting S. spinosa in vitro is a sophisticated and lengthy 

process. It requires about two months, according to their report. 

 

 

Fig. 2.3 FESEM images of biosynthesized AgNPs using Salvia spinosa 

extract [28]. 

 

The XRD pattern of their synthesized AgNPs confirmed crystalline structure, but there 

were few undefined peaks with high intensity. It may be due to impurities which can be 

a barrier to the proper use of AgNPs.  
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The surface morphology of synthesized AgNPs shows agglomeration. The average 

particle size was calculated from the FESEM image and DLS analysis. The average 

particle size was 19 to 125 nm in diameter according to FESEM and from DLS analysis, 

it was 5.13 nm. These measurements were inconsistent with each other. Moreover, 

synthesized AgNPs had a wide range of size distributions. 

Roy et al. [36] reported the synthesis of AgNPs using A. indica and investigated their 

antimicrobial activity. Their study suggested that the absorbance of the synthesized 

AgNPs increased with the increase of leaf extract ratio with respect to AgNO3. The 

average particle size obtained from DLS analysis was 65-67 nm in diameter and the 

polydispersity index varied from 0.280 to 0.299. DLS analysis revealed a wide particle 

size distribution. They tested their synthesized AgNPs against both gram-positive and 

gram-negative bacteria. They applied 20, 50 and 100 µL of synthesized AgNPs solution 

into the diffusion well. The ZoI varied from 8.66 mm to 22 mm depending on the 

amount of AgNPs solution used in a diffusion well and the condition under which the 

AgNPs were synthesized. They got a better antibacterial response against gram-negative 

bacteria and results varied from 11.83 to 16.67 mm.  

 

 

Fig. 2.4 DLS analysis of biosynthesized AgNPs using AgNO3 and A. indica    

at a ratio (A) 10:1 and (B) 10:3 [36]. 

 

 

 

 

A                                                     B 
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2.2 Previous Investigations on the Antibacterial Performance of AgNPs and AgNPs 

Coated Cotton Fibres  

Although, in recent years many research groups have synthesized AgNPs to find 

potential applications in antibacterial response, photocatalytic performance, etc. The 

reported investigation is rare, particularly as antibacterial cotton fibres using leaf 

extract. 

Wu et al. [44] fabricated antibacterial cotton fabric finishing by AgNPs using a 

chemical method. They synthesized AgNPs by reducing AgNO3 with NaBH4 in an 

aqueous phase. In that process, Na3C6H5O7.2H2O was used as a reducing agent and 

NaBH4 to maintain the pH of the solution. They controlled the size of the AgNPs, 

adding an appropriate amount of NH3.H2O (1.45 mol/L) and pH. Before the 

incorporation of AgNPs, cotton fabrics were treated with NaOH (4 g/L), citric acid (CA) 

(60 g/L) and NaH2PO2.H2O (70 g/L) at 60
o 
C for 30 minutes to gain a carboxyl modified 

surface. The incorporation of AgNPs was carried out by the pad-dry-cure method. The 

surface-modified cotton fabrics were then immersed into the AgNPs solution of 25 

mg/L concentration and stirred for 1 hour. The AgNPs incorporated cotton fabrics were 

dried at 80 ℃ for 30 minutes. Finally, the samples were cured at 140 ℃ for 2 minutes. 

 

 

Fig. 2.5 Schematic representation of the mechanism of incorporation of AgNPs 

on citric acid-treated cotton fibres [44]. 

 

Fig. 2.5 shows the possible mechanism of AgNPs incorporation onto the fabrics. 

Carboxyl groups originated from citric acid reacted with hydroxyl that comes from 

cellulose. Citric acid was coated on the fabric‟s surface by the esterification reaction. 

The AgNPs were impregnated onto the fabrics through the chelation of silver and 

oxygen atoms. Here citric acid linked up a bridge between AgNPs and cotton fabrics. 
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Fig. 2.6 shows the surface morphology of the pure cotton fabrics, AgNPs incorporated 

cotton fabrics before and after 50 cycles of washing. Their fabricated antibacterial 

cotton fabrics exhibited good antibacterial activity against both gram-positive and gram-

negative bacteria. This process is feasible but multi-step and requires many chemical 

agents. Several by-products may be produced during the synthesis of AgNPs. Moreover, 

during the curing process, the heat treatment of AgNPs incorporated in cotton fabrics 

may cause the deformation of cotton fibres. 

 

 

Fig. 2.6 FESEM images of cotton fabric (A) original (B) Ag-CA treated before 

washing (C) Ag-CA treated after washing [44]. 

 

El-Rafie et al. [45] biologically synthesized AgNPs, applied them to cotton fabrics, and 

investigated the bactericidal efficacy of the treated fabrics. They inoculated F. solani 

fungus as the source of reducing agents. They varied biomass and AgNO3 concentration 

and pH of the solution. They observed a significant change in the reduction of Ag
+ 

with 

the increasing of pH level of the solution. The intensity of the absorbance peak 

increased and shifted towards the higher wavelength with the increase of pH of the 

medium up to 8. But the synthesized AgNPs attained better stability in the pH range of 

10-12 with the blue shift of SPR peak. After synthesizing, they incorporated AgNPs 

onto cotton fabrics by padding method at constant pressure using a laboratory padder.  

A B C 



13 
 

 
 

 

Fig. 2.7 FESEM images of cotton fabric (A) untreated, (B) and (C) AgNPs 

incorporated [45]. 

 

This method also needs the curing of cotton fabric after coated with AgNPs. Their study 

showed that the deposited amount of AgNPs onto cotton fabric was more significant at a 

higher concentration of AgNPs colloidal solution. 

Rao et al. [29] reported the synthesis of AgNPs using Eriobotrya japonica leaf extract 

and investigated antibacterial activity. They performed optical, morphological, 

structural and elemental characterizations. The synthesized AgNPs were spherical, with 

a narrow size distribution ranging from 46 nm to 70 nm. They also studied the effect of 

reaction temperature on particle size. The average particle size was 76.1 nm synthesized 

at 25 ℃, whereas AgNPs synthesized at 80 ℃ had an average size of 54.47 nm in 

diameter. The zeta potential value of -20.4 mV indicated moderate dispersion stability. 

They tested the antibacterial efficiency of biosynthesized AgNPs against E. coli and     

S. aureus bacterial strains. Their result showed that ZoI was increased when the 

concentration of AgNPs increased. The maximum ZoI was about 4.5 mm for 100 mg/L 

concentration of AgNPs against S. aureus bacterium. This antibacterial efficacy is lower 

compared with some other reports. 
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Fig. 2.8 Antibacterial activity of AgNPs against S. aureus and E. coli 

bacteria [29]. 

 

Ravindra et al. [46] fabricated antibacterial cotton fibres loaded with AgNPs via facile 

green synthesis using Neelagiri and Marri leaves. They investigated the antibacterial 

efficiency of AgNPs incorporated in cotton fibres along with its morphology, thermal 

and mechanical stabilities. The surface morphology of AgNPs loaded cotton fibres 

confirmed the deposition AgNPs onto the cotton fibres. Their analysis revealed that the 

incorporation of AgNPs onto the cotton fibres was enhanced with a higher leaf extract 

concentration. However, the structural and elemental analysis should be performed to 

confirm the presence of any impurities which can affect the biomedical application. 

 

 

Fig. 2.9 SEM micrograph of AgNPs incorporated cotton fibres using 

(A) Neelagiri and (B) Marri leaves [46]. 
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Fig. 2.10 Antibacterial activity of AgNPs loaded cotton fibres using             

(A) Neelagiri leaves and (B) Marri leaves [46]. 

 

Fig. 2.10 shows the antibacterial efficiency of AgNPs incorporated in cotton fibres 

which exhibited significant antimicrobial activity against E. coli bacterium. The AgNPs 

loaded cotton fibres should also be tested against some gram-positive bacteria, which 

can broaden their application in bioscience. 

To the best of our knowledge, for the first time, in this investigation, the antibacterial 

performance of AgNPs coated oxygen plasma treated cotton fibres was carried out using 

A. indica leaf extract. 

2.3 AgNPs 

Silver is a soft incandescent element. Metallic silver is not soluble in water, while silver 

salts like silver nitrate (AgNO3) and silver chloride (AgCl) are water-soluble. 

Nanosilver exhibits unique properties such as chemical stability, excellent electrical 

conductivity, catalytic activity, antibacterial efficacy, non-linear optical properties etc. 

