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Silver nanoparticles(AgNPs) have gained major interest due to their distinctive electrical, 

physical, optical, antimicrobial properties, and broad applications. They illustrate lower 

toxicity to human health whereas higher toxicity to various micro-organisms. For this cause, 

there is a broad scope of AgNPs to be applied for antimicrobial application, medical 

instruments, and products for health care such as burn dressing, scaffolds, water purification, 

and also in agricultural uses. AgNPs can easily be synthesized by using various methods, 

primarily classified into two types. Physical methods include laser ablation, evaporation, 

condensation etc. The second method of the synthesis of AgNPs is the chemical method which 

includes sodium borohydride, hydrazine etc. mediated reduction of silver salts and Green 

synthesis. While the reduction with chemical reagents is not environmentally friendly, the 

green synthesis is a non-toxic, eco-friendly and cost-effective method among all these 

processes. The alteration of energy level from continuous band to discrete band of AgNPs with 

a decrease in particle size offers to achieve strong size-dependent chemical and physical 

properties useable for various applications.  

Therefore, this thesis entitled “Studies on the Green Synthesis of Silver Nanoparticles 

and their Utilization on the Development of Polymer Nanocomposites for Water 

Disinfection and Wound Healing Applications” contains embodiment of research aimed 

towards (a) Synthesis, optimization and characterization of silver nanoparticles (AgNPs) via 

the green route using ‘Bhimkol’ (Musa balbisiana Colla) peel extracts; (b) Study of the 

phytochemical properties of Bhimkol (Musa balbisiana Colla) peels and the antibacterial 

activities of both bhimkol peel extract and green synthesized AgNPs; (c) Synthesis and 

characterization of Silver Nanoparticle via green route using Sechium edule Aqueous Extract, 

study of their antimicrobial as well as catalytic activity; (d) Characterization and development 

of polystyrene nanocomposites (PS-AgNPs) from waste thermocol and green synthesized 

AgNPs for water disinfection application and (e) Characterization and development of 

PVA/gelatin/AgNPs based polymer nanocomposite hydrogel for wound dressing application.  

The thesis contains a total of 5 chapters, including one Introduction Chapter (Chapter 1). 

Each chapter has its individual introduction, objectives, results and discussion and reference 

sections. The chapters are discussed briefly within the subsequent sections. 

CHAPTER 1: STATE-OF-THE-ART IN THE SYNTHESIS AND APPLICATIONS OF 

SILVER NANOPARTICLES 

In the field of nanotechnology, AgNPs has gained much recent interests because of their 

exceptional properties such as superior conductivity, chemical stability, catalytic activity, 
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antimicrobial and anti-inflammatory property. Thus, AgNPs can be used to prepare composite 

fibres, cryogenic superconducting materials, electronic components, cosmetic products, and in 

the food industry. Because of the antimicrobial property AgNPs are used in various biomedical 

applications, such as wound healing bandages, topical creams and antiseptic sprays. Silver 

shows antiseptic property and displays a broad biocidal effect against microorganisms through 

the disruption of the unicellular membrane, thus distressing their enzymatic activities. The 

AgNPs are synthesized by various chemical and physical methods, which are quite expensive 

and potentially hazardous to the environment involving the use of toxic and hazardous 

chemicals responsible for various biological risks. The advancement of biologically inspired 

processes for the syntheses of nanoparticles and AgNPs is growing into an important branch of 

nanotechnology.  

To avoid the discharge or use of hazardous chemicals during the synthesis of nanoparticles 

it is an urgent need for environmentally friendly synthetic methods. Thus, the biosynthesis or 

green synthesis of nanoparticles received extensive attention currently. In biosynthetic 

methods, eco-friendly reducing and capping agents are mainly used, which include protein, 

carbohydrate, bacteria, peptides, fungi, algae, yeast and plants. In biological synthesis, toxic 

reagents and organic solvents are not used as the stabilizers. Production of AgNPs via the 

biological/green route is much better as it avoids the use of toxic reagents and organic solvents. 

Thus synthesized nanoparticles are more stable for a longer time than the chemically produced 

nanoparticles. Green chemistry-based synthesis, which is included under green synthesis 

methods, are known as environment-friendly synthesis methods. 

 

Figure A1. Various applications of AgNPs. 
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Silver nanoparticles are one of the most attractive nanomaterials for their wide properties 

and applications. The applications ranges from Chemistry, Biology, optoelectronic, 

environment and Medical. Some of the applications includes (a) Microbial Resistant 

Applications: Antibacterial, Antifungal, Anticancer, Antiviral, Anti-Inflammatory and Anti-

Angiogenic applications; (b) Diagnostic, Biosensor, and Gene Therapy Applications; (c) Water 

Treatment; (d) Catalysis; (e) Protective Dressings: Bandages; (f) optical devices. The Figure 

A1 shows a schematic presentation of various applications of AgNPs  

CHAPTER 2: SYNTHESIS OF SILVER NANOPARTICLES USING BHIMKOL (Musa 

Balbisiana) PEEL EXTRACT AS BIOLOGICAL WASTE: ANTIBACTERIAL 

ACTIVITY AND ROLE OF RIPEN STAGE OF THE PEELS 

This chapter describes a cost-effective and environment-friendly synthesis of silver 

nanoparticles using Bhimkal (Musa balbisiana) peel aqueous extract as biological waste. The 

Bhimkal (Musa balbisiana) peel aqueous extract acts as reducing as well as stabilizing agent 

for the preparation of AgNPs from AgNO3. The formation of silver nanoparticles by various 

spectroscopic techniques. All the particles are almost spherical in morphology and the diameter 

of the mostly monodispersed AgNPs is in the range of 30-70 nm with an average size of 44.24 

nm. Among the three stages of development (unripe, ripe, and blacken), we have found the 

ripening stage as most efficient in the highest yielding of AgNPs because of maximum presence 

of phenol containing biological macromolecules. The synthesized AgNPs showed moderate 

antibacterial activity against both gram negative bacteria as well as gram positive bacteria.  

The attractive phytochemicals present and the availability of ‘Bhimkol’ (Musa balbisiana) 

peel waste, we framed our objective as below:  

o Synthesis of AgNPs via the green route using ‘Bhimkol’ (Musa balbisiana) peel 

extracts as bioreductant and stabilizing agent. 

o Optimization and characterization of these AgNPs by X-ray diffraction (XRD) method, 

TEM and SEM. 

o Study of the phytochemical properties of Bhimkol (Musa balbisiana) peels at all its 

three stages of development. 

o Study of the effect of pH on the synthesis of AgNPs with the help of UV-visible 

spectroscopy. 

o Study of the antibacterial activities of both bhimkol peel extract and green synthesized 

AgNPs. 
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Figure A2. Synthesis of AgNPs using Bhimkol Peel Extract, its UV-visible spectra and TEM image. 

 

Thus, we wanted to study the phytochemical properties of three stages of development of 

Bhimkol (Musa balbisiana) peels and to compare the efficiency of synthesis of silver 

nanoparticles using the three stages of development of bhimkol peels (Figure A2).  

A qualitative and quantitative analysis of phytochemical composition was also carried out 

for the three different stages of development of the peels for the first time. Synthesis of silver 

nanoparticles was also carried out using all three stages (ripe, unripe and blacken) of the 

development of peels. We observed that the ripe peels were best for consideration of the 

efficient synthesis of silver nanoparticles in high yield due to its presence of the highest amount 

of phenolic components. The characterization was done using various spectroscopic and 

imaging techniques. The average size of the nanoparticles formed was around 44 nm, as 

indicated by TEM and FESEM images. The synthesized AgNPs showed moderate antibacterial 

activity against both gram-negative bacteria as well as gram-positive bacteria. The advantage 

of our method lies in the fact that we utilized waste peels material both for the generation and 

stabilization of silver nanoparticles. Currently, we are interested in the preparation of wound 

healing gel out of AgNPs and banana peel composite. 

CHAPTER 3: GREEN SYNTHESIS OF SILVER NANOPARTICLE USING Sechium 

Edule AQUEOUS EXTRACT AND STUDY OF ANTIMICROBIAL AND CATALYTIC 

ACTIVITY 

In this chapter, a cost effective and environment friendly biomimetic green synthesis of 

silver nanoparticles from the aqueous extract of Chayote squash is demonstrated.  In north 

eastern region of India chayote is known as Squash and used for benefit for stomach.  
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Therefore, we have used, for the first time, the   Squash vegetable extract which is widely 

available, cheap and has antioxidant properties for the synthesis of stable silver nanoparticles. 

The advantage of our method lies on the fact that squash acts both as a reducing agent and a 

stabilizer of silver nanoparticles. The carbohydrate and the fiber part are most probably acts as 

stabilizers. The synthesized nanoparticles are found to show antimicrobial activity and catalytic 

activity toward the reduction of methylene blue.  The reduction of methylene blue by Ag-NPs 

in presence of sechium edule aqueous extract is attributed to the electron relay effect.  

 

Figure A3. Chayote Squash (Sechium edule) fruits, pulp pieces, aqueous extract and the synthesis of 

AgNPs via reduction of Ag+ to Ag0 by sechium edule aqueous extract. The comparison of antibacterial 

activity of squash aqueous extract and Ag-NPs with control S10 and the catalytic action of AgNPs on 

methylene blue. 

Following the background literature, we have concentrated ourselves for the first time to 

use a vegetable, Chayote (Sechium edule) known as ‘Squash’ which is widely available, cheap 

and has antioxidant properties for framing the following research objectives for this chapter. 

o Synthesis of stable silver nanoparticles(AgNPs) with the bioreduction method using 

chayote squash, or Sechium edule aqueous extract (Figure A3).  

o Characterization and determination of the crystalline phase of synthesized AgNPs from 

X-ray diffraction (XRD) method.  

o Evaluation of the antimicrobial effect of biologically synthesized Ag-NPs by disc 

diffusion method against gram positive and gram negative bacteria. 
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o Study of the catalytic activity of synthesized Ag-NPs toward the reduction of methylene 

blue using UV–visible spectrophotometer (Figure A3). 

The ability of Sechium edule fruit aqueous extract to synthesize silver nanoparticles has 

been demonstrated. The phytoconstituents such as polyphenols, the amide groups and COOH 

groups might act as a ligand for the synthesis and stabilizing the Ag-NPs as is evident from 

FT-IR studies. Synthesized silver nanoparticles were characterized by UV-Visible, FTIR, and 

XRD. The antimicrobial results state that the silver nanoparticles have strong antibacterial 

effect on gram negative bacteria. Moreover, the synthesized AgNPs show catalytic activity 

which influences the reduction of methylene blue in presence of Sechium edule aqueous extract 

which is attributed to the electron relay effect. Currently, we are exploring the catalytic effect 

of AgNPs in organic transformations under reducing environment. 

CHAPTER 4: SYNTHESIS OF POLYSTYRENE NANOCOMPOSITES (PS-AGNPS) 

FROM WASTE THERMOCOL AND GREEN SYNTHESIZED SILVER 

NANOPARTICLES FOR WATER DISINFECTION APPLICATION 

This chapter reports the development of PS-AgNPs composite using green synthesized 

AgNPs and waste thermocol. Firstly, the green synthesized AgNPs were prepared in different 

concentrations and embedded accordingly into the PS matrix. The morphology of PS-AgNPs 

nanocomposites was studied using FESEM and FETEM. Fourier transform infrared 

spectroscopy (FTIR) was used to evaluate the surface chemical bonding and surface 

composition of the prepared nanocomposites. The thermal property of the nanocomposites was 

investigated by thermogravimetric analysis (TGA). The tensile strength of the composites was 

also estimated. These PS-AgNPs nanocomposites showed an antibacterial effect against E. coli, 

a disease-causing gram-negative bacteria commonly found in water. Among them, the PS-

AgNPs cup encapsulating 10% AgNPs showed optimum tensile strength and bacteria 

disinfection property. These nanocomposites have been utilized to prepare cups as a model of 

water tank for water storage having disinfection properties.  