[49, 50]. AgNPs are used to develop new technologies in electronics, materials science 

and medicine. Nanosilver is used as an antimicrobial agent in medical, environmental 

fields and nanoscience research. 
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2.3.1 Applications of AgNPs  

AgNPs can be used for advanced technologies in electronics, material sciences, and 

medicine. Due to their comprehensive applications in different areas, more research is 

being conducted on the fabrication of AgNPs by researchers worldwide. Nanosilver is 

extensively used as an antimicrobial agent in the medical and environmental fields.        

Fig. 2.11 represents different applications of AgNPs. 

 

Fig. 2.11 Schematic representation of applications of AgNPs. 

 

2.3.2 AgNPs as coating material 

The green synthesized AgNPs can be incorporated into different natural fibres to 

provide antibacterial coatings on the surfaces of various objects such as medical 

products and garments [51]. These nanocoated fibres have great potential for utilization 

in pharmaceutical, health care, hygienic products and protective textiles. Cotton fibres 

are especially compatible for producing antibacterial finishing fabrics among various 

natural fibers. 



 
 

   

CHAPTER 3 

MATERIALS AND METHOD  

 

In this chapter, the essential steps for synthesizing AgNPs using plant-mediated green 

synthesis are presented initially. Later on, the characterization techniques to investigate 

the optical, structural, morphological, thermal and antibacterial properties of AgNPs 

have been discussed. 

3.1 Materials 

Fresh leaves of A. indica (Neem) were collected from the tree which is available in the 

University campus. Silver Nitrate (AgNO3) was purchased from Merck, India. Cotton 

fibres were brought from the local textile mill. Nutrient Agar plate was used to culture 

both gram-positive and gram-negative bacteria. For the present study, S. aureus and     

E. coli were cultured and used. De-ionized (DI) water was used throughout the whole 

research work. 

3.2  Sample Preparation 

3.2.1 Preparation of leaf extract 

Collected leaves were washed several times in running tap water to remove dirt, dust 

and other contaminated organic chemicals from the surface of the leaves. Then the 

leaves were finally washed with de-ionized water and dried at room temperature to 

remove the residual moisture. The clean leaves were then cut into small pieces. All the 

glassware was washed with de-ionized water in an ultrasonic bath and dried in the oven. 

Then 20 grams of chopped leaves and 100 ml of DI water were taken in a 500 ml glass 

beaker and boiled for 20 minutes at 90 ℃. The leaf extract appears to be a light green 

colour. It was cooled down to room temperature and filtered through Whatman no.1 

filter paper and stored at 4 ℃ for further use. This extract was used for the reduction of 

silver ions to AgNPs. 
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Fig. 3.1 Preparation of A. indica leaf extract. 

 

3.2.2 Preparation of silver nitrate solutions 

AgNO3 received from Sigma Aldrich was used without further purification. 0.085 gram 

of AgNO3 was weighed and dissolved in a 250 ml Erlenmeyer flask containing 100 ml 

of DI water to make 5mM of AgNO3 solution. Appropriate amounts of DI water were 

added to the AgNO3 solution to decrease the molarity to 1mM, 2 mM, 3 mM and 4 mM. 

Fresh A. indica leaves                                       Chopped    leaves 

     Leaf extract                                                    Boiled leaves 
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Fig. 3.2 Silver nitrate (AgNO3) solution. 

 

3.2.3 Synthesis of AgNPs 

10 ml stock solutions of different concentrations (1 mM to 5 mM) of AgNO3 were taken 

in Erlenmeyer flasks. Prepared leaf extract of 1 ml was added to each flask. The 

mixtures were kept in room temperature to react. Silver ions were reduced to AgNPs 

due to the reducing agents present in the leaf extract. The rapid conversion from Ag+ to 

AgNPs was observed by colour change to brown colour. Further, the leaf extract of 

different amounts was added to 5 mM AgNO3 solution to investigate the effect of leaf 

extract concentration. The reduction of Ag+ and the formation of AgNPs were 

monitored with the help of a UV-visible spectrometer. 

The following figure shows the synthesis process of AgNPs using leaf extract. The leaf 

extract and 1mM AgNO3 solution was taken at a 10:5 ratio. 
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Fig. 3.3 Synthesis of AgNPs using A. indica leaf extract. 

 

The solution containing AgNPs of different concentrations was centrifuged using a 

centrifuge machine (DLAB-0412, USA) at 4500 rpm for 20 minutes. Then the 

precipitate was collected and dried in a hot air oven at 90 ℃ for 3 hours. The dried 

AgNPs powder was ground using a hand mortar and characterized using various 

analytical instruments. 

 

             

             

Fig. 3.4 Process of preparing AgNPs powder from solution. 

Grinding 

AgNPs powder 

Leaf extract                          AgNO3 solution                     AgNPs               

AgNPs in solution 

Centrifuged 

4500 rpm 

 

Dried at 90
 º
C, 3 hours 

Reduction 



21 
 

 
 

3.2.4 Cotton fibres 

Cotton is a natural cellulose fibre and is used in textiles worldwide. It comprises 

cellulose and some non-cellulosic modules such as proteins, waxes, pectic substances, 

organic sugars and acids [52]. It has hydroxyl groups on the surface. It is inherently 

inconsistent with hydrophobic polymer matrix materials and exhibits poor interfacial 

adhesion between the hydrophilic natural fibres and matrix materials [53]. Textiles from 

natural fibres such as cotton are more susceptible to microbe attack due to their higher 

moisture absorption ability. Therefore, cotton fibres need to be processed to 

functionalize and achieve antimicrobial properties. Antimicrobial finishing can protect 

textiles from microbial attack, enhance durability and protect the wearer from microbial 

infections. Due to the ongoing pandemic, antimicrobial coating on textiles is becoming 

a highly important issue and has gained significant attention. Cotton fibres were firstly 

Alkali treated, then washed in an acidic medium, and finally treated with oxygen 

plasma. 

3.2.5 Treatment of cotton fibres 

The untreated cotton fibres were passed through alkali and oxygen plasma treatment. 

Alkali treatment of cotton fibres also removed cellulose, proteins, and other organic 

acids. Then surface modification of alkali-treated cotton fibres was executed using a 

plasma system with RF oscillator. The whole process of treatment was performed in the 

following steps. 

3.2.6 Alkali treatment of cotton fibres 

Alkali treatment of cotton fibre removes most of the cellulose, organic acids and pectins 

from the surface of the cotton fibres. This process gives cotton fibres a high tensile 

strength and makes the fibres useful for the production of reinforced composites. 

Moreover, alkali treatment increases mechanical properties and the cotton fibres turn 

into hydrophobic from hydrophilic through this process. After alkali treatment, cotton 

fibres should be washed with an acidic medium to remove the residual alkaline 

substances. 

1 gm of control cotton fibre was taken and washed with running water followed by DI 

water to remove dirt from the surface. 5% of NaOH solution of 30 ml was prepared 

taking 0.05 gm of NaOH and dissolving into 30 ml of DI water. Cotton fibres were 
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deeply washed by NaOH solution for 1 hour, followed by DI water. Alkali treated 

cotton fibres were then dried to remove water and moisture.  

 

 

 

 

 

Fig. 3.5 Alkali treatment process of cotton fibres. 

 

However, some residual NaOH might remain with cotton fibres after washing with DI 

water. Dried cotton fibres were further treated with Acetic acid solution to neutralize the 

excess alkali. The acidic acid solution was prepared by taking 15% pure acetic acid. 

After washing for 1 hour, the cotton fibres were rinsed with DI water. The treated cotton 

fibres were then dried and prepared for plasma treatment. 

3.2.7 Plasma treatment of cotton fibres 

Low-temperature plasma treatment process is widely used in textile areas to modify the 

surfaces of natural fibres like cotton. It improves dyeability, printability, wettability, 

water and oil-repellent, and antimicrobial properties [54-57]. Free electrons of plasma 

attain energy from the radio-frequency electric field and form reactive species by 

colliding with neutral gas and transferring energy dissociating the molecules. The 

interaction of these excited species chemically and physically modifies the material 

surface. Plasma treatment plays a dual role for the cotton fibres: it functionalizes the 

surface of the cellulose substrate and plasma may act as a medium for the final 

deposition of antimicrobial agents [58].  

Low-pressure oxygen plasma affects surface morphology and enables chemical 

modification of cotton fibres by introducing new functional groups and active species 

that alter the reactivity of the substrate [59]. 

                                  

                                                                   

1 hour 

Cotton fibres washed 

with DI water  

Soaked in 5% 

NaOH 

1 hour 

Soaked in Acetic 

acid 
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The low-pressure plasma system comprised an RF generator (ENI, ACG-6B) of 

frequency 13.56 MHz, a pair of copper electrodes, each having a diameter of 8 cm and a 

thickness of 1 mm. A rotary pump, Pirani gauge and an airtight cylindrical glass 

chamber of diameter 6 inches and length 8 inches were connected with an oxygen 

cylinder. The glass chamber was cleaned with DI water and acetone. Then, alkali-

treated cotton fibres were kept in a petri dish on the fixed electrode inside it. The rotary 

pump was kept on until pressure inside the chamber became 0.5 torrs. Then the RF 

generator was turned on and a frequency of 13.56 MHz with 60W was applied to the 

electrodes. The oxygen cylinder valve was regulated to control the flow of oxygen gas 

to the chamber. The cotton fibres were treated with oxygen plasma for 20 minutes. 

 

`  

Fig. 3.6 The experimental setup of an RF plasma system (A) Glass chamber,    

(B) Rotary pump, (C) Pirani gause and (D) RF generator. 
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Fig. 3.7 Oxygen plasma treatment process of cotton fibres. 

 

3.2.8 Incorporation AgNPs onto cotton fibres 

AgNPs were incorporated onto the cotton fibres by reducing Ag ions to AgNPs due to 

reducing and capping agents originating from the leaf extract. Untreated cotton fibres 

were weighed and immersed into the aqueous solution of AgNPs. The system was kept 

under constant stirring for 24 hours at room temperature. AgNPs were coated onto 

cotton fibres using the following steps: 

Step-1: AgNPs were synthesized by adding leaf extract to the AgNO3 solution. The 

reducing and stabilizing agents present in the leaf extract immediately reduced Ag ions 

to AgNPs and stabilized them. 

Step-2: The oxygen plasma-treated cotton fibres were immersed into the aqueous 

solution of AgNPs and allowed to keep stirring for 24 hours. At that time, AgNPs were 

deposited onto the surface of the cotton fibres. 
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Step-3: Finally, AgNPs loaded cotton fibres were removed from the solution. Treated 

cotton fibres were washed to remove excess or loosely bound AgNPs from the surface 

of the cotton fibres. AgNPs incorporated cotton fibres were dried in a hot air oven at   

90 
o
C for 3 minutes to remove the residual moisture. 

The first step is crucial because the size and morphology of AgNPs were controlled 

during this step. The three steps discussed above are shown in the figure below. 

 

 

Fig. 3.8 Schematic diagram of fabrication of AgNPs incorporated cotton fibres. 

 

3.3 Characterizations Techniques of AgNPs 

The relevant techniques used to characterize AgNPs and AgNPs coated cotton fibers are 

described in the following sub-sections. 

3.3.1 Ultra-violet visible spectroscopy 

Ultra-violet visible (UV-vis) spectroscopy is an analytical technique used to measure the 

absorbance spectra of chemical compounds. The excitation of the electrons from the 

ground state to a higher energy state occurs when the molecule absorbs suitable 

electromagnetic radiation. The absorbed electromagnetic radiation equals the difference 

in the energies between the higher energy state and the ground energy state. 
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UV-vis spectroscopy works on the principle of Beer-Lambert law. The mathematical 

expression of Beer-Lambert law is- 

     (
  

 
)                                                          (3.1) 

Where, A = absorbance 

I0 = intensity of light incident on the sample cell 

I = intensity of light leaving sample cell 

E = molar absorptivity 

C = molar concentration of the solute 

l = length of the sample cell in cm 

In this investigation, the absorbance of the bio-reduced colloidal solution of AgNPs was 

measured by a UV-visible spectrometer (Shimadzu Corporation, UV-2600, Japan). The 

spectra were taken between 200 nm and 800 nm. After adding leaf extract to the 

AgNO3 solution, the spectra were taken at different time intervals. And absorption 

spectra were also taken, varying the concentration of AgNO3 salt and leaf extract 

3.3.2 Fourier transform infrared spectroscopy 

When a compound is exposed to infrared (IR) radiation, it selectively absorbs the 

radiation resulting in vibrations of the molecules of the compound. The resulting 

spectrum represents closely packed absorption bands, known as IR absorption spectrum.  

 

 

Fig. 3.9 Schematic diagram of FTIR spectroscopy. 
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The absorption bands correspond to the characteristic functional groups and the bonds 

present in a chemical substance [60]. Thus, an IR spectrum of a compound represents 

the molecular fingerprint for its chemical identification. An IR spectroscopy assembles 

the absorption information and analyzes it in the form of a spectrum by Fourier 

transform. The chemical composition and the functional groups present in the 

synthesized AgNPs were studied using an FTIR spectrometer (Shimadzu Corporation, 

FT-IR 8400S, Japan). FTIR spectroscopy of dried AgNPs powder was performed by 

using the KBr-palette technique. An appropriate quantity of KBr-palette was prepared 

by mixing KBr and AgNPs in a 100: 0.1 ratio. The palettes were made, taking about 100 

mg of the mixture. Spectra were taken in the range from 4000 cm
-1

 to 400 cm
-1

. The 

resolution of the scan was 4 cm
-1

. The prepared palette was scanned 30 times. 

3.3.3 Zeta potential measurement 

The zeta potential analysis is a well-established technique that utilizes the classical 

theory of colloidal stability. Nanoparticles in dispersed media are electrostatically 

stabilized because their surfaces have additional charged species. Zeta potential was 

used to determine the nature and amount of that charge. It refers to the electrostatic 

charge density, induced near the surface of AgNPs due to the actions of ions and 

polymers in the suspension. Simply, it is the value of electrostatic potential on the 

slipping plane where the particles interact with others. The positive or negative potential 

indicates the type of dominant charge (negative or positive). The large positive or 

negative charge value indicates a strong repulsive force acting among the NPs and they 

will tend to repel each other, limiting the agglomeration.  

 The long-term stability of synthesized AgNPs was determined using Zeta potential 

measurement (Malvern Zetasizer). Water was used as a dispersant having a radioactive 

index (RI) of 1.330. Zeta potential measurement was run at 25 
o
C and the count rate was 

362.8 pcs. It is the amount of charge developed at the interface between the surface of 

the solid nanoparticles and the dispersion liquid medium. It describes the cause of 

dispersion, agglomeration or flocculation. This measurement is applied to determine the 

long-term stability of nanoparticles for years. 
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Fig. 3.10 Schematic representation of zeta potential. 

 

Zeta potential is a physical property exhibited by most of the solid-liquid and liquid-

liquid layers of the colloidal system. When nanoparticles are dispersed in a liquid 

medium, functional groups associated with the nanoparticles react with the dispersion 

medium. This reaction develops a surface charge and due to this charge, oppositely 

charged ions are attracted.  

3.3.4 X-ray diffraction analysis 

XRD is a rapid analytical technique used to study crystallographic structures. XRD 

peaks are produced when a monochromatic X-ray beam is scattered at particular angles 

from each group of lattice planes in a sample. It provides information on structures, 

phases, preferential crystal orientation, atomic spacing, average grain size, etc. The 

crystal structure and phase variation of AgNPs were studied with the help of Cu-alpha 

radiation at an applied voltage KV and current mA. The scan rate was degree/sec, 

varying 2-Theta from 10 to 90 degrees.  
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The crystallite size of the synthesized nanosilver was determined from the intense peak 

of the XRD pattern using the Scherrer‟s equation [61], 

   
   

     
                                               (3.2) 

D is the average crystallite size,   is the wavelength of the X-ray radiation, β is the full 

width at half maximum (FWHM) of the respective peak in radian,n and   is the angle of 

incidence in radian. K is a dimensionless shape factor whose value varies with 

crystalline shape and has a typical value of 0.9 [61, 62]. 

 

 

3.11 Bragg‟s diffraction for X-rays. 

 

3.3.5 Field emission scanning electron microscopy 

FESEM is a widely used imaging technique where electrons are emitted from a field 

emission source and gain acceleration in a high electrical field gradient operated in a 

high vacuum (10
-4

 -10
-10

 torr). These accelerated electrons are focused and deflected by 

electromagnetic lenses to construct a narrow scan beam that hits the object extremely 

fast. Consequently, secondary electrons are emitted from every spot on the object. The 

detector and receive these secondary electrons and produce an electrical signal. A 

system amplifies the signal and transforms it into a video scan image that appears on a 

monitor. The surface morphology, shape and size of the synthesized AgNPs were 
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studied using Field Emission Scanning Electron Microscope (JEOL, JSM-7600F, USA). 