Scientists worldwide are keen to develop cost-effective, non-toxic and eco-friendly water 

disinfection systems to suffice the scarcity of clean water. Achieving proper disinfection 

without creating harmful byproducts for removing or inactivating waterborne pathogens is the 

main challenge. In this respect, polystyrene (PS) nanocomposites find wide applications in 

water storage, food packaging material, transportation, medicine, etc. The addition of 

TH-2639_156152007



Abstract 

 

vii 

 

nanoparticles such as silver nanoparticles(AgNPs) into PS enhances its mechanical properties, 

gas barrier properties, thermal stability, etc. This study reports the development of PS-AgNPs 

composite using green synthesized AgNPs and waste thermocol.  

 

 

Figure A4. AgNPs-PS nanocomposite and the cups for water disinfection study. 

Motivated by the environmental issue related to the waste management and with an aim 

turning wastes into value‐added materials, and following the background literatures, we have 

concentrated ourselves to use our already synthesized AgNPs via green route for making 

composite with waste thermocol for water disinfection study. Thus we framed our objectives 

as below: 

o Green synthesis of AgNPs using Bhimkol (Musa balbisiana) peel extract. 

o Development of PS nanocomposites by directly mixing waste thermocol in acetone 

with the addition of different amount of AgNPs. 

o Characterization of PS nanocomposites using UV-Vis spectrophotometry, Fourier 

transformation infrared(FT-IR) spectrometry, Energy-dispersive X-ray(EDX), Field 

Emission Transmission Electron Microscope(FESEM), Field Emission Transmission 

Electron Microscope(FETEM) and Thermogravimetric analysis(TGA) performed in 

nitrogen gas.  

o Water disinfection application of the nanocomposite. 

Waste thermocols and green synthesized AgNPs were used to develop low-cost, functional 

PS-AgNPs nanocomposites for water disinfection purpose. AgNPs were green synthesized 
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using bhimkol (Musa balbisiana) peels which act as reducing as well as a stabilizing agent. 

Different percentage of the green synthesized AgNPs were embedded in the PS matrix to 

produce PS-AgNPs nanocomposite materials. FESEM and EDX results confirm the 

quantitative and qualitative presence of AgNPs in the PS matrix, and from FETEM imaging, 

the size and shape of PS and AgNPs in the nanocomposites were examined. Good dispersion 

of the AgNPs observed in the polymer matrix. Due to the encapsulation of the AgNPs into the 

polymer matrix, undesirable polymer degradation was prevented, which ultimately increases 

the durability of the PS-AgNPs composites. The introduction of a small amount of AgNPs in 

the PS matrix considerably increases the thermal stability of the PS nanocomposites. The 

mechanical strength and the antibacterial activity of the PS nanocomposite cups are superior to 

the pure PS cup. 10% AgNPs content was found to be optimum as it has good mechanical 

strength and water disinfection property against E. coli. This study may shed light on the 

development of PS-based functional materials as a part of turning wastes into value‐added 

materials and, thus, to find a solution to the disposal problem and make an effort to save the 

environment from plastic pollution. 

CHAPTER 5: DEVELOPMENT OF PVA-GELATIN-AgNPs BASED POLYMER 

HYDROGEL NANOCOMPOSITE FILMS FOR WOUND DRESSING APPLICATION 

This chapter focuses on the development of a low-cost composite polymer hydrogel 

composed of triads materials - polyvinyl alcohol(PVA), gelatin, and green-synthesized silver 

nanoparticles (AgNPs) for wound dressing application. Thus, the AgNPs were synthesized 

using peels of Musa balbisiana (Bhimkol) and incorporated into the PVA-Gelatin blend. The 

hydrogel films showed no toxicity against the BJ normal human foreskin fibroblasts cells. Our 

triad polymeric nanocomposite hydrogel was found to accelerate wound healing, efficiently 

protect the wounded skin surface against exudate accumulation/dehydration, and prevent 

bacterial growth and infection. All the properties made our PVA-gelatin-AgNPs triad 

nanocomposite hydrogel ideal for wound dressing applications. 

The effective wound-healing hydrogels should have the property to create a moist 

environment for wound healing, prevent the wound surface from microbial penetration and 

provide higher water vapour permeability. Toward this end, as a part of our ongoing research 

on the synthesis of antibacterial AgNPs-based composite materials, we thought that it would 

be worthwhile to utilize the green-synthesized AgNPs for developing low-cost composite 

polymer hydrogel for wound dressing application. Literature study suggested that a material 
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formulation based on PVE-gelatin-blend mixed with silver nanoparticles in lower 

concentrations would provide promising hydrogel with potent antibacterial activity and wound 

dressing property. We, thus, thought to utilize our previously reported green-synthesized 

AgNPs for the preparation of triad composite polymeric hydrogel with wound healing/dressing 

property. 

Thus, we framed out objectives as below: 

o Green synthesis of AgNPs by reducing silver nitrate(AgNO3) using Bhimkol (Musa 

balbisiana) peel extract. 

o Development of polymer based hydrogel nanocomposite films by adding PVA, gelatin 

and AgNPs by the casting method. 

o Swelling kinetics, mechanical strength, water transmission rate(WVTR) analysis, 

contact angle measurements analysis was performed. 

o Characterization of the PVA/gelatin/AgNPs hydrogel nanocomposite films using 

Fourier transformation infrared(FT-IR) spectrometry, Energy-dispersive X-ray(EDX), 

Field Emission Transmission Electron Microscope(FESEM), Field Emission 

Transmission Electron Microscope(FETEM) and Thermogravimetric analysis(TGA) 

performed in nitrogen gas and X-Ray Diffraction(XRD) Analysis 

o Cell viability assay and in vitro scratch wound healing assay performed to observed the 

cell toxicity and the wound healing efficacy of the hydrogel films. 

In summary, a very cost effective and easily usable functional wound dressing hydrogel was 

developed by combining polyvinyl alcohol(PVA) and gelatin and silver nanoparticles 

(AgNPs). The polymeric hydrogels showed superior crosslinking. Incorporation of AgNPs 

within the matrix provided better swelling behaviour, mechanical strength and thermal stability 

to the prepared polymer hydrogel films. The synthesized and optimized polymeric hydrogel 

nanocomposite showed antibacterial activities against E. coli and S. aureus, respectively, with 

70% of bacterial cell death. Cellular toxicity studies demonstrated that the prepared PVA-

Gelatin-AgNP hydrogels are non-cytotoxic.  The cell viability was more than 60% after 24 and 

48 hours for the PVA-Gelatin-AgNP hydrogel. Thus, the material was used to study its wound 

healing property. Wound closure was reported to be more than 90% in both control and AgNPs 

incorporated hydrogel films after 24 hours of exposure when evaluated by the scratch assay. 

Overall our synthesized material is biocompatible and can be utilized in wound healing 

bandages as it can accelerate the wound healing process and also protect the wound site from 

possible bacterial infections.  
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List of Symbols/Abbreviations 

Symbols/ Abbreviations Brief Description 

° Degree 

Å Angstrom 

Λ Lambda 

mM Millimolar 

Nm nanometer 

cm-1 Wave number 

pH Potential of Hydrogen 

AgNPs Silver Nanoparticles 

BPE Banana Peel Extract 

AgNO3 Silver Nitrate 

PVA Poly(vinyl) Alcohol 

PS Polystyrene 

OD Optical Density 

CFU Colony Forming Unit 

Na2HPO4 Disodium Hydrogen Phosphate 

NaH2PO4 Monosodium Phosphate 

HCL Hydrochloric acid 

FeCl3 Ferric chloride 

K4Fe(CN)6 Potassium ferrocyanide 

MB Methylene Blue 

LB broth Luria-Bertini Broth 

PDA Potato Dextrose Agar 

UTM Universal Testing Machine 

EDX Energy-Dispersive X-Ray Spectroscopy 

FTIR Fourier Transform Infrared Sepctroscopy 

FESEM Field Emission Scanning Electron Microscopy 

FETEM Field Emission Transmission Electron Microscopy 

TGA Thermogravimetric Analysis 

DSC Differential Scanning Calorimetry Analysis 

DLS Dynamic Light Scattering 

WVTR Water Vapour Transmission Rate 

H Hour 

Mins Minutes 

RT Room Temperature 

AE Antibacterial Effect 

SD Standard Deviation  

HR-TEM High Resolution-Transmission Electron Microscopy 

SAED Selected Area Diffraction 

UV-Vis Ultra violet visible 

XRD X-Ray Diffraction Analysis 

 

 

 

 

 

 

TH-2639_156152007



 

 

 

CONTENTS  Page No. 

CHAPTER 1: State-of-the-Art in the Synthesis and Applications of 

Silver Nanoparticles 

1-47 

1.1. Nanotechnology 1-2 

1.2. Silver nanoparticles  2-3 

    1.2.1. Various Approaches for the Synthesis of Silver Nanoparticles   

              (AgNPs) 

4-6 

    1.2.2. Various Methods for the Synthesis of Silver Nanoparticles  

              (AgNPs) 

6-15 

           1.2.2.1. Chemical Synthesis of Silver Nanoparticles (AgNPs) 6-9 

           1.2.2.2. Physical Synthesis of Silver Nanoparticles (AgNPs) 10-11 

           1.2.2.3. Biological Synthesis of Silver Nanoparticles (AgNPs) 11-13 

           1.2.2.4. Green Synthesis of Silver Nanoparticles (AgNPs) 13-15 

1.3. Applications of AgNPs 15-24 

    1.3.1. Antimicrobial AgNPs 15-17 

    1.3.2. Antiviral AgNPs 17-18 

    1.3.3. Antifungal AgNPs 18-18 

    1.3.4. Anticancer AgNPs 18-19 

    1.3.5. Bacterial Disinfection of Water by AgNPs 19-19 

    1.3.6. Applications of AgNPs in Medical Science 19-20 

    1.3.7. AgNPs in Wound Dressings Materials 20-21 

    1.3.8. AgNPs in Catalysis 21-22 

    1.3.9. AgNPs in Solar Cell/Photovoltaic Devices 22-22 

    1.3.10. AgNPs in Fabrication of Biosensor 22-23 

    1.3.11. AgNPs in Ink-Jet Printing 23-23 

    1.3.12. AgNPs in Food Packaging Materials 23-23 

    1.3.13. Other Applications of AgNPs 24-24 

1.4. Importance and Future Scopes 24-25 

1.5. References 25-47 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-2639_156152007



 

 

 

CONTENTS Page 

No. 