The elemental composition of synthesized NPs was determined using Energy dispersive    

X-ray spectroscopy (EDS).  The presence of the AgNPs on the surface of the cotton 

fibres was also confirmed by SEM analysis. A small amount of synthesized nano silvers 

and treated cotton fibres were coated with a thin carbon layer to make those conductive. 

Then the carbon-coated AgNPs and AgNPs incorporated in cotton fibres were 

characterized by FESEM at an accelerating voltage of 10 kV. 

 

 

Fig. 3.12 Schematic diagram of an FESEM mechanism. 
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3.3.6 Transmission electron microscopy  

TEM is an imaging technique where high energy (>20 keV) electron beam is focused 

onto the sample that produces an enlarged version to appear on a fluorescent screen or 

layer of photographic film. TEM can reveal the finest details of internal structure. The 

size and shape of the synthesized AgNPs were determined by TEM (JEOL, JEM-1400, 

Japan). The samples were dispersed in ethanol on a carbon-coated copper TEM grid and 

the samples were scanned at an operating voltage of 100 kV. 

3.3.7 Thermogravimetric analysis  

TGA is a thermal analytical technique that ascertains changes in physical and chemical 

characteristics of materials as a function of temperature. Sometimes it measures the loss 

of mass as a function of time with a constant temperature. TGA  can provide 

information about physical phenomena like second-order phase transitions, such as 

vaporization, sublimation, absorption and desorption. The thermal stability of the 

synthesized AgNPs and AgNPs loaded cotton fibres was investigated by TGA using 

Thermogravimetric Analyzer (NETZSCH, STA-449F3). TGA was performed at 

temperatures ranging from 26 to 800 ºC at a 10K/minute heating rate. The atmosphere 

was maintained under a constant nitrogen gas flow at a 40 ml/minute rate. 

Thermogravimetric analysis is a technique in which the mass change of substance is 

monitored as a function of temperature or time as the sample is subjected to a 

controllable temperature in a controlled atmosphere. 

3.3.8 Differential scanning calorimetry 

DSC is an analytical technique that measures the difference in the heat required to 

increase the temperature of a sample and a reference as a function of temperature. DSC 

can measure the amount of heat absorbed or released during transitions determining the 

difference in heat flowing between the sample and the reference. DSC may be used to 

observe more subtle phase changes. As it has application in evaluating the purity of the 

sample, it is widely used in industrial sectors as a quality control instrument. DSC 

analysis of synthesized AgNPs and cotton fibres incorporated with AgNPs was 

performed using a thermal analyzer (NETZSCH, STA-449F3). It was taken from 26 ºC 

to 800 ºC at a 10K/minute heating rate. Nitrogen gas at a 40 ml/minute flow rate has 

flowed during the measurement. 
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3.3.9 Antibacterial assay 

The antibacterial activity of AgNPs and cotton fibres incorporated with AgNPs was 

investigated using the well diffusion method. The test was performed against gram-

negative (E. coli) and gram-positive (S. aureus) bacteria. The bacteria were cultured on 

a nutrient agar plate. 25 µL of the aqueous solution of AgNPs was poured into the well 

on the agar media. The zone of inhibition (ZoI) was measured using photographic 

images of the agar plates having a clear zone around the diffusion well. The presence of 

a clear inhibition zone where bacterial growth was reduced was due to the antibacterial 

property of AgNPs. Further, AgNPs coated cotton fibres were cut into small pieces      

(1 cm) and kept on the cultured bacteria. The agar plates were kept under incubation at 

37
 °C for 24 hours and measured the ZoI to observe the antibacterial activity. 

3.4 Bacteria 

Bacteria are single-celled microscopic organisms that thrive in diverse environments. 

These organisms can live in soil, the ocean and inside the human gut. Though some 

bacteria are harmful, most of them serve a useful purpose, e.g., curdling milk into 

yogurt and helping our digestion. There are two types of bacteria depending on the stain 

test: gram-positive and gram-negative. 

3.4.1 Gram-positive bacteria 

Bacteria that give a positive result in the Gram stain test are called gram-positive 

bacteria. Gram-positive bacteria absorb the crystal violet stain used in the test and 

appear purple-colored when observed under the microscope. This is due to the 

thick peptidoglycan layer in the cell wall reserves the stain after washing away in the 

decolorization stage of the test. 

3.4.2 Gram-negative bacteria 

Gram-negative bacteria lose the crystal violet stain used in the gram-staining method of 

bacterial differentiation. The cell envelope of gram-negative bacteria comprises with a 

thin peptidoglycan layer. An inner cytoplasmic cell membrane and a bacterial outer 

membrane envelope this thin layer. 

  

https://en.wikipedia.org/wiki/Peptidoglycan
https://en.wikipedia.org/wiki/Stain_(biology)
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3.4.3 Kirby-Bauer antibiotic testing 

Antibacterial efficiency of different antibiotics is investigated using the Agar diffusion 

test known as Kirby-Bauer antibiotic testing, disc or well diffusion testing. We used 

well diffusion method to test the efficiency of respective bacteria. In this test, an agar 

media was prepared in petri-dish, in which the bacteria could grow.  Then synthesized 

AgNPs were placed into the diffusion well with typical 7 mm diameter on agar plate 

containing previously cultured bacteria. 

 

 

Fig. 3.13 Schematic diagram of agar disk diffusion method. 

 

The agar plate was kept in an incubator at 37 °C for bacterial growth. If synthesized 

AgNPs can resist bacteria from growth or kill bacteria, there will be a clear zone around 

the disc or well where bacteria could not grow enough. This zone is called the zone of 

inhibition (ZoI). 

Many factors affect the size of the ZoI, such as the effectiveness of antibiotics, diffusion 

of AgNPs within the agar medium, etc. The diffusion of AgNPs within an agar medium 

depends on the molecular concentration of the antibiotic.  

The AgNPs penetrate the bacteria‟s cell membrane, causing damage to the lipid bilayer 

and bacterial death. Due to the effectiveness of AgNPs against bacteria, no colonies can 

grow around the well. The minimum concentration for which the ZoI can be found is 
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the minimum inhibitory concentration (MIC) of the AgNPs for that bacterium. ZoI 

produced by the NPs is analyzed with that produced by the known concentration of an 

antibiotic as reference. This information may help determine the appropriate 

concentration of AgNPs or antibiotics to fight against a particular bacterium [63]. The 

amount of space surrounding the well or antibiotic disks indicates how effective the 

antibiotic is against the bacterium. According to the Fig. 3.13, well A has exhibited no 

antimicrobial activity towards bacteria. Samples in B and C were effective against 

bacteria, where the greater ZoI for sample C shows more efficiency than that of sample 

B. Thus, the sample in C is highly effective, while B showed intermediate effectiveness. 

This technique is widely applied to identify the best antibiotic against a new or drug-

resistant pathogen [64]. 



 

 
 

 

 

 

 

CHAPTER 4 

RESULTS AND DISCUSSION 

 

The optical, structural, morphological, thermal, and antibacterial properties of AgNPs 

and AgNPs-coated cotton fibres were determined using different characterization 

techniques. The results of the experimental investigations are presented below. 

4.1 Visual Colour Change and UV-visible Spectroscopy 

The synthesis of AgNPs occurs at room temperature. Reduction of     to     was 

primarily confirmed by the visual colour change of the solution. The addition of 1 ml 

leaf extract of Azadirachta indica into 10 ml of 5mM aqueous solution of silver nitrate 

led to the change in the colour from colourless to reddish brown, as shown in Fig. 4.1. 

 

 

Fig. 4.1 Visual colour of (A) aqueous solution of AgNO3, (B) A. indica leaf 

extract, and (C) colloidal solution of AgNPs. 

 

A                         B                         C 



 

 
 

36 

The formation of AgNPs was confirmed by using UV-Vis spectroscopy. Fig. 4.2 shows 

the UV-Visible spectra of the aqueous solution of AgNO3, A. indica leaf extract and 

colloidal solution of AgNPs, respectively. No absorption peak appeared for the aqueous 

solution AgNO3 and leaf extract, whereas AgNPs exhibit a strong absorption peak at 

438 nm due to coherent oscillations of free surface electrons of the particle, known as 

surface plasmon resonance (SPR) peak [65, 66]. The position of the SPR peak depends 

on the size, shape and distribution of nanoparticles. The SPR peak was found at 438 nm 

for the 10 ml of 5 mM AgNO3 and 1 ml of leaf extract. The SPR bands of synthesized 

AgNPs are in good agreement with the literature [67, 68]. The size confinement of the 

conduction electron considerably influences the optical and electrical properties of 

metal nanoparticles. 

 

 

Fig. 4.2 UV-visible absorption spectra of AgNO3 solution, leaf extract, and 

synthesized AgNPs. 
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In the present study, different parameters were optimized, including the concentration of 

silver nitrate and A. indica leaf extract and time. The following section discussed 

various parameters that were studied. 

4.1.1 Effect of reaction time  

The reaction was monitored at different time intervals. The colour of the silver nitrate 

solution changed from colourless to reddish-brown after few minutes of the leaf extract 

being added. Finally, the colour changed to dark brown, which confirmed the complete 

reduction of     to    . It took about 40 minutes to complete the reduction process. 

After that, no colour change was observed. Fig. 4.3 shows the effect of time on the 

formation of AgNPs. The visual colour change was monitored for different reaction 

times after adding 1 ml of leaf extract to 10 ml of 5mM AgNO3 solution. Initially, at 10-

20 min, the solution colour was reddish-brown; later, the colour turned to dark brown 

when the reaction was completed.  

 

 

Fig. 4.3 Colour change of aqueous solution of AgNPs with time. 

 

The synthesized AgNPs showed SPR peaks in the wavelength ranges from 438-443 nm, 

as shown in Fig. 4.4. SPR band depends upon the size and shape of the NPs [69]. SPR 

peak at wavelength ranges from 400 – 450 nm is evidence for the SPR peak of AgNPs 

[70].  
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Fig. 4.4 UV-visible absorption spectra of synthesized AgNPs at different 

intervals using 5 mM AgNO3 and leaf extract at a ratio of 10:1. 

 

It is observed from Fig. 4.4 that the absorption intensity increased with time, indicating 

the number of synthesized NPs increased with reaction time. With the passage of 

reaction time, more Ag ions were reduced and produced a large number of AgNPs. That 

large number of AgNPs absorbed more UV-visible spectrum, which might be the reason 

that the absorption intensities increased with the increase in reaction time.  

4.1.2 Effect of silver nitrate salt concentration  

To study the effect of AgNO3  concentration on the formation of AgNPs, different 

concentrations (1 mM-5 mM) of AgNO3 solution were added by keeping the amount of 

leaf extract constant at 1 ml. Fig. 4.5 shows the visual colour of AgNPs at different 

concentrations of AgNO3. The absorption spectra as shown in Fig. 4.6 were measured 

after 1 hour of reaction time. The synthesized AgNPs showed the SPR peak at 425 nm 

for 1 mM AgNO3 solution and at 436 nm for 2-5 mM AgNO3 concentrations, indicating 

an increase in particle size. Whereas Roy et al. [36] found SPR peak at 420 nm for        

1 mM AgNO3 solution. 
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Fig. 4.5 Visual colour change at different concentrations of AgNO3. 

 

The SPR peak slightly red-shifted with time, indicating the increase in particle size [71]. 

The position and width of the SPR band are influenced by the size effects. With the 

increase in the size of AgNPs, the bandgap decreased. This narrower band gap results in 

a higher wavelength of electromagnetic wave emitted after the AgNPs being exposed to 

UV. So SPR peaks at longer wavelengths suggest the larger size of AgNPs. This size 

effect can also be occurred due to the confinement of conduction electrons inside the 

AgNPs. The decrease in bandwidth caused by the scattering of conduction electrons on 

the surface of AgNPs leads to an increase in the size of AgNPs [72]. 

In the case of increasing concentration of AgNO3, the absorption intensities also 

increased. The more the salt concentration, the more Ag ions will be released into the 

solution. Consequently, the rate of reaction as well as the reduction of     to     

accelerated with the increase of AgNO3 concentration. The intensity of the  SPR peak 

and FWHM increase with the increasing concentration of AgNO3 solution. It can be 

concluded that the SPR peak and hence the size of NPs varied by varying the 

concentration of AgNO3 [71]. 
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Fig. 4.6 UV-visible absorption spectra of synthesized AgNPs at different 

concentrations of AgNO3. 

When the size of  NPs decreases, the number of atoms or molecules decreases. Hence, 

the number of overlapping orbitals decreases and the width of the valence and 

conduction bands get narrower. This will cause an increase in the energy gap between 

the valence and the conduction band. Due to this large bandgap, the movement of 

electrons is confined and leads to a shift of the SPR band to the lower wavelength. 

Therefore, a blue shift of the SPR peak suggests a decrease in NPs size, whereas a red 

shift indicates an increase in the size of NPs.  

4.2 Fourier Transform Infrared Spectroscopy 

The FTIR spectra obtained for the A. indica leaf powder and the synthesized AgNPs 

between wavenumbers 500-4000 cm
-1

 are shown in Fig. 4.7. It is observed that similar 

functional groups existed both in the leaf powder and the synthesized AgNPs, but their 

band intensities varied. These functional groups were responsible for the reduction of 

the Ag+ to AgNPs. These bio-molecules are also acted as the capping agent as well as 

the stabilizing agent. 
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Fig. 4.7 FTIR spectra of synthesized AgNPs using 5 mM AgNO3 at a ratio 

of 10:1 and A. indica leaf powder. 

 

This spectrum has strong peaks at 3435.22, 2926.01, 2856.58, 1622.13, 1479.4, 

1375.25, and 1070.49 cm
-1 

obtained for AgNPs, which is slightly shifted compared to 

leaf powder. Broad absorption bands at 3435.22 and 3444.87cm
-1

 of AgNPs and A. 

indica leaf powder are due to the N-H stretching vibration from the -NH2 group and the 

stretching -OH vibration of the alcoholic group [67]. 

Thus, these absorption bands indicate the presence of H bonded alcohols and phenols. 

The absorption band at 2926.01 can be assigned to C-H anti-symmetric stretching 

vibrations and absorption peak at 2856.58 and 2858.51 cm
-1 

attributed to C-H symmetric 

vibration due to the functional group -CH2. The absorption peaks at 1622.13 and 1625.99 

cm
-1 

are associated with the C=C stretching vibration of alkenes in the leaf extract. Two 

bands at 1479.4 and 1375.25 cm
-1

 attributed to -CH bending vibrations [73].  
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Table 4.1 Characteristics absorptions, functional groups and attributions in FTIR of 

AgNPs and A. indica leaf powder. 

Characteristics absorption (cm
-1

) Functional 

groups 

Attributions 

A. indica 

leaf powder 

AgNPs 

3444.87 3435.22 -OH Stretching vibration of –OH 

functional group 

2926.01 2926.01 -CH2- Anti-symmetric stretching 

vibration of -CH2- in aliphatic or 

naphthalic 

2856.58 2858.51 -CH2- Symmetric stretching vibration 

of -CH2- in aliphatic or 

naphthalic 

1622.13 1625.99 C=C Stretching vibration of C=C in 

alkenes 

1479.4 1375.25 CH CH bending vibrations 

1070.49 1066.64 C-O C-O linkage in the carboxylic 

acid 

 594.08 Ag-O Metallic Silver 

 

The band at 1375.25 cm
-1

 indicates the presence of flavonoids and terpenoids absorbed 

on the surface of the NPs. The bands at 1066.64 and 1070.49 cm
-1

 are related to the 

C=O linkage in carboxylic acid. The absorption band at 594.08 cm
-1

 confirmed the 

presence of Ag-O bond which can be attributed to the metallic silver [74].  

This absorption is due to the reaction of two bio-molecules which are very plentiful in 

A. indica leaf extract. The FTIR spectra revealed that bio-molecules and functional 

groups responsible for reducing the Ag ions to AgNPs were released from the A. indica 

leaf extract. Carboxyl group was absorbed on the surface of the nanoparticles, which 

also confirmed the presence of terpenoids and flavonoids. Terpenoids and flavonoids act 

as capping agents for the synthesized AgNPs. Proteins and amino acids from the 
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carbonyl group have a strong ability to bind the NPs. Therefore these bio-molecules 

prevented the aggregation of nanoparticles. Thus, they stabilized the medium.  

4.3 Zeta Potential Measurement 

Zeta potential plays a vital role in understanding the stability of colloidal dispersion. 

The magnitude of this potential indicates the potential stability of the colloidal system, 

i.e., the degree of repulsion between the surface charge of nanoparticles in the dispersed 

medium [75]. In our present study, the zeta potential value was -23.2 mV, as shown in 

Fig. 4.8. The negative zeta potential value of the AgNPs may be due to the potential 

capping of the bioorganic components present in the leaf extract.  

 

 

Fig. 4.8 Zeta potential measurement of synthesized AgNPs using 5 mM AgNO3.  