CHAPTER 2: Synthesis of Silver Nanoparticles using Bhimkol (Musa 

Balbisiana) Peel Extract as Biological Waste: Antibacterial Activity and Role 

of Ripen Stage of the Peels 

48-83 

2.1. Introduction 48-48 

2.2. Green Synthesis of Silver Nanoparticles (AgNPs) 48-49 

2.3. Green synthesis using Agricultural Waste 50-54 

2.4. Background: Banana Peels as Agricultural waste 54-55 

2.5. Aim and Objectives           55-55 

2.6. Results and Discussion 55-68 

    2.6.1. Study of the Qualitative and Quantitative Phytochemical         

              Compositions of Bhimkol (Musa balbisiana) Peels 

55-57 

    2.6.2. Comparative Efficiency of Three Stages of Development of Bhimkol  

              Peels for the Green Synthesis of AgNPs 

57-58 

    2.6.3. Green Synthesis of AgNPs 58-62 

          2.6.3.1. Effect of Concentration of BPE 59-60 

          2.6.3.2. Effect of pH 60-60 

          2.6.3.3. Effect of AgNO3 Concentration 60-61 

          2.6.3.4. Effect of Reaction Time 61-62 

    2.6.4. Characterisation of AgNPs 62-66 

          2.6.4.1. Fourier Transform Infrared (FTIR) Analysis 62-63 

          2.6.4.2. Field Emission Electron Scanning Microscopy (FESEM) Analysis 63-63 

          2.6.4.3. Transmission Electron Microscopy (TEM) Analysis 64-64 

          2.6.4.4. X-ray Diffraction Analysis 64-65 

          2.6.4.5. Particle Size Distribution 65-65 

          2.6.4.6. Energy Dispersive X-ray (EDX) Analysis 65-66 

          2.6.4.7. Zeta Potential (ZP) Measurement 66-66 

    2.6.5. Study of the Antibacterial Activity of Both Bhimkol Peel Extract and  

              AgNPs Synthesized by using Bhimkol Peels 

66-68 

           2.6.5.1. Zone of Inhibition Assay 66-68 

2.7. Conclusion 68-68 

2.8. Experimental Section 69-77 

    2.8.1. Materials and Methods 69-70 

    2.8.2. Characterizations of AgNPs 70-73 

    2.8.3. Qualitative and Quantitative Phytochemical Analysis of Bhimkol (Musa  

              balbisiana) Peels 

73-77 

2.9. References 78-83 

 

 

 

 

TH-2639_156152007



 

 

 

 

CONTENTS Page No. 

CHAPTER 3: Green Synthesis of Silver Nanoparticle using Sechium Edule 

Aqueous Extract and Study of Antimicrobial and Catalytic Activity 

84-102 

3.1. Introduction  84-84 

3.2. Green synthesis of AgNPs using Plant Extracts 84-88 

3.3. Aim and Objectives 88-88 

3.4. Results and Discussion   88-94 

    3.4.1. Preparation of the Chayote Squash Aqueous Extract 88-89 

    3.4.2. Study of the Qualitative Phytochemical Compositions of the  

              Chayote(Sechium edule) Squash 

89-90 

    3.4.3. Synthesis of Silver nanoparticles(AgNPs) 90-91 

    3.4.4. Characterisation of AgNPs 91-92 

    3.4.5. Study of Antibacterial/Antifungal Activity 92-94 

    3.4.6. Study of Catalytic Activity 94-94 

3.5. Conclusion 94-95 

3.6. Experimental Section 95-97 

    3.6.1. Materials and Methods 95-95 

    3.6.2. Characterization of AgNPs 96-97 

    2.6.3. Application of AgNPs 97-97 

3.7. References 97-102 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-2639_156152007



 

 

 

CONTENTS Page No. 

CHAPTER 4: Synthesis of Polystyrene Nanocomposites (PS-AgNPs) from 

Waste Thermocol and Green Synthesized Silver Nanoparticles for Water 

Disinfection Application 

103-130 

4.1. Introduction  103-104 

4.2. Nanocomposites 104-109 

    4.2.1. Types of Nanocomposites 104-106 

    4.2.2. Polymer Nanocomposites 106-108 

    4.2.3. Polystyrene-Ag-Nanocomposites 109-109 

4.3. Aim and Objectives           110-110 

4.4. Results and Discussion 110-124 

    4.4.1. Synthesis of AgNPs 110-111 

    4.4.2. Development of Functional PS-Ag Nancomposites 111-112 

    4.4.3. Characterization of the PS-Ag Nanocomposites 112-117 

           4.4.3.1. UV-Vis Spectroscopy of the PS nanocomposites 112-113 

           4.4.3.2. FTIR Analysis 113-113 

           4.4.3.3. Field Emission Scanning Electron Microscope (FESEM) Study 114-115 

           4.4.3.4. Energy-dispersive X-ray analysis(EDX) Analysis 115-116 

           4.4.3.5. Field Emission Transmission Electron Microscopy (FETEM)  

                        study 

116-117 

    4.4.4. Study of Thermal Stability of the PS-Ag Nanocomposites by  

              Thermogravimetric Analysis(TGA) 

117-119 

    4.4.5. Study of Mechanical Properties of the PS-Ag Nanocomposites 119-121 

    4.4.6. Study of Water Disinfection Activity of the PS-Ag Nanocomposites 121-123 

4.5. Conclusion 123-123 

4.6. Experimental Section 123-126 

    4.6.1. Materials and Methods 123-124 

    4.6.2. Characterization of the PS Nanocomposites 124-125 

    4.6.3. Water Disinfection Activity 125-126 

4.7. References 126-130 

  

 

 

 

 

 

 

 

 

 

TH-2639_156152007



 

 

 

CONTENTS Page No. 

CHAPTER 5: Development and Characterization of PVA/Gelatin/AgNPs 

Based Polymer Hydrogel Nanocomposite for Wound Dressing Application  

131-174 

5.1. Introduction  131-132 

5.2. Nanocomposite Hydrogels 132-133 

5.3. Applications of Nanocomposite Hydrogels 133-134 

5.4. Silver Nanoparticle(AgNP)-Hydrogel Composites 134-135 

    5.4.1. Application of AgNPs Based Wound Dressings 136-137 

    5.4.2. Application of polymer-Ag based Hydrogel Wound Dressings 137-139 

5.5. Aim and Objectives           139-139 

5.6. Results and Discussion 140-161 

    5.6.1. Preparation of the Polymer Nanocomposites Hydrogel 140-141 

    5.6.2. Study of Swelling Properties of The NC Hydrogel Films 141-143 

    5.6.3. Study of Mechanical Properties of The NC Hydrogel Films 143-145 

    5.6.4. Study of Fourier Transform Infrared (FT-IR) Spectroscopic Character  

              of the NC Hydrogel Films 

145-146 

    5.6.5. Study of Water Vapour Transmission Rate (WVTR) 147-148 

    5.6.6. Study of Hydrophilicity and Wettability by Contact Angle Measurement 149-150 

    5.6.7. Study of Morphology of NC Hydrogel Films by FESEM 150-151 

    5.6.8. Study of Morphology of NC Hydrogel Films by Field Emission  

              Transmission Electron Microscopy (FETEM) Analysis 

151-152 

    5.6.9. Study of X-Ray Diffraction of the NC Hydrogel 152-153 

    5.6.10. Study of Elemental Analysis of the NC Hydrogel via EDX 154-154 

    5.6.11. Study of Thermal Property of NC Hydrogel Films 154-156 

    5.6.12. Applications of NC Hydrogel Films 156-161 

           5.6.12.1. Study of Antibacterial Activity of NC Hydrogel Films 156-159 

           5.6.12.2. Study of Cell Viability of NC Hydrogel Films 158-160 

           5.6.12.3. Study of Wound Healing Property of NC Hydrogel Films via In  

                           vitro Scratch Wound Healing Analysis 

160-161 

5.7. Conclusion 161-162 

5.8. Experimental Section 162-167 

    5.8.1. Materials and Methods 162-163 

    5.8.2. Characterizations of the NC Hydrogel Films 163-166 

    5.8.3. Applications of the NC Hydrogel Films 166-167 

5.9. References 168-174 

Summary and Thesis Outlook 175-177 

 

 

 

TH-2639_156152007



 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 1: 
 

State-of-the-Art in the Synthesis and Applications of 
Silver Nanoparticles 

 

 
 
 
 

TH-2639_156152007



Chapter 1                     State-of-the-Art in the Synthesis and Applications of Silver Nanoparticles: A Review 
 

1 

 

1.1. Nanotechnology 

Nanotechnology is a field of science and engineering involved in the fabrication of 

nanoscale materials and their various applications in imaging, electronics, medicine, cosmetics, 

agriculture, food, environment etc. These materials and devices are the smallest functional 

organization that can be referred to as at least one dimension in the nanometer scale range or 

one billionth of a meter.1 At the nanoscale level (size range of 1 to 100 nm), the properties, 

such as physiochemical, structural, and electronic properties of the nanoparticles (NPs)/ 

nanomaterials, become different from that of the bulk materials.2 The flexible physicochemical 

characteristics of nanomaterials, such as melting point, thermal and electrical conductivity, 

light absorption, catalytic activity, wettability and scattering, have made them efficient to show 

improved performance over their bulk counterparts.3 Therefore, the field of nanotechnology 

has attracted the interest of scientists across the globe. The current research trend focuses on 

discovering and developing nanomaterials with novel properties that would help to advance 

the field of nanoscience and nanotechnology.4  

 

Figure 1.1: Applications of nanotechnology in various research fields. 

Figure 1.1 depicts the multiple applications of nanotechnology in different areas of 

research. The areas in which nanotechnology plays a significant role are national security and 

defense, agriculture and food, information technology, energy and environment, 

biotechnology, plastics and textile industry, health and medicine, cosmetics, aerospace 

engineering, etc. 

Among all nanomaterials, metallic nanoparticles are considered the most promising as they 

turn out to be an alternative route for stopping the spread of antimicrobial resistance, often 
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resulting from growing microbial resistance against metal ions and antibiotics.5 These 

nanoparticles consist of significant antibacterial properties resulting from (a) generation of 

Reactive Oxygen Species (ROS), (b) surface charge of NPs, and (c) Inter-molecular interaction 

of the NPs with the active site of pathogenic protein/enzyme. 

In this respect, silver is considered a distinguished antimicrobial agent effective against a 

broad range of microorganisms, including various gram-positive and gram-negative bacteria, 

viruses, and fungi. Silver has been depicted as a therapeutic agent for many diseases in the 

ancient Indian medical system to deter microbial growth. Further, it is the least toxic to animal 

cells out of all the metals with antimicrobial properties.6 Silver is generally used in nitrate form 

to induce an antimicrobial effect. AgNO3 is known to bind to the thiol groups of the bacterial 

protein resulting in denaturation.7 

Therefore, nanomaterials made up of silver (AgNPs) have gained significant interest due 

to their distinctive electrical, physical, optical, antimicrobial properties and a broad range of 

applications. The alteration of energy level from a continuous band to a discrete band of AgNPs 

with a decrease in particle size offers strong size-dependent chemical and physical properties 

useful for various applications.8 The AgNPs illustrate lower toxicity to human health whereas 

higher toxicity to various micro-organisms. Hence, there is a broad scope of AgNPs for 

utilization in various applications, such as antimicrobial applications, medical instruments, and 

products for health care such as burn wound dressing, scaffolds, water purification, and 

agricultural uses. AgNPs can easily be synthesized by using various methods, primarily 

classified into two types. Physical methods include laser ablation, evaporation, condensation, 

etc. The second method of synthesizing AgNPs is the chemical method which includes sodium 

borohydride, hydrazine, etc. mediated reduction of silver salts and the Green synthesis. While 

the reduction with chemical reagents is not environmentally friendly, green synthesis is a non-

toxic, eco-friendly, and cost-effective method among all these processes. 

1.2. Silver Nanoparticles 

For centuries, elemental silver and silver salts have been well-known agents in remedial 

and preventive health care.9 Remarkably, silver possesses both an oligodynamic effect and a 

bactericidal impact concerning its action against microbes. Silver has been depicted as a 

therapeutic agent for many diseases in the ancient Indian medical system. To avoid 

transmission of Neisseria gonorrhea, aqueous silver nitrate drops, in general, were administered 

to the newborn's eyes during childbirth. Silver nitrate is not harmful to mammals but it can be 
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toxic to fish and aquatic organisms. If the registrered product is used and disposed following 

the instructions, there can be no environmental risk. Silver wares were used in daily household 

activities due to their antimicrobial properties.10 It was also known that the colloidal nano-

silver is comparatively safe for humans, plants, and all multicellular living matter. However, 

in some reports, it has also been observed that AgNPs in higher concentrations/doses can result 

in toxicity which is due to the oxidation of surface ions by biological macromolecules resulting 

in silver cations that can affect basic cellular functions in mammalian cells11 and cellular 

transportation. Additionally, the AgNPs are electronically stable compared to the silver cation 

salts and complexes and hence are robust and can be conjugated or modified/engineered easily 

and also can be applied across various environmental/reaction conditions. The immobilization 

of silver on polymer substrates seems advantageous since it will not allow the direct uptake of 

the particles from mammalian cells. Silver-containing agents like silver sulfadiazine are 

regularly used in clinical wound dressings, and silver-impregnated catheters are used in the 

coatings of biomedical materials.12–14 

Nanoparticles have a wide range of potential applications in cosmetics, energy and 

environmental remediation, medicine, and biomedical research and devices due to their 

enhanced and diverse properties.15 Among all other types of nanoparticles, silver nanoparticles 

(AgNPs) attained more interest because of their distinctive properties, such as their chemical, 

physical, physicochemical, thermal/electrical conductivity, Raman scattering (surface 

improved), and biological properties.16 It shows broad-spectrum bactericidal and fungicidal 

activity.17 In consumer products, nanosilver is utilized mainly in products like disinfecting 

medical devices, water treatment equipment, and home appliances. Nanosilver is used in liquid 

form or colloid form in shampoos, coatings and sprays. Nanosilver is also integrated into fibres 

in textile industries as well as in water purification systems in filtration membranes. Among all 

other nanotechnology-enabled products, nanosilver is one of the most significant. Nanosilver-

based products are also effectively used in health and fitness, according to an article published 

in 2008 by the silver nanotechnology commercial inventory. The records were compared with 

other categories, including medical applications, electronics, and computers.18 AgNPs have a 

wide range of applications; as such, the industry and the scientific community are interested in 

the various development in the research of AgNPs.19  
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1.2.1. Various Approaches for the Synthesis of Silver Nanoparticles (AgNPs) 

Synthesis of stable AgNPs provides an unconventional perception for environmental 

disinfection and sterilization. There are various methods to synthesize AgNPs. However, the 

three prominent routes are: (a) solid-phase route, (b) liquid-phase route, and (c) aerosol or gas-

phase route are discussed in this chapter and represented in figure 1.2.20  

 

Figure 1.2: Various routes for AgNPs synthesis are classified into three-phase routes: solid, 

liquid, and gas-phases routes for research and development of silver nanoparticle-based 

materials(Image adapted from Nakamura et al., 2019). 

Nanoparticles are synthesized by various chemical and physical methods that are quite 

expensive and potentially hazardous to the environment and involve toxic and hazardous 

chemicals responsible for multiple biological risks. The advancement of biologically inspired 

tentative processes for the synthesis of nanoparticles is growing into an essential branch of 

nanotechnology. Two approaches are involved in the synthesis of AgNPs. They are top to 

bottom approach and bottom to Top  approach. Figure 1.3 represents the two major approaches 

for the synthesis of nanoparticles. 

Top to Bottom Approach: Appropriate bulk material breaks down into fine particles by size 

reduction with various lithographic procedures such as sputtering, grinding, milling, and 

thermal or laser ablation in top to bottom approach.  
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Bottom to Top Approach: Nanoparticles can be synthesized using chemical, biological 

methods by self-assemble atoms to new nuclei that grow into a nanoscale particle in the bottom-

to-top approach. Here, the most standard way to synthesize AgNP is chemical reduction.21,22  

 

Figure 1.3: Two main types of approaches for the synthesis of nanoparticles i.e., top to bottom 

and bottom to top(Graphical flowchart adapted from Ahmed et al., 2016).  

Figure 1.4 represents the two major pathways for nanoparticle synthesis- (a) bottom to top 

in which atoms/molecules coverts to nuclei and then to nanoparticles, and (b) top to bottom 

approach where bulk materials convert to finer particles. 

 

Figure 1.4: The two major pathways for nanoparticle synthesis-(a) bottom to top, and (b) top 

to bottom approaches. 

In the case of the other approach (top to bottom), nanoparticles are generally synthesized 

by evaporation, condensation using a tube furnace at atmospheric pressure. In this method, the 

foundation material is placed centred at the furnace and is vaporized into a carrier gas. Ag, Au, 
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PbS, and fullerene nanoparticles have previously been produced using the 

evaporation/condensation technique. The production of AgNPs using a tube furnace has several 

drawbacks as it occupies ample space and requires a great deal of energy while raising the 

environmental temperature around the source material. It also requires a lot of time to enhance 

thermal stability.23–27 One of the most significant limitations in this process is the imperfections 

in the surface structure of the product, and the other physical properties of nanoparticles are 

highly dependent on the surface structure in reference to surface chemistry. Some of the most 

frequently used methods for the synthesis of AgNPs are discussed herein. 

1.2.2. Various Methods for the Synthesis of Silver Nanoparticles (AgNPs) 

Below is the pictorial representation of various common methods for the synthesis of silver 

nanoparticles (AgNPs). 

 

Figure 1.5. Various frequently used methods for synthesis of nanoparticles (graphical 

abstract adapted from Jeyaraj et al., 2019). 

1.2.2.1. Chemical Synthesis of Silver Nanoparticles (AgNPs) 

Out of several methods, the chemical reduction method is one of the most applied 

methodologies for the synthesis of AgNPs in colloidal dispersions. There are mainly three 

components involved in the process of chemical synthesis of the AgNPs, namely (i) 

organic/inorganic reducing agents, (ii)metal precursors, and (iii) capping or stabilizing 
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agents.28 Two stages involved in the reduction of silver salts to colloidal solutions are 

nucleation and subsequent growth. Ag+ ion gets reduced into metallic (Ag0) silver, which 

undergoes nucleation. The newly formed particles attaining the Kelvin diameter gain 

thermodynamic stability and crystalize to attain the required quantum confinement.39 For the 

production of AgNPs few of the common reductants used are citrate, borohydride, ascorbate 

and compounds with hydroxyl and carboxyl groups.29–31 The most frequently used precursors 

for chemical reductions are silver nitrate,32–35 silver acetate,36,37 silver chlorate,37,38 and silver 

citrate.37,39 Uniformly distributed monodispersed AgNPs can also be synthesized if all the 

nuclei form at the same time. If they have a similar size, they will have a subsequent growing 

pattern. The primary nucleation and the growth of nuclei can be optimized mainly by 

controlling the reaction parameters such as reaction temperature, reducing agents, pH, 

stabilizing agents, and precursors.19  

Synthesis of AgNPs is straightforward and convenient in the liquid phase via various 

chemical methods. Polyol process is the process in which a large number of monodisperse 

silver nanocubes can be synthesized via the reduction of silver nitrate using polyethylene glycol 

(PEG) and polyvinyl pyrrolidone (PVP). Varying the experimental parameters the size of the 

silver nanocubes can be also controlled. While the polyethylene glycol works as solvent as well 

as reductant,40 the presence of PVP and the molar ratio of PVP with respect to silver nitrate 

determines the size as well as the geometric shape of the final product. Other polymeric systems 

reported to be effective as capping agents for stabilization, are polymethacrylic acid (PMAA) 

and polymethylmethacrylate (PMMA).28,41 For synthesizing AgNPs, some of the popular 

chemical methods were chemical reduction, electrochemical synthesis pyrolysis and irradiation 

assisted methodologies. Some of these chemical methodologies for silver nanoparticle 

synthesis are represented in Table 1.1 which discusses the various reducing agent, cathode, 

anode, gases, or type of irradiation used for AgNP synthesis.20  

Table 1.1. Different chemical methods for synthesizing silver nanoparticles. 

Various chemical 

Methodologies 

Size of the 

nanoparticles(nm) 

Various reducing agent used 

Chemical reduction <50 Hydrogen peroxide42 

 7,29,89 Gallic acid43 

 <30 Sodium citrate44 

 7.6-13.11 Sodium borohydride45 
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 5,7,10,15,20,30,50,63,85,100 Sodium borohydride, trisodium 

citrate46 

 9,11,24,30 Hydrazine hydrate, sodium 

citrate47 

 ~5 Sodium borohydride, citrate48 

  Solvents/cathode/anode used 

Electrochemical 

reduction 

4.8 Under argon atmosphere, dry 

oxygen-free solvents used 

 1-18 Ion exchange of film(cathode) to 

Ag in AgNO3 solutions  

 30,46 Platinum(cathode/anode) 

  Gases used 

Pyrolysis methodology 3-150 Oxygen  

 20-300 Argon under oxygen-free 

environment 

  Types of irradiation used 

Irradiation assisted 

method 

2-8 UV irradiation(266nm) 

 3-30 Radiation crosslinking and 

reduction 

 50 Microwave irradiation 

 30-120 Dual beam illumination 

system(546/440nm) 

Chemical Reduction: The most significant method among all the chemical methodologies 

is the chemical reduction method that consists of a silver source and reducing agent. Among 

the various reducing agents, borohydride proved to be very strong and widely used. Silver 

nanoparticles were also synthesized by a co-reduction technique in which the sodium 

borohydride was used as primary reductant; trisodium citrate was used as a secondary reductant 

and protective agent.46 During the synthesis, growth kinetics and nucleation are generally 

controlled precisely to afford monodispersed silver nanoparticles with a good yield. Silver 

nitrate is mainly used to supply silver ions to the synthesis process.49 Transition metal colloids 

in the nanometer range can also be made in an electrochemical process in which AgNPs 

synthesized can be of ≤ 20 nm size.50  

Electrochemical Method (Electrolysis): In this method, various nanoparticles can be 

synthesized through electrochemical reduction of the metal sol at the liquid/liquid interface. 

The size and homogeneity of the NPs can be controlled by changing the composition of the 

electrolytic solutions. A plate is used as an anode and a rotating disk electrode is used as a 

cathode. It results in the formation of electro-deposited Ag0 nanoparticles. Particles are 
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obtained by anodically dissolving metal sheet and at the cathode, intermediate metal salts are 

reduced. By adjusting the current density, precise size-controlled and high purity particles are 

obtained.50 Following the method the production of AgNPs (2-7nm) having silver plasmon 

band at 370 nm have been reported via the dissolution of the metallic anode in an aprotic 

solvent.51 Methyl viologen-mediated electroreduction of AgCl for the efficient synthesis of 

AgNPs has also been reported. Thus, the produced AgNPs are stabilized by CTA+ surface-

active cations on carbon electrode.52  

Photochemical Methods: In this methodology, photo-irradiation processes are used for the 

successful synthesis of AgNPs. Thus, photo-assisted irradiation of a reaction mixture with a 

light source(lamp or laser) without using surfactants or stabilizers in the presence of photo 

reducing agents has been utilized to produce stable and well dispersed AgNPs.53–55  The 

irradiation-assisted method has also been exploited for the synthesis of silver nanocrystals 

(triangular, monodisperse) of 30-120 nm edge length and 2-8 nm length.56,57 By simultaneous 

radiation crosslinking and reduction, nano-silver with gelatin and chitosan hydrogels synthesis 

has been reported. This hydrogel shows high stability with uniform distribution of silver 

nanoparticles into the hydrogel matrix.58 The pulse radiolysis method is used to produce 

nanoparticles by silver perchlorate salt. Instead of chemical materials, UV light mediated photo 

reduction of Ag+ to Ag0 has been reported for the synthesis of nanomaterials and used in a 

natural rubber matrix for preparing composites. Microwave irradiation method has also been 

used for the synthesis of nanomaterials.59 In this method, it has been observed that the time 

required for preparation and the size of the formed nanoparticles is directly proportional to the 

irradiation power of the light source.60 The microwave irradiation method exhibits features like 

rapid reaction and the generation of high concentration of AgNPs at the same exposure and 

temperature.59,61,62  

Ultrasonic Spray Pyrolysis: This is a convenient and pioneering tool for AgNP synthesis, 

which facilitates controlled and uniformed particle size.63–65 In this technique, a metal-

containing solution is atomized under reduced temperature forming aerosol, enabling easy 

control of nanopowder morphology and convenience in obtaining cost-effective precursors. 