 

The high negative value revealed the electrostatic repulsion between the nanoparticles, 

i.e., synthesized nanoparticles remained apart from each other. It indicates that this 

potential prevented AgNPs from agglomeration and provided stability to NPs in the 

solution. The value of zeta potential from -20 mV to -30 mV, is considered moderately 

stable [76]. The large negative potential value may be arisen due to the capping by 

polyphenolic constituent originating from the leaf extract [77, 78].  
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4.4 X-ray Diffraction Analysis 

The crystal structure and different structural parameters of the synthesized AgNPs were 

analyzed by XRD spectrum. Fig. 4.9 shows the XRD pattern of biosynthesized 

nanosilver by using A. indica leaf extract. The XRD result showed distinct diffraction 

peaks at angles 2θ equal to 38.02 , 44.23 , 64.43 , 77.37  and 81.59 . These peaks 

correspond to the (111), (200), (220), (311), and (222) planes, respectively. These lattice 

planes are well-matched with standard JCPDS card no. 04-0783 and confirmed that the 

nanosilver possesses a face-centered cubic crystal structure with preferential orientation 

along the (111) plane [79-81]. Therefore, the XRD pattern shows that the synthesized 

AgNPs are polycrystalline in nature. 

 

 

Fig. 4.9 XRD pattern of synthesized AgNPs using 5 mM AgNO3 at a ratio of 

10:1. 

 

The smaller peaks are also observed at angles 32.13 , 46.19   54.99  and 58.63  

corresponding to the planes (2 1 0), (2 3 1), (1 4 2) and (2 4 1), respectively. These 

planes are well-matched with standard JCPDS card no. 84-1108 and 42-0874. These 
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planes are possibly due to the plant bioactive compounds like AgO (Ag
3+

) and Ag2O 

(Ag
+
), respectively [79, 82]. These peaks are weaker than those of AgNPs. During the 

stabilization of AgNPs, Ag
+ 

was got wrapped into AgNPs. Ag
+

 exists either in a 

complex form or can be adsorbed onto the biomolecules. On the other hand, Ag
3+ 

was 

due to the oxidation of Ag
+ 

or Ag
3+ 

was protected to exist in AgNPs. Ag
3+ 

 are very 

stable and they also might exist in a complex form and are attached to AgNPs. Earlier 

researchers reported similar results and mentioned that it might be due to the bioorganic 

compounds coated on the surface of AgNPs [80, 83]. The average crystallite size and 

the lattice constants of the biologically synthesized AgNPs were calculated by 

Scherrer‟s equation [61]. 

The average size and the lattice constants of the synthesized AgNPs are displayed in the 

table below: 

Table 4.2 Structural parameters of synthesized AgNPs obtained from XRD pattern 

 

Position 2  

(Degree) 

FWHM 

(degree)  

Interplanar 

spacing 

(nm) 

Plane 

(h k l) 

Crystallite  

size (nm) 

Lattice 

parameter, a 

(nm) 

38.02 0.4093 

 

0.238 

 

1 1 1 20 0.4095 

44.23 0.4093 0.205 

 

2 0 0 21 0.4092 

64.43 0.3582 

 

0.145 

 

2 2 0 26 0.4086 

77.37 0.5117 

 

0.123 

 

3 1 1 20 0.4089 

81.59 0.8187 

 

0.118 

 

2 2 2 13 0.4096 

 

Table 4.2 shows various structural parameters. The average crystallite size was 

calculated ~20 nm. The lattice parameter deviated slightly nearly consistent with the 

standard value of 0.4086 nm (JCPDS-04-0783). Table 4.2 also shows that the size of 

AgNPs decreases with the increasing FWHM, which strongly supports the Mie theory 

[84].  
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4.5 Field Emission Scanning Electron Microscopy 

The surface morphology and shape of the synthesized AgNPs were observed by 

investigating FESEM images. The presence of AgNPs on the surface of the cotton fibres 

was also confirmed by FESEM analysis. FESEM micrographs revealed that the 

synthesized AgNPs were spherical in shape and were nearly uniform in size 

distribution.  

 

 

 

Fig. 4.10 FESEM images of AgNPs for 5mM AgNO3 solution and leaf extract 

at a ratio of 10:1. The bottom image is the magnified version of the 

top one. 
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The size of the nanoparticles is slightly larger than the actual size of the nanoparticles 

because they were coated with proteins and other functional groups. Fig. 4.10 shows the 

micrographs of synthesized AgNPs in the case of 5mM AgNO3 and leaf extract at a ratio 

of 10:1. The size and shape of the synthesized AgNPs varied as seen from the different 

magnifications. The FESEM image also shows that most AgNPs are well dispersed and 

some are aggregated. This aggregation occurred when the liquid containing AgNPs was 

evaporated on a flat surface and the NPs were coagulated along the outer edges. 

Nevertheless, this synthesis process is highly applicable to produce nano-size silver.  

The particle size distribution for this condition was calculated using ImageJ software. 

The histogram (Fig. 4.11) shows the size distribution of AgNPs synthesized by taking 5 

mM AgNO3 solution and leaf extract at a 10:1 ratio. The histogram shows that maximum 

AgNPs have sizes ranging from 15 nm to 25 nm. The size of NPs is nearly matched 

with the crystallite size calculated from the XRD pattern.  

 

 

Fig. 4.11 Particle size distribution of AgNPs for 5mM AgNO3 leaf extract at a 

ratio of 10:1. 

 

Fig. 4.12 shows an image of AgNPs synthesized by taking 5 mM AgNO3 and leaf extract 

at a ratio of 10:5. In this condition, it is seen that different sizes AgNPs have formed. 

The size of AgNPs was slightly larger for the increasing ratio of leaf extract. Slightly 
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larger particles may be formed due to the excess amount of biomolecules that can be 

attached to the surface of AgNPs. FESEM micrographs also showed that particles 

formed less agglomeration with the increasing concentration of leaf extract. The reason 

might be an adequate amount of reducing agent provided by leaf extract. The 

synthesized nanoparticles are nearly equal in shape and size. Therefore, AgNPs 

synthesized with this condition are well dispersed, have nearly uniform shape and size, 

and have less agglomeration.  

 

 

 

Fig. 4.12 FESEM image of AgNPs for 5 mM AgNO3 solution and leaf extract 

at a ratio of 10:5. 



 

 
 

49 

Fig. 4.13 provides the histogram, which shows that particle size is distributed in 18 to 

22 nm. The Gaussian curve suggests that synthesized AgNPs have narrow size 

distribution. Further study should be needed to investigate the effect of leaf extract 

concentration on the shape and size of synthesized AgNPs. Dispersion stability should 

also be tested to investigate whether AgNPs synthesized using this condition are more 

or less stable. 

 

 

Fig. 4.13 Particle size distribution of AgNPs for 5mM AgNO3 and leaf extract 

at a ratio of 10:5. 

 

Particle size is strongly dependent on the molarity of AgNO3 salt. Concentration also 

plays a vital role in determining morphology as well as affects the rate of reaction 

largely. Fig. 4.14 shows the shape and surface morphology of synthesized AgNPs 

taking 10 mM AgNO3 solution and leaf extract at a ratio of 10:1. The size of AgNPs is 

relatively larger than that obtained for the conditions above. The size distribution of the 

AgNPs shows that the diameter varies from 45 nm to 75 nm for 10 mM AgNO3 and leaf 

extract at a ratio of 10:1. This result is consistent with the result obtained from UV-vis 

spectroscopy. This may be due to the excessive amount of Ag
+ 

and fewer reducing and 

stabilizing agents. As the ratio of AgNO3 was much more than that of leaf extract, less 
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amount of biomolecules were unable to stabilize the synthesized AgNPs. This resulted 

in the aggregation of AgNPs, which caused larger-sized particles. 

But FESEM micrographs of 10 mM AgNO3 and leaf extract at a 10: 1 ratio confirmed 

that synthesized AgNPs are larger in size but have a spherical shape and uniform 

distribution. So this condition can be applied to synthesizing nanoparticles of larger 

size. Nevertheless, the particle size distribution of AgNPs synthesized using 5 mM 

AgNO3 is nearly equal to that obtained from XRD data. 

 

 

 

Fig. 4.14 FESEM images AgNPs for 10 mM AgNO3 solution and leaf extract 

at a ratio of 10:1. 
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Gaussian distribution of the histogram revealed that AgNPs having size ranges from 50 

to 55 nm were dominating.  

 

Fig. 4.15 Particle size distribution of AgNPs for 10 mM AgNO3 and leaf 

extract at a ratio of 10:1. 