This method generates an aerosol from the dilute aqueous metal salt solution that produces 

narrow-sized particles. AgNPs(<20nm) have been synthesized by pyrolysis of an ultrasonically 

atomized spray of dilute silver nitrate solution at more than 650°C which is below the melting 

point of silver.66 
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1.2.2.2. Physical Synthesis of Silver Nanoparticles (AgNPs) 

Synthesis of nanoparticles by physically pulverizing a metal is usually carried out by using 

physical methods.67 Some commonly used physical methods for AgNPs synthesis in liquid 

solutions are evaporation, dispersion/condensation, ball milling and laser ablation.68 

Vapor Condensation Method: Mainly, two steps are involved in this process; evaporation 

and condensation. These processes are carried out under atmospheric pressure in a tube furnace. 

The source material is vaporized in carrier gas inside the furnace.69–73 Without solvent 

contamination, uniform nanoparticles and thin films can be prepared by vaporizing the target 

materials with the heat source and then rapidly condensing them. However, there are few 

disadvantages involved in using this process: high energy consumption raises the temperature 

of the environment, large space consumption of the furnace, and more time required for 

achieving thermal stability.41,74 

Arc Discharge Method: It is an efficient method for the synthesis of nanoparticles using a 

direct current arc voltage applying across two graphite electrodes immersed in inert gases like 

He, Ne or Ar. Nanosilver is prepared in water suspensions without using any surfactants and 

stabilizers. The surface layer of Ag wires evaporates and then condenses into the water layer, 

turning the colourless solution into coloured colloidal suspension.28 Silver nanoparticles have 

been synthesized in powder form by a thermal decomposition technique where Ag+1 and oleate 

form a complex when reacted with sodium oleate and AgNO3 and decompose, leading to 

AgNPs synthesis. Without the addition of any surfactants or stabilizers, 20-30 nm diameter 

AgNPs have been synthesized by the arc discharge method. When silver rods are consumed at 

a rate of 100 mg/mins, metallic AgNPs and ionic Ag are produced at a concentration of 11 ppm 

and 19 ppm, respectively.75 

Laser Ablation Method: A rapid and simple irradiation technique has been developed for 

the synthesis of nanoparticles by laser irradiation of an aqueous solution of inorganic ions. As 

for an example the synthesis of AgNPs has been demonstrated via illuminating silver plates 

immersed in liquid phases with laser beam of high energy.76–78 Thus, this method allows one-

pot fabrication. AgNPs contained in calcium phosphate sub microspheres were applicable for 

the control of infection and dental healthcare.79 In laser ablation method has the advantage 

compared to the other conventional methods for metal colloid synthesis. In these systems, metal 

laser ablation in solution can cause pure nanosilver colloids synthesis without chemical 

reagents. Laser fluence and laser shot numbers influence nanosilver size, morphology and 

TH-2639_156152007



Chapter 1                     State-of-the-Art in the Synthesis and Applications of Silver Nanoparticles: A Review 
 

11 

 

concentration.80–84 The physical deposition method is unique in which well-dispersed AgNPs 

are synthesized with uniform geometry and particle size (<5 nm). 

1.2.2.3. Biological Synthesis of Silver Nanoparticles (AgNPs) 

Due to the need for environmentally friendly synthesis methods to avoid the discharge or 

use of hazardous chemicals during the synthesis of nanoparticles, the biosynthesis or green 

synthesis of nanoparticles received extensive attention. The mainly used eco-friendly reducing 

and capping agents for biosynthesis methods are protein,85 carbohydrate,86 bacteria,87 

peptides,88 fungi,89 algae, yeast90 and plants.91,92 In biological synthesis, toxic reagents and 

organic solvents are not used as stabilizers. The reducing agents are the reactive functional 

groups in the phytoconstituent molecules produced or present in carbohydrate, bacteria, yeasts, 

protein, plants or fungi. The biological synthesis includes enzymatic and non-enzymatic 

reduction. In enzymatic reduction, nicotinamide ADP-dependent reductase produces AgNPs; 

its rate is between 24-120 hours which is quite slow.93 But in non-enzymatic reduction of Ag, 

plants and the microorganisms are the reducing and stabilizing agents. Non-enzymatic 

reduction is faster and reasonably comparable to chemical reduction; these can handle extreme 

factors for the quicker synthesis process.87  

Microbial synthesis: The use of microbes as environmentally sustainable precursors for 

AgNPs production has achieved a significant research interest. Bacteria and fungi play a major 

role in the remediation of toxic metals by reducing metal ions. Bacteria mainly help in the 

fabrication of an ecological method for the synthesis of AgNPs. During the synthesis of 

biogenic AgNPs, Lactobacillus fermentum reduces the growth of P. aeruginosa and controls 

biofilm formation.94 Thus, an optimized culture of Bacillus sp. has been reported for fabrication 

for rapid synthesis of AgNPs. AgNPs synthesized using Bacillus cereus needed an incubation 

period of 3-5 days at room temperature.95 Again, Bacillus subtilis showed that AgNPs were in 

the range of 5-50 nm. The extracellular synthesis can produce monodispersed particles.96 The 

extracellular synthesis is advantageous over intracellular as nanoparticles are formed inside the 

biomass deposited in the desired areas. Synthesized AgNP’s stability depends on the cell-free 

culture supernatants of psychrophilic bacteria.97 Specific parameters such as pH, temperature 

and concentration of AgNO3 mainly control the AgNPs size during the synthesis via certain 

bacteria like Klebsiella pneumonia, Enterobacter cloacae, and Escherichia coli.98,99 The 

interaction of silver ions with bacteria determines the shape and size of the synthesized AgNPs 
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when microbes are used.100,101 Prokaryotes are also highly focused for metallic nanoparticle 

synthesis due to their abundance and adaptation to extreme conditions.  

Metallic nanoparticles can also be synthesized by using fungi because they produce a high 

amount of protein, which mainly intensifies nanoparticle production, scale-up, and thus, 

downstream becomes easier. Aspergillus terreus aids in synthesizing AgNPs at room 

temperature.102 Spirulina platensis cell extracts are used to reduce aqueous silver ions; this 

method is non-toxic, cost-effective, has economic viability, and is environmentally benign.103 

Polydispersed and spherical AgNPs of 17-33 nm has been synthesized using 

Helminthosporium tetramera cell-free filtrates that showed good antibacterial activity.104 

Humicola sp. forms extracellular nanoparticles by reducing silver ions.105 Again, Aspergillus 

niger aids in AgNPs synthesis at ideal conditions such as 37°C, 2.0 mM substrate 

concentration, and 6.0 pH.106 In table 1.2 few other fungae that aid in the process of AgNPs 

synthesis are represented. The enzymes present in the microbes are mainly responsible for the 

reduction of silver ions and the formation of AgNPs. Thus the microbial-assisted synthesis of 

AgNPs has developed a biomimetic conduit towards the plant species. 

Production of AgNPs via the biological route is better as it avoids the use of toxic reagents 

and organic solvents. Thus synthesised nanoparticles are more stable for a longer time than the 

chemically produced nanoparticles.96 The biological synthesis of AgNPs using some 

microorganisms are listed below in table 1.2.  

Table 1.2: Biological synthesis of AgNPs using some important microorganisms. 

Biological 

material 

AgNPs 

Size 

(nm) 

Microorganism/plant variety used for 

AgNPs synthesis(scientific name) 

References 

Bacteria 10-15 Rhodococcus spp. 107 

 28-122 E.coli 108 

 38-85 Ochrobactrum anhtropi 109 

 41-68 Bacillus brevis 110 

 5-50 Bacillus subtilis 96 

 44–143 Bacillus thuringiensis 111 

 8.1–91 Pantoea ananatis 112  

 105 Bacillus mojavensis 113  

 12-61 Bacillus flexus 114 
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Fungi 1-20 Aspergillus terreus 102 

 8-50 Pleurotus ostreatus 115 

 10,50 Penicillium fellutanum 116 

 14,25 Penicillium expansum 117 

 25-50 Bryophilous rhizoctoni 118 

 1-2  Spirulina platensis 103 

 17-33 Helminthosporium tetramera 104 

 5-50 Trichoderma reesei 119 

 10-60 Bipolaris nodulosa 120 

 10-60 Fusarium semitectum 121 

 5-40 Fusarium acuminatum 122 

 5-25 Asperigullus fumigates 123 

 27-79 Alternaria alternata 124 

1.2.2.4. Green synthesis of Silver Nanoparticles (AgNPs) 

The green synthesis represents itself as a critical process and proving its potential at the 

top. The green synthesis of nanoparticles is advantageous over chemical and physical methods 

because green synthesis is cost-effective, environment friendly and can be easily scaled up for 

large-scale synthesis. Moreover, there is no need to use high temperature, energy, pressure and 

toxic chemicals.125 It is the best for the synthesis of nanoparticles, being free from toxic 

chemicals as well as providing natural capping agents for the stabilization of silver 

nanoparticles. The green synthesis of nanoparticles using plant extracts and agricultural wastes 

is also advantageous over the biological synthesis using microorganisms. Because, it reduces 

the cost of microorganisms isolation and their culture media and hence green synthesis of 

nanoparticles increases the cost-competitive feasibility over the synthesis by microbes.2,126 

Thus, the advancement of green synthesis of nanoparticles is succeeding as a key branch of 

nanotechnology, where the use of biological entities like microorganisms, plant extract or plant 

biomass for the production of nanoparticles could be an alternative to chemical and physical 

methods in an eco-friendly manner.127 Thus, green synthesis methods are also known as 

environment-friendly synthesis as it does not pollute the environment with hazardous 

chemicals. 

A natural reducing agent and silver nitrate are the basic requirements for the green synthesis 

of AgNPs.128 In the green synthesis, the need for any external agents as stabilizers or capping 
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agents is minimized.129 Natural resources, especially the plant resources are considered as more 

susceptible and efficient for the synthesis of AgNPs compared to that using microorganisms. 

Green synthesis is devoid of steps of cell culture and are less bio-threatening.130 Therefore, the 

rich biodiversity of plants and their various parts with potential secondary metabolites are used 

in recent times widely to synthesize varieties of nanoparticles.131 Plant extracts contain 

abundant phytochemicals such as alkaloids, flavonoids, saponins, steroids, tannins, phenols 

and other nutritional compounds. They act as bioreductant in the synthesis process as well as 

they stabilize the produced nanomaterials. Table 1.3 represents some of the plant varieties that 

are used for the AgNPs synthesis. These plants are eco-friendly, readily available and also give 

a high yield of nanoparticles. These plants consist of a wide variety of metabolites that helps 

in the reduction of silver ions and are also less time consuming for the synthesis of AgNP. 

Table 1.3: Green synthesis of silver nanoparticles using various plant species/Microorganism. 

Microorganism/plant variety used for AgNPs 

synthesis(scientific name) 

AgNPs Size 

(nm) 

References 

Wild kund flower (Jasminum nervosum) 9 132 

Japanese mugwort (Artemisia princeps) 10–40 133 

Arabian coffee (Coffea Arabica) 20, 30 134 

Mature Tea Tree (Cassia auriculata) 20 135 

Coral vine (Antigonon leptopus) 10-60 136 

European ash  (Fraxinus excelsior) 25-40 137 

False daisy (Eclipta prostrata) 34 138 

Sarang semut (Myrmecodia pendans) 10-20 139 

Teak (Tectona grandis) 30-40 140 

Java plum (Syzygium cumini) 10-15 141 

Ja-Kharia (Rhynchotechum ellipticum) 51-73 142 

Pummelo (Citrus maxima) 2.5-5.7 143 

Salparni (Desmodium gangeticum) 18-39 144 

Yellow oleander (Thevetia peruviana) 10-30 145 

Tomato (Lycopersicon esculentum Mill) 30-40 146 

Pepper vines (Piper pedicellatum) 2-3 147 

Indian pennywort (Centella asiatica L.) 30-50 148 

Indian frankincense (Boswellia serrata) 40 149 

Neem leaf (Azadirachta indica) and triphala 43-59 150 

TH-2639_156152007



Chapter 1                     State-of-the-Art in the Synthesis and Applications of Silver Nanoparticles: A Review 
 

15 

 

Krishna tulsi leaf (Ocimum sanctum) 40-50 151 

Peppermint (Mentha piperita) 90 152 

Curry leaf (Murraya koenigii) 10-25 153 

Madras Leaf flower (Phyllanthus maderaspatensis) 59 154 

1.3. Applications of AgNPs 

AgNPs are one of the most attractive nanomaterials for various industrial and commercial 

applications. AgNPs exhibit advantageous property over other metallic nanoparticles due to 

their catalytic effects, chemical stability and their antibacterial, antiviral, antifungal, anticancer 

and anti-inflammatory activities. AgNPs also find industrial applications in electronic products 

and as antimicrobial agents. Figure 1.6 represents the various applications of AgNPs. 

 

Figure 1.6: Various applications of AgNPs. 

1.3.1. Antimicrobial AgNPs 

The size of nanoparticle, concentration and shape determine the antimicrobial efficacy. 

AgNPs show broad antibacterial effect on a wide range of gram-positive and gram-negative 

bacteria and on antibiotic-resistant bacterial strains. The antibacterial effect of AgNPs is mainly 

due to the formation of free radical on the surface that penetrates the bacterial cell membrane, 

thus, perturb the intracellular processes in bacteris.155 The study of bactericidal ability of 
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AgNPs against E.coli revealed that the AgNPs accumulated in the bacterial cell wall forming 

pits generate free radicals which damages the bacterial cell and results in the death of the 

bacteria.156 It is also reported that the damage of the bacteria may be due to the release of silver 

ions from the AgNPs which react with the thiol group of cysteine in the bacterial 

proteins/crucial enzymes inhibiting the metabolic enzymes within the bacteria. This event 

occurs either by replacing the silver ions with other metal ions that bind with the cysteine or 

via bond formation between the silver ions and cysteine residues in the peptide, resulting in 

bacterial death. It is also known that the smaller-sized AgNPs have a higher bactericidal effect 

compared to their larger counter parts. This is due to the fact that the smaller AgNPs can release 

silver ions from their surface easily and hence shows much higher antibacterial activity.157,158 

Although silver ions showed a strong microbicidal activity against prokaryotic cells, the 

activity against gram-positive bacteria is poor due to the thicker cell wall. Silver ions do not 

reach the cell membrane as they get trapped in the cell wall due to their stronger affinity with 

the peptidoglycan layer present in the cell wall of the gram-positive bacteria.159  

 

Figure: 1.7: The various antimicrobial mode of action of AgNPs(Diagram adapted from 

Roy et al., 2019).  

The different environmental factors like high temperatures, thiol groups, proteins carrying 

oxygen, and the presence of chlorine influence the presence of silver ions' and finally influence 
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the microbial activity of AgNPs.156 Shape dependent antimicrobial activity of different 

nanosilver such as silver nanorods, silver nanoparticles, and silver nanoplates against S. aureus 

and E. coli has also been reported. Among these, silver nanoplates had the best antimicrobial 

activity.160 In figure 1.7, the various modes of antibacterial action of AgNPs is described which 

include the various distinct mechanisms such as- (i) cell wall and cell membrane damage, (ii) 

penetration of AgNPs inside the cell and intracellular structures and biomolecules damage, e.g., 

DNA, protein, ribosomes damage, etc., and (iii) cellular toxicity and generation of Reactive 

Oxygen Species(ROS) causing oxidative stress. AgNPs also modulate the human cell's immune 

system by creating an inflammatory response, resulting in microorganism inhibition.161,162 

1.3.2.  Antiviral AgNPs 

When a virus’s nucleic acids enter into a host and replication occurs, viral infection is 

established. AgNPs can act on the surface of the virus and inhibit interaction with the host cells 

physically.163,164 Studies show that AgNPs are vital for causing antiviral effects similar to their 

antibacterial activities. AgNPs of ≤ 25nm in size are effective against arenavirus165 and 7-20 

nm sized AgNPs have antiviral activities against herpes simplex virus(HSV)types ½ as well as 

for human parainfluenza virus type-3.166 AgNPs are also observed to adhere to the envelope of 

the human immunodeficiency virus(HIV) and inhibit cell infection.167 AgNPs with a size ≤ 10 

nm are effective against influenza virus.168,169 Further, AgNPs with 10 nm size is known to 

prevents Monkey pox virus(MPV).170 In general, with increasing nanoparticle diameter, the 

antiviral effect decreases and larger AgNPs encourage the increase of the plaque-forming 

unit(PFU) mean number of MPV compared to controls samples. This may be due to the 

nanoparticle agglomeration, which helps the interaction of virus particles with the host cells, 

resulting in PFU increases. So the AgNPs particle size is a significant factor that influences the 

nanoparticles' antiviral properties.20 Due to the limited antifungal arsenal, researchers have 

sought to improve treatment via different approaches, as such nanoparticles aids as antifungal 

activity carriers. If the reducing agent has antifungal activity, it serves as a capping agent as it 

deposits over the nanoparticle surface; this leads to synergistic antifungal activities. Biogenic 

silver can be used for the preparation of antifungal drug delivery systems.162 Spherical AgNPs 

of 9.8 nm sized were synthesized by using Delftia sp. strain KCM-006. Then, the antifungal 

miconazole drug was conjugated to the biogenic AgNPs surface. This conjugation revealed a 

substantial fungicidal effect, ROS level increase causing inhibition of biofilm and ergosterol 

biosynthesis.171 Green synthesized AgNPs are also effective against plant pathogenic fungi 

Magnaporthe grisea and Biopolaris sorokiniana by applying ionic silver and nanosilver in 
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vitro.172 Hyphae and conidia of Botrytis cinerea and Alternaria alternata fungi are damaged 

when green synthesized AgNPs are applied.173 Other plant pathogenic fungi such as Fusarium 

oxysporum, Penicillium expansum, Fusarium graminearum and Fusarium solani also get 

damaged due to AgNP’s strong synergistic activity. There are more antifungal activities of 

AgNPs which are reported by several researchers.174–176 

1.3.3. Antifungal AgNPs  

Numerous studies have reported on the antifungal activities of AgNPs, along with their 

antibacterial activities. AgNPs exhibit good antifungal characteristics against many fungal 

species and thus can be effectively used as an antifungal agent.69 In case of fungi, silver ions 

and AgNPs has a significant inhibition effect on the microbial colony formation, mycelium 

growth, spore germination, germ tube development and mycotoxin production. Antifungal 

activity is attributed by the smaller size to large surface ratio of AgNPs. Smaller sized AgNPs 

can easily penetrate through the cell boundaries. The toxicity of AgNPs is partially due to the 

reactive oxygen species(ROS) production which finally leads to apoptosis. As for examples, 

AgNPs shows good antifungal activity against certain fungal strains like Candida albicans, 

Trichophyton mentagrophytes, Aspergillus and Saccharomyces177,178. A Tollens process of 

evaluation has shown the antifungal activity of the AgNPs against Candida sp., which is a 

common pathogen, by determining its minimum inhibitory concentration(MIC), minimum 

fungicidal concentration (MFC) and also yeast growth inhibition (time-dependent). AgNPs 

inhibit the growth of the specific yeasts at lower concentrations (below the cytotoxic limit) 

against specific human fibroblasts on AgNPs concentration of 30mg/L.179 Yeast isolated from 

bovine mastitis are also inhibited by AgNPs of diameter around 13.5 nm.180 

1.3.4. Anticancer AgNPs  

AgNPs have many biomedical applications as they have shown good potential as an 

antitumor agent by numerous mechanisms. These mechanisms involve oxidative stress, DNA 

damage, cell cycle arrest, necrosis or apoptosis.181 Autophagy inhibition enhances the 

anticancer activity of AgNPs, which revealed a novel biological activity of AgNPs in the 

production of cytoprotective autophagy. Also, autophagy inhibition may increase AgNP’s 

efficacy in antitumor therapy.182 AgNPs synthesized from Acalypha indica showed 40% cell 

inhibition against human breast cancer cells(MDA-MB-231).183 AgNPs produced by 

Dendrophthoe falcate cause loss of 50% viability of  MCF-7 cells.184 Again, AgNPs prepared 

using Sterculia foetida seed extracts showed cellular DNA fragmentation against HeLa cancer 
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cell lines.185 Datura inoxia-AgNPs inhibited about 50% proliferation of human breast cancer 

cell line MCF7 by suppressing its growth and reducing the DNA synthesis to cause 

apoptosis.186 Again, AgNPs synthesized using Origanum vulgare showed a dose-dependent 

response when tested against lung cancer cell line A549.187 Thus, 95% apoptosis was reported 

for prostate cancer cells (PC3) and 99% growth inhibition for breast cancer cells(MCF-7) by 

the AgNPs using 25 µl/mL doses of Alternanthera sessilis.188 AgNPs synthesized using 100 

µg of Morinda citrifolia roots showed 100% cell death when treated with the HeLa cell line.189 

AgNPs produced using Aloe, Eucalyptus and Magnolia Leaf extracts(2-4 ppm concentration) 

are found to be non-cytotoxic to human embryonic kidney 293 cells.190 Cytotoxic activity was 

sensitive to the nanoparticle sizes, and the cell viability was dependent on the dosages.191,192 

Further, AgNPs also act as a biocompatible vehicle for the nanosilver transportation to the 

human lung carcinoma cells (A549).193 Aloe vera conjugated-AgNPs, when treated with human 

dermal fibroblasts(HDF) cells, showed no cytotoxicity; but possessed excellent antibacterial 

activity on E.Coli even at low concentrations.194 

1.3.5. Bacterial Disinfection of Water by AgNPs  

Compared to bulk silver, AgNPs have a long-lasting and cost-effective approach with a 

controlled release rate of silver ions. AgNPs play a vital role in water disinfection, in food 

industry, and other disinfection-related applications. Ordinary tap water consists of a hazardous 

level of minerals, microbes or pesticides. So water purification is necessary for drinking or any 

other purposes. In this respect, AgNPs incorporated in water filtration systems find wide 

applications for purifying drinking water.195 AgNPs are generally incorporated into water 

filtrations to prevent membrane filter’s bacterial fouling.196–198 Again, AgNPs have been 

utilized for impregnation with paper for testing bacteria(Escherichia coli and Enterococcus 

faecalis) inactivation and silver leaching for point-of-use water treatment. AgNPs showed 

antibacterial properties against bacterial suspensions.199 AgNPs synthesized using fresh leaf 

bud extract of Anacardium occidentale at 80°C  have been utilized for sensing Chromium 

ions[Cr(VI)] contamination in tap water.200 The bacterial disinfection of sewage by AgNPs is 

also reported. Thus, the AgNPs synthesized using leaf extract of Prosopis juliflora when treated 

with sewage, a decrease of the bacterial population was observed, which again was more 

prominent as the concentration and incubation time increased.201  Thus, contaminated water 

can be disinfected by effective green synthesized AgNPs and AgNPs incorporated filters or 

composites. 
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1.3.6. Applications of AgNPs in Medical Science  