 

Another goal of the present study was to incorporate the biologically synthesized 

AgNPs onto the cotton fibers to prepare antibacterial cotton fibers for practical 

application in the biomedical field. FESEM micrographs revealed that AgNPs were well 

attached to the cotton fibres.  

 

 

Fig. 4.16 FESEM images of control cotton fibers at different magnifications.  
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Fig. 4.16 present FESEM images of control cotton fibres at two different 

magnifications. Control cotton fibres exhibit smooth surface. The FESEM image at 

higher magnification demonstrated that the surface of the cotton fibres is clean and 

smooth. Some cracks were also seen from higher magnification images, which may be 

due to the stress when coated with carbon. 

 

 

Fig. 4.17 FESEM images of AgNPs coated cotton fibers at two different 

magnifications. 

 

 

Fig. 4.18 FESEM images of AgNPs incorporated plasma-treated cotton fibres 

at two different magnifications. 

 

Fig. 4.17 showed the FESEM images of AgNPs coated cotton fibres at two different 

magnifications. This image exhibited the presence of AgNPs on the surface of the 

cotton fibres. Cotton fibres were scanned at higher magnification for a better view. 
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FESEM images revealed that the incorporated AgNPs were smaller in size and were 

well attached all over the surface of cotton fibres. 

Fig. 4.18 showed FESEM images of AgNPs coated oxygen plasma-treated cotton fibres. 

After surface modification by oxygen plasma treatment, cotton fibres became free from 

impurities such as oily and waxy substances. Moreover, alkali treatment before the 

oxygen plasma treatment reduced cellulosic substances from the surface of cotton 

fibres. This made the cotton fibres more hydrophilic and due to the oxygen species 

AgNPs were more attracted to the surface. The surface morphology showed that treated 

cotton enhanced surface roughness. By comparing the above images, we can see that the 

later shows more AgNPs on the surface than the earlier. So the possibility of deposition 

of AgNPs onto the cotton fibres increased after plasma treatment. This surface 

roughness or plasma etching appeared due to the bombardment of plasma species and 

AgNPs were uniformly attached to the surface of the cotton fibres. In higher 

magnification of FESEM images, the black and white stripes may be due to the 

charging effect. 

4.6 Energy Dispersive Spectroscopy  

EDS analysis illustrated the compositional analysis of synthesized AgNPs using A. 

indica leaf extract. The AgNPs were coated with carbon and examined for EDS. Since 

AgNPs were synthesized using A. indica leaf extract and AgNO3 solution, it could not 

be said that synthesized AgNPs have silver atoms as only constituents. The 

biomolecules from leaf extract also may contribute to the AgNPs.  

 

 

Fig. 4.19 EDS spectra of AgNPs synthesized using 5 mM AgNO3 and leaf 

extract at (A) ratio 10:1 and (B) ratio 10:5. 
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Fig. 4.19 shows the elemental composition of synthesized AgNPs. EDS spectrum 

suggests that the majority of the constituents atom is silver. The intense peak at 2.98 

keV strongly confirmed the presence of nanocrystalline elemental silver, as it has 

optical absorption in this range due to the SPR. 

Silver exhibits optical absorption at 3 keV due to SPR [85]. The other composition 

elements (C, O and N) belonged to plant extract and AgNO3, which confirmed the 

presence of different functional groups that capped the AgNPs. The signatures of C and 

O might be from the protein, which acted as a stabilizing agent. The total result was 

tabulated in Table 4.3. 

 

Table 4.3 EDS analysis of synthesis AgNPs 

Composition Type Ag O C N 

 

A 

Mass% 71.65 9.93 15.14 3.29 

Atomic% 23.89 22.32 45.35 8.44 

 

B 

Mass% 84.87 4.93 7.96 2.24 

Atomic% 41.03 16.07 34.57 8.32 

 

4.7 Transmission Electron Microscopy Analysis 

Since the NPs possess unique physical and chemical properties depending on their 

shape and size, the shape and size distribution of AgNPs is a crucial issue. So it is 

important to carry out the synthesis method, which provides uniformly sized and shaped 

AgNPs. The shape and size of the synthesized AgNPs were examined by using TEM. 

Fig. 4.20 revealed that the synthesized AgNPs are spherical shaped. TEM images were 

obtained for AgNO3 salt concentrations of 1 mM and 5 mM, respectively. TEM 

micrographs of synthesized AgNPs revealed the presence of a capping layer around the 

AgNPs, where the leaf extract provided the capping layers. These capping layers have 

an important role in the size distributions of AgNPs. The exploitation of A. indica leaf 

extract not only played a role as a reducing and capping agent but also enhanced the 

antibacterial properties of synthesized AgNPs. From our study, the biosynthesized 
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AgNPs showed a nonuniform size and shape for 5 mM AgNO3 solution. The TEM 

micrographs also suggested that particle size increased with the increase in the 

concentration of AgNO3.  

 

   

 

Fig. 4.20 TEM micrographs of the synthesized AgNPs (A) 1 mM (B) 5 mM 

AgNO3 solution. 

 A                              

   B 
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Fig. 4.21 Histogram of particle size distributions of the synthesized AgNPs 

(A) 1 mM AgNO3 solution (B) 5 mM solution. 

 

The particle size ranges from 15-45 nm for 1 mM AgNO3 and 16-54 nm for 5 mM 

AgNO3 concentrations. The AgNPs are poly-dispersed. The average particle size is 27 

nm and 32.5 nm for 1 mM and 5 mM AgNO3, respectively. This result varied slightly 

from the average crystallite size calculated from XRD data. This was due to the capping 

layer of AgNPs originating from the leaf extract. TEM images also revealed that the 

synthesized AgNPs are less agglomerated, which may be due to the capping agents on 

the surface of the AgNPs derived from A. indica leaf extract. 

4.8 TGA and DSC Analysis 

TGA and DSC analyses were performed to investigate the thermal behavior and 

stability of the synthesized AgNPs and AgNPs coated cotton fibers. The samples were 

heated from 25 to 800 
º
C at a rate of 10 

º
C /min. This analysis was done in an inert 

atmosphere of nitrogen gas with a 10 ml/min flow rate. Fig. 4.22 shows the TGA and 

DSC curves recorded for AgNPs. Synthesized AgNPs showed good thermal stability up 

to 200 
º
C. The first weight loss of about 1% occurred at around 50 to 100 

º
C. This 

decrease in weight may be generally attributed to removing residual water due to 

evaporation.  

Second weight loss was found at around 200 to 500 
º
C due to the removal of organic 

compounds acting as capping and stabilizing agents. The thermal decomposition 

occurred at that temperature. The weight loss due to that decomposition was followed 

by a marginal decrease in the mass, which further increased up to 650 
º
C [86].  
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At that stage, AgNPs lose weight abruptly with increasing temperature. Because most of 

the stabilizing and capping agents were protein molecules, they deformed at relatively 

low temperatures. No significant weight loss was observed from 500 to 800 
º
C. TGA 

curve suggests that most of the organic layer over the surface of AgNPs was dispelled at 

high temperatures and the overall weight loss was about 20% at 800 
º
C. 

 

  

Fig. 4.22 TGA and DSC curve of synthesized AgNPs 

 

Fig. 4.22 illustrated that no endothermic or exothermic peak was observed in the DSC 

curve of the synthesized AgNPs. It indicates that any crystallographic phase transition 

did not occur within the temperature range of 25 to 800 
º
C. 

The thermal stability of control cotton fibres and AgNPs incorporated in cotton fibres 

was tested using TGA. Cotton fibres were thermally stable up to about 200 
º
C. The mass 

of the cotton fibres rapidly decreased in the temperature range from 200 to 550 
º
C. The 

maximum decomposition of cotton fibres occurred at about 600 
º
C. Fig. 4.23(A) 

presents the TGA curve of untreated cotton fibres. On the other hand, AgNPs coated 

cotton fibres showed good thermal stability up to about 300 
º
C. 



 

 
 

58 

This indicates that the decomposition temperature is higher than the untreated cotton 

fibres. There was no significant mass loss after 360 
º
C. The maximum decomposition of 

AgNPs coated cotton fibres was observed at 800 
º
C and overall weight loss was about 

75% at 800 
º
C. 

 

 

 

 

 

 

 

Fig. 4.23 TGA curves of (A) plasma-treated cotton fibres and (B) AgNPs 

incorporated treated cotton fibres. 

This is because the elements present in the leaf extract reduced the Ag+ ions to AgNPs 

and assisted in binding the synthesized AgNPs onto the surface of the cotton fibres. 