The applications of AgNPs in the medical sector is divided into two types; diagnostic and 

therapeutic applications. AgNPs based Surface Enhanced Raman Spectroscopy(SERS) can 

help in non-invasive cancer detection.202 Some of the significant applications of AgNPs in 

medical sciences are in wound dressing, eye treatment, dental hygiene,203 scaffolds and 

biomaterials for bone substitutes.8 Some of the crucial applications of AgNPs recently studied 

are diagnostic imaging, cancer therapy and diagnosis, biosensing and drug delivery 

vehicles.204,205 The plasmonic nature of AgNPs can destroy unwanted cells by absorbing light 

leading to thermal ablation of the targeted cells.206 Disinfectant products based on AgNPs are 

beneficial as a cure for environmental or disease-causing pathogens.204 

The strong and broad-spectrum microbial activity of AgNPs help protects the health care 

workers from contact infection and various infectious diseases. To prevent contact infection, 

the health workers wear protective clothing. These protective clothing can be developed using 

AgNPs-chitin sheet conjugate embedded with a fibre-like surface structure of clothing.207,208 

These chitin nanofiber sheets (CNFS) exhibit anti-infectious activity and biochemical activities 

for angiogenesis or wound repair and stabilizes or activates the growth factors.209,210 AgNPs 

incorporated with central venous catheters (CVC) surgical meshes are found less infective in 

bloodstream.211 The development of devices with antibacterial properties and improvement of 

catheters coated with AgNPs mainly to reduce toxicity to microorganisms are advancing 

rapidly.212–214 Urinary catheters coated with AgNPs are very much effective to suppress 

bacterial infections. These catheters exhibit hydrophilic properties and prevent the 

accumulation of protein and electrolytes results in a reduction in biofilm formation.215 

1.3.7. AgNPs in Wound Dressings Materials 

The human body skin is susceptible to numerous injuries and stimuli and produces wounds. 

Dressing of such wounds needs antimicrobial wound dressing materials. Such wound dressings 

are mainly used to prevent the wound area from bacterial infection and keep a moist 

environment around the wound. Thus, the development of wound dressings with antibacterial 

activity has been recently studied primarily regarding the resistant bacteria due to recurrent use 

of antibiotics.216 The AgNPs release silver ions, which is the primary origin of the antibacterial 

property of AgNPs. This property is exploited for the preparation of AgNPs-coated wound 

dressings materials.217 AgNPs also improves collagen alignment after wound healing. One 

example of commercial wound dressing is Acticoat made up of polyamide ester membrane 
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coated with AgNPs.218 Incorporating AgNPs at the surface of wound dressings increases 

antibacterial properties and provides superior biocompatibility and better efficacy after wound 

healing.219 Thus, in vitro analysis of an AgNPs based dressing, Acticoat Flex 3, showed 

reduced mitochondrial activity when applied to a 3D fibroblast cell culture and a burn 

wound.220 During skin wound healing, wound inflammation reduces with modulation in kidney 

and liver functions mainly due to the antimicrobial properties of AgNPs.221 AgNPs 

incorporated on cotton fabric, and dressings lead to a significant decrease in wound healing 

within 3-4 days, and bacterial clearance increased from the infected wounds without any 

adverse effects.222 

In wound dressing material research, hydrogels are proven as excellent wound dressing 

materials that offer a moist environment to the wound and absorb the excess exudates of the 

injury. They are prepared using synthetic and natural polymers or composites helpful in 

controlled drug and protein delivery, regenerative medicine, and tissue engineering.223 As such, 

polymer-based hydrogel dressings with antimicrobial properties are of much importance in 

medicine.224,225 Especially with improved sterility and longevity of the wound dressing 

materials reduce the frequent change of dressings in the wound sites.226 When AgNPs are 

incorporated into polymer blends, it increases stability and functionality.101,226 AgNPs helps in 

faster healing of the wound, reduces scars and cause no inflammation when used in a dose-

dependent manner; it reduces infections caused by bacteria. Hydrogels conjugated with AgNPs 

derived using Arnebia nobilis root extract reported exhibiting wound healing activity in the 

excision animal model providing a novel therapeutic direction for wound treatment in the 

healthcare sector.41  

1.3.8. AgNPs in Catalysis 

Nanocatalysis is a domain at the interface between heterogeneous and homogenous 

catalysis, offering distinctive solutions for improvement in catalysis processes.227 Metallic 

nanoparticles have high catalytic activities for many chemical reactions; during catalytic 

processes, AgNPs would congregate. Due to the activation of the nanosized metal particles in 

the solution, they are prone to merge for the weak van der Waals forces and high surface 

energy. Metal catalysts are stabilized by surface modifications using polymers, surfactants and 

complex ligands.228 The sodium borohydride mediated synthesis of highly monodispersed and 

spherical AgNPs coated with sodium citrate has been reported to demonstrate the efficient 

catalytic reduction of Rhodamine B.229 The sodium borohydride mediated reduction of 
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Methylene blue(MB) is enhanced in the presence of AgNPs.230 The AgNPs synthesized using 

a pod of Acacia nilotica with a modified glassy carbon electrode showed higher catalytic 

activity in the benzyl chloride reduction. Ulva lactuca mediated synthesized AgNPs helped in 

the photocatalytic degradation of methyl orange unpon visible light illumination.231 AgNPs 

produced using Triticum aestivum extract aided in the reduction of hydrogen peroxide with 

excellent catalytic activity.232 AgNPs find wide industrial applications for catalysis.233  

1.3.9. AgNPs in Solar Cell/Photovoltaic Devices 

The solar cell fabrication industry uses nanoscale properties of AgNPs, which improves the 

light trapping activities of the silicon solar cells. When AgNPs are composed of a dielectric 

material, surface plasmon excitation occurs with a combined surface charge and 

electromagnetic wave character. This is because AgNPs scatter lights, and then that light is 

collected between the AgNPs and dielectric thin films.234 Another study reported that 

reflectance reduction of 11-13% was observed when two different thicknesses of silver thin 

films made of AgNPs were annealed at different temperatures for a specific period under 

vacuum conditions.This is mainly due to the plasmonic effect and the solar cell conversion 

efficiency enhancement.235 The use of thin polymer films for enhancing the light trapping and 

environment coupling efficiency in organic photovoltaic devices is a great challenge. But, the 

surface plasmon resonance effect of AgNPs, mechanical flexibility and the high surface area 

of the nanofibers enhance energy harvesting. Hence, using the thin layer of the hybrid material 

of AgNPs and PVP nanofibers in organic solar cells, power conversion efficiency increases by 

18.9%(PCE).234,236 

1.3.10. AgNPs in Fabrication of Biosensor  

AgNPs are highly feasible and efficient for numerous biosensor fabrication research. A 

nanoenzymatic glucose biosensor is developed by the in situ chemical reduction method by 

depositing AgNPs on TiO2 nanotubes synthesized by an anodic oxidation process. AgNPs of 

length and diameter about 1.2 µm and 120 nm was attached inside and outside the TiO2 

nanotubes. Its composition was mainly fabricated as an electrode of a nonenzymatic biosensor 

for glucose oxidation. Due to the excellent selectivity, repeatability and stability of the 

nanoenzymatic glucose biosensors, they have potential application in sensor areas and 

catalysis.237 Oligonucleotide- AgNPs composite conjugated with magnetic beads have also 

been reported as a biosensor for E.coli detection. It detects the presence of DNA targets with 

high efficiency, and the best detection signal achieved was up to 1.3ng/µl.238 AgNPs 
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synthesized via the chemical reduction method could be used in SPR biosensors as an active 

ingredient.239 Again, an enzymatic biosensor using AgNPs was developed for selective 

detection of penicillin.240 Also, protein sensing studies could use AgNPs labelling by liquid 

electrode plasma-atomic emission spectrometry. On-site portable analysis was suitable with 

this technique; this detection method could have a considerable variety with favourable 

applications in nanoparticle-labelled biomolecule detection.241 

1.3.11. AgNPs in Ink-Jet Printing 

AgNPs are also found applications in ink-jet printing. As an example, AgNPs synthesised 

via the chemical reduction method using trimethylamine was utilised for the preparation of thin 

film which. After that, the film was treated with UVO-100 UV ozone for about 30 mins. Spin 

coating of the AgNPs suspensions (500 rpm, 15s) was carried out on the polyimide substrate 

and dried at room temperature for removing the solvent. The synthesized AgNPs was used to 

fabricate flexible electronics for developing ink-jet printing.242 

1.3.12. AgNPs in Food Packaging Materials 

For extension of food shelf life and reduction of the risk of pathogens, AgNPs coated 

antimicrobial packing seems to be a promising as active food packaging material.243 The 

addition of AgNPs into polymeric matrics significantly influences the film permeability, 

ultimately influencing the product quality. Some of the common non-degradable polymers used 

to host AgNPs for food packaging are polyethylene (PE),244 ethylene vinyl alcohol (EVOH) 

and polyvinyl chloride (PVC). The packaging materials based on low-density polyethylene 

(LDPE) incorporated with ZnO nanoparticles/AgNPs are used to preserve and extend the shelf 

life of orange juice.245 Biodegradable polymeric films are a better alternative currently in food 

packaging sectors as they can be obtained from renewable sources at a low cost without 

contributing to environmental pollution. Mostly used edible biodegradable polymer in 

packaging is polysaccharides. The most commonly used polysaccharides in food packaging are 

cellulose,246,247 pullulan,248 starch,249 chitosan243 and agarose.250 Moreover, AgNPs are 

incorporated into a hydroxypropyl methylcellulose (HPMC) matrix for food packaging 

applications. Such materials showed good antibacterial properties against S. aureus and 

E.coli.251 When incorporated with AgNPs and essential oils, edible pullulan films aided in meat 

preservation and showed good antimicrobial activity.248,252 When AgNPs were combined with 

the edible packaging materials and stabilizing agents like sodium alginate, it created 

biopolymer matrix films for food packaging. AgNPs incorporated sodium alginate films 
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reported in reduction of fruit and vegetable decay rate.253 Along with the food packaging 

studies, the migration of silver from different types of nanocomposites into food simulants was 

also reported.254  

1.3.13. Other Applications of AgNPs  

AgNPs also find applications in agriculture, marine, plant nutrition and defence against 

diseases.255 Plant productivity can be enhanced by the use of intelligent plant sensors with 

actuating electronic devices. These nanosensors optimize and automate agrochemical and 

water allocation; it also enables plant chemical phenotyping.10 AgNPs can be delivered with 

pesticides to the crops to increase crop production.255 AgNPs also have effective larvicidal and 

antifouling properties, which can be effectively used in agriculture and marine pest control.256  

AgNPs, when synthesized in a polymer solution by a one-step method, produces 

AgNP/polymer nano paint. This AgNPs embedded drying oil acts as a suitable coating material 

for wood, polystyrene, and glass.257 AgNPs are used as a silver paste in electrodes due to their 

high conductivity. In electronically conductive adhesives (ECAs), AgNPs are used as 

conductive fillers.258 Unlike pigments and dyes, AgNPs are efficient at absorbing and scattering 

light. It also has a colour that mainly depends on the shape and size of the particles. AgNPs are 

popularly used as functional components in various optical sensors and products.28  

1.4. IMPORTANCE AND FUTURE SCOPES 

This chapter provides an overview of all the different resources for the synthesis of AgNPs. 

Reducing agents such as borohydride or hydrazine can be hazardous and may lead to the 

formation of toxic by-products and finally deteriorate the environment. Thus, the traditional 

techniques for synthesizing AgNPs require a massive amount of energy and chemicals that are 

pretty hazardous. Out of various available methods and processes for synthesizing AgNPs, 

green synthesis is preferred over conventional methodologies due to environmental concerns. 

Thus, using various components such as polyphenols from plant extracts, polymers, enzymes, 

bacteria, and agricultural wastes under favourable conditions might lead to the sustainable 

synthesis of uniform-sized AgNPs. When plants and their excerpts are used instead of other 

sources such as fungi and bacteria, the AgNPs synthesis becomes more accessible, faster and 

cost-effective. The green methodology for AgNPs synthesis using renewable materials is quite 

a promising method as it involves non-toxic chemicals for silver salt reduction. Metallic 

nanoparticles act as a novel bioactive functional agent due to their high surface area to volume 
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ratio and numerous optical, magnetic, chemical, and physical properties. AgNPs with these 

unique properties has proven to be a better alternative for developing new antimicrobial agents. 

AgNPs have the most diversified applications includes antibacterial, antifungal, anticancer, 

antiviral activities, etc. Due to their various characteristics, AgNPs are highly feasible for use 

in water treatment, biosensor fabrication, development of catalysis and optical devices, drug 

delivery systems, biomedicine and medical care, food packaging industries, etc. Currently, 

nanotechnology has opened new possibilities in all sectors, especially in medicine and for the 

treatment of various diseases. Considering the environmental issues and vast potential 

applications, the research of AgNPs should be towards greener synthesis and development of 

size and shape-controlled nanoparticles. Also, AgNPs would be utilized towards the 

development of anticancer and antimicrobial nanomedicine, wearable intelligent equipment, 

and other novel nanocomposites/nanodevices for a wide scope of applications. Therefore, 

AgNPs can be a lead nanoparticle of the future with a wide range of applications. 
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2.1. Introduction 

Metallic silver with 1-100 nm size is identified as silver nanoparticle (AgNP), and its most 

common sources are inorganic salts. AgNPs are very beneficial for their antibacterial activities 

against many microbes. Their significant biological effectivity is much higher than their 

equivalent metal salt.1 Thus, AgNPs have got major interest among all other metal 

nanoparticles due to their distinctive electrical, physical, optical and antimicrobial properties 

and a broad range of applications.2,3 AgNPs have high conductivity, chemical stability, 

catalytic activity and localized surface plasmon resonance (LSPR), making AgNPs even more 

user-friendly for many applications.4 Reactive oxygen species(ROS), which forms at the AgNP 

surface or by the free Ag ions released under definite conditions, may cause cell death of 

microbial cells or mammalian cells. These properties demonstrate the antibacterial as well as 

antifungal properties of AgNPs. AgNPs illustrate lower toxicity to human health compared to 

other metal nanoparticles with the most effective antibacterial action.5,6 Due to these effects, 

AgNPs find numerous applications in the biomedical field, such as in the prevention of wound 

inflammation and thus promoting wound healing, in scaffolds for water purification and 

agricultural uses. Nowadays, silver-containing agents are used in various clinical wound 

dressings (e.g., silver sulfadiazine) as well as in biomedical material coatings (e.g., silver-

impregnated catheters).7–9 Therefore, many research efforts led to the development of various 

synthetic methodologies, including physical methods and chemical methods.10–12 Among these, 

green synthesis of AgNPs has got recent research attentions as it is non-toxic, eco-friendly and 

cost-effective. The green synthesis also provides stabilization to these particles by natural 

capping agents. Plant extracts are reported to contain abundant natural compounds such as 

flavonoids, saponins, tannins, alkaloids, steroids and other kinds of nutritional compounds. 

They provide the reducing components for bio-reduction as well as for the stabilization of the 

nanoparticles formed. Thus, it is clear that the utilization of plant extracts and agricultural waste 

significantly impacts the synthesis of AgNPs even over the production by a microorganism.10,13  

2.2. Green Synthesis of Silver Nanoparticles (AgNPs) 

Green synthesis is an emerging branch of nanotechnology in which metallic nanoparticles 

are synthesized using biological or environmentally benign materials. These materials can be 

plant extracts, whole cells or metabolites from microbes, biomass, fruit and vegetable extracts 

or agricultural wastes. Green synthesis is considered advantageous over the other chemical and 
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physical methods for the synthesis of metallic nanoparticles. It is very simple, cost-effective, 

and safer, resulting in stable and reproducible materials.14,15 Green synthesis is used to 

synthesise metal and metal oxide nanoparticles of desirable morphology and size with 

improved properties. Toxic chemicals are not used in this synthesis as they can have adverse 

environmental effects.16 Plants, varieties of plant parts and their potential secondary 

metabolites are used for green synthesis, as plants have rich biodiversity and easy availability.17  

Naturally, plant extracts contain compounds such as flavonoids, saponins, steroids, tannins, 

alkaloids, etc., which can be obtained from the various parts of a plant such as seeds, roots, 

flowers, leaves, shoots, stems and barks. These compounds are responsible for the bioreduction 

reaction in the process of metallic nanoparticle synthesis. They act as both stabilizing as well 

as reducing agents for the green synthesis of various nanoparticles, including copper, gold, 

cobalt, palladium, silver, platinum, magnetite and zinc oxide.18 Figure 2.1 illustrates the one-

pot synthesis of silver nanoparticles by reducing silver nitrate via the addition of plant/agro 

waste extract.  

 

Figure 2.1. Green synthesis of silver nanoparticles using plant or agro-waste extract. 

For green synthesis purposes, the consumption of commercially valued plant-based 

products might reduce the efficacy of the process as these plants are widely available and used 

as food materials or for other medicinal purposes. The waste generated after the use of the 

plants, plant parts or other agricultural wastes can be utilized as an excellent alternative for the 

synthesis of nanoparticles. Such processes would provide a sustainable and eco-friendly way 

for proper utilization and management of biomass and plant wastes.19 Few of the green 

syntheses are highlighted below. 
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2.3. Green Synthesis Using Agricultural Waste  

Nanoparticles have been successfully synthesized using various agricultural wastes rich in 

biomolecules such as phenolics, flavonoids and proteins. They act as the bioreductants for the 

synthesis of different types of metallic nanoparticles. The agricultural wastes mainly used for 

the green synthesis purpose include fruit seeds and peels,20 rice bran,21 wheat bran,22 palm oil 

mill effluent,23 Cocos nucifera coir24 and corn cob, etc. Extracts of these wastes are used as 

reducing and stabilizing agents for the formed nanoparticles with various properties ranging 

from larvicidal, antioxidant, catalytic, antimicrobial and cytotoxic properties against cancer 

cells.  

The processing of agricultural wastes produces a large number of agro-wastes which when 

released into the environment may cause pollution.16 Thus, these waste need to be managed 

properly for environmental concern. One important way to manage such waste is to utilise them 

properly. Thus, a few biotechnological processes help utilising agro-wastes to enhance the 

nutritional qualities by solid state fermentation, treatment with enzymes/organic acids and 

using as renewable materials for biogas production.25 The utilization of agricultural wastes as 

sources of biomolecules in green nanotechnology has also gained remarkable attention. A few 

agro-wastes have been listed for their significance in nanobiotechnology in table 2.1. Usually, 

extracts containing active biomolecules could be obtained through easy procedures that 

catalyze the formation of nanoparticles. The utilization of plant extracts and agricultural wastes 

as a means of eco-friendly synthesis of AgNPs has dramatically impacted the field of 

nanotechnology.  

Table 2.1. Synthesis of nanoparticles by agro-wastes. 

Sl No. Extract Types Of 

Nanopartic

les Formed 

Particle 

Size 

(Nm) 

Application References 

1 Pomegranate 

fruit peel 

Ag NPs 5 - 50 nm Antibacterial 26 

2 Rambutan peel Ag NPs 132.6±42 Free radical scavenger 27 

3 Rambutan peel ZnO 

nanocrystal 

- Antibacterial 28 

4 Rambutan peel NiO 

nanocrystal 

50 Antibacterial 29 

5 Sugar 

apple(Annona 

squamosa) peel 

Ag NPs 35±5 - 30 
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6 Oak fruit hull Ag NPs 40 Cancer therapy 31 

7 Cocos nucifera 

coir 

Ag NPs 23±2 Larvicidal 24 

8 Punica 

granatum peel 

Pt NPs 16-23 Catalyst 32 

9 Wheat bran 

xylan 

Ag NPs 20-45 Antioxidant and fibrinolytic 22 

10 Citrus peel Ag NPs 5-20 nm Biomedical 20 

11 Grape waste Au NPs 20-25 Medical 33 

12 Lemon peel Ag NPs 17.3-61.2 Antidermatophytic activity 34 

13 Watermelon 

rinds 

Fe₃O₄M NPs 2 - 20 nm Catalyst 35 

14 Watermelon 

rinds 

Pd NPs 96 Catalytic activity 36 

15 Groundnut peel Ag NPs 20-50 nm Larvicidal activity 37 

16 Jatropha waste Au NPs 14 - 38  

17 Moringa 

oleifera flower 

Au NPs 28 Antibacterial 39 

18 Teak waste Ag NPs 28 Antibacterial 19 

19 Cola nitida seed 

shell 

Ag NPs 5-40 nm Antibacterial 40 

20 Cola nitida pod Ag NPs 12-80 nm Antibacterial, antifungal, 

additive in paint and 

antioxidant 

41 

21 Cola nitida pod Ag-Au NPs 12-91 nm Antifungal, dye 

degradation, larvicidal, 

anticoagulant and 

thrombolytic 

14 

22 Cola nitida seed 

shell 

Ag-Au NPs 10 -40 nm Antifungal, dye 

degradation, larvicidal, 

anticoagulant and 

thrombolytic 

42 

23 Cocoa 

(Theobroma 

cacao) pod husk 

Ag NPs 4-32 nm Antibacterial, antifungal, 

synergistic, additive in 

paint, antioxidant and 

larvicidal 

43 

24 Egg shell 

membrane(ESM

) 

Ag NPs 25 ± 7 Biosensing 40 

26 Egg shell 

membrane 

Au NPs < 20 Bioimaging and bio 

labelling 

41 

 

One example of widely available household waste is pomegranate fruit peels. These peels 

have potent antioxidant property. Thus, pomegranate peel extracts have been utilized to reduce 
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gold and silver ions to form gold and silver nanoparticles. The absorption peak was observed 

at 427 nm for the synthesized AgNPs, and the nanoparticles are polydispersed in nature and 

spherical in shape. A naturally occurring phenolic compound, ellagic acid, is abundantly 

present in the fruit peel responsible for forming nanoparticles. X-ray diffraction (XRD) study 

confirmed the particles to be face-centred cubic in symmetry with an average size of 5 to 10 

nm.42 The synthesis of spherical AgNPs of average size 5-50 nm showing UV-Visible  

absorption at 371 nm has also been demonstrated using pomegranate fruit peel extract. The 

Fourier transform infrared spectroscopy (FTIR) showed the association of primary and 

secondary amines and other aromatic groups, which might help in the synthesis of AgNPs. The 

particles show remarkable antibacterial activity at a concentration of 2 mg/L against 

Staphylococcus aureus ATCC 25923.26 Punica granatum peel extract has been used to 

synthesize AgNPs. The formation of AgNPs shows brownish-yellow colouration with surface 

plasmon resonance (SPR) at 432 nm. Colouration of the nanoparticles is due to the surface 

plasmon resonance effect. Surface plasmon resonance is the resonance of the outer