Therefore, the incorporation of AgNPs into the cotton fibres enhanced their thermal 

stability. These can be much more applicable to high-temperature conditions. This 

fabrication methodology is highly successful to exploit AgNPs in textile industries. 

4.9 Antibacterial Assay 

The antibacterial activity was determined by testing their ability to inhibit the growth of 

the bacterium. The ability of some bacterial strains to become resistant to antibiotics has 

a growing interest in finding innovative ways to treat infections. The antibacterial 

efficacy of AgNPs and AgNPs coated cotton fibres were tested against both Gram-

negative (E. coli) and Gram-positive (S. aureus) bacteria by the Agar well diffusion 

method. The antibacterial efficiency was assessed by determining the diameter of the 

clear zone, known as the ZoI. The ZoI was measured using the well diffusion technique, 

according to Shamaila et al. [87]. Antibacterial activity of the synthesized AgNPs 

against E. coli was tested for two different concentrations of AgNO3, 1 mM and 5 mM 

and they were filled in well 2 and 3, respectively as shown in Fig. 4.24 (A). In the case 

A                                                                        B                                                        
C
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of S. aureus bacterium, antibacterial activity was tested for three different 

concentrations of AgNPs (1 mM, 3 mM and 5 mM) as indicated in Fig. 4.24 (B) and 

they were filled in well 2, 3, and 4, respectively. In both cases, leaf extract was filled in 

well 1. Each diffusion well on the agar plate was filled with a 25 µL aqueous solution of 

AgNPs and leaf extract. The biologically synthesized AgNPs showed significant 

activity compared to leaf extract.  

 

 

Fig. 4.24 Antibacterial assay against (A) E. coli of (1) A. indica leaf extract, 

AgNPs using (2) 1 mM AgNO3,  (3) 5 mM  AgNO3  solution   and       

(B) S. aureus. of (1) A. indica leaf extract, AgNPs using (2) 1 mM 

AgNO3, (3) 3 mM AgNO3 (4) 5  mM AgNO3 solution. 

 

The synthesized AgNPs showed good antibacterial efficacy against both gram-positive 

and gram-negative bacteria. A clear ZoI was observed around the well on the nutrient 

agar plates. The ZoI was measured 14 mm against E. coli and 12 mm against S. aureus 

bacteria. On the other hand, leaf extract alone did not exhibit any ZoI. According to Roy 

et al. [36] no ZoI was observed for 20 µL AgNPs against E. coli, whereas ZoI was 12.5 

mm against S. aureus for the same amount of AgNPs. 

Further, the antibacterial activity of  AgNPs coated oxygen plasma-treated cotton fibres 

was examined. It also exhibited good antibacterial activity against Gram-positive (S. 

aureus) and Gram-negative (E. coli) bacteria. The oxygen plasma-treated cotton/AgNPs 

1 

2 

3 
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fibres were responsible for reducing bacterial growth due to the faster release of silver 

ions into the medium. The clear ZoI around the cotton fibres suggests the superior 

antibacterial efficacy of AgNPs coated cotton fibres.  

 

Fig. 4.25 Antibacterial assay for AgNPs coated cotton fibres using 5 mM 

AgNO3 against (A) E. coli and (B) S. aureus. 

 

The results of antibacterial activities of synthesized AgNPs and AgNPs cotton fibres 

against E. coli and S. aureus bacteria are tabulated below. 

Table 4.4 Zone of inhibition against different bacteria 

 

Synthesized AgNPs/ AgNPs 

incorporated cotton fibres 

Zone of inhibition (mm) 

E. coli  S. aureus 

Synthesized AgNPs 

for different 

concentrations of 

AgNO3 

1 mM 14  ZOI not found 

3 mM Not tested 12 

5 mM 14 12 

AgNPs incorporated cotton fibres 12 10 
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AgNPs exhibited good antibacterial efficiency due to some of the following 

mechanisms. Firstly, AgNPs possess a large surface area and for being nano-sized, they 

can be readily attached to the cell membrane of the bacteria. These AgNPs may release 

positively charged Ag
+
 ions. Due to electrostatic attraction and affinity to sulfur 

proteins, the released Ag
+ 

ions can easily get adhered to the negatively charged bacterial 

cell wall and cytoplasmic membrane of bacteria. This adherence of Ag ions can enhance 

permeability and initiates the process of disruption of bacterial cell metabolism due to 

their interaction with macromolecules in the cell such as proteins.  The interaction of 

   ions with the cell prevent protein synthesis and decrease membrane permeability, 

which eventually causes cell death [88]. Secondly, Ag
+ 

ions can deactivate the cellular 

enzymes, especially the respiratory enzymes which may lead to enzymatic dysfunction 

[89-92]. Finally, AgNPs may facilitate the release of reactive oxygen species. This ROS 

can interrupt ATP production and act as a principal agent for the disruption of the cell 

membrane and DNA modification [92-94]. Because sulfur and phosphorus are the main 

constituents of DNA,    ions react with them, resulting interruption of DNA 

replication and eventually termination of bacterial life. Moreover, Ag ions denature 

ribosomes in the cytoplasm which may cause the inhibition of protein synthesis [95]. 

All of the above-mentioned mechanisms ultimately lead to cell death and inhibit 

bacterial growth. 

It was also reported that spherical and hexagonal AgNPs could inhibit the Gram-

negative bacteria better than other shaped AgNPs [96]. By comparing the ZoI from 

Table 4.4, it can be concluded that AgNPs are more effective against Gram-negative 

bacteria than Gram-positive bacteria. Because, the cell wall of gram-negative bacteria is 

thinner than that of gram-positive, they show more susceptibility to AgNPs [97]. This 

difference in antibacterial efficacy against gram-negative and gram-positive bacteria 

suggests that the uptake of AgNPs plays a vital role in antibacterial activity [98]. 

The prepared samples showed good efficiency against both Gram-negative and Gram-

positive bacteria. So, this technique could be utilized for fabricating antibacterial cotton 

fibres as well as protective textile materials. 

 



 

 
 

 

 

 

 

CHAPTER 5 

SUMMARY AND CONCLUSIONS 

 

5.1 Summary 

In the present study, AgNPs were synthesized at room temperature by the green 

approach using A. indica leaf extract, which acts as an effective reducing and stabilizing 

agent. Then biosynthesized AgNPs were incorporated into cotton fibres to fabricate 

antibacterial cotton fibres. The outcome of this investigation is summarized as follows: 

 The formation of AgNPs was confirmed using UV-vis spectroscopy analysis. From 

the UV-vis absorption spectra, SPR was found in the range of 426-443 nm, which 

ensured the reduction of Ag ions into Ag nanoparticles. 

 The X-ray diffraction analysis confirmed the crystalline nature of AgNPs. It exhibits 

a face-centered cubic crystal structure with preferential orientation along the (111) 

plane and the average crystallite size was about 20 nm. 

 FTIR analysis confirmed the presence of functional groups that performed dual 

functions of formation and stabilization of AgNPs. 

 Zeta potential measurement revealed that the zeta potential of the biosynthesized 

AgNPs was found to be -23.2 mV. This result suggested that the surface of the 

AgNPs is negatively charged and moderately stable. 

 FESEM and TEM images showed that the biosynthesized AgNPs were spherical 

and the average particle size ranged from 20 to 30 nm. EDS spectra suggested that 

the majority of the constituents atom is silver.  FESEM images of oxygen plasma-

treated cotton fibres showed good adherence to AgNPs on the surface. 

 The inclusion of AgNPs into treated cotton fibres improved their thermal stability. 

  The biosynthesized AgNPs and AgNPs coated oxygen plasma-treated cotton fibres 

showed significant antibacterial influence against both gram-positive and gram-

negative bacteria. 

5.2 Concluding Remarks 

AgNPs were synthesized at room temperature using A. indica leaf extract by a single-

step, eco-friendly, economical green approach and successfully incorporated onto cotton 

fibres. Synthesized AgNPs and AgNPs coated cotton fibres exhibited prominent 

antibacterial efficacy against both gram-positive and gram-negative bacteria.  
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Our prepared samples may therefore be utilized in antibacterial finishing textiles and 

wound dressing materials. 

5.3 Scope for Future Work 

Many more plants could be exploited to synthesize nanoparticles from the vast plant 

diversity. The following studies will be performed for the safe use of AgNPs in the 

biomedical and other fields:  

 The toxicity level of synthesized AgNPs may be identified to make them suitable 

for human consumption. 

 Z-scan measurement may be performed to study the non-linear properties of 

biosynthesized AgNPs. 

 Biosynthesized AgNPs may be incorporated using padding method to compare 

efficacy with our present study. 
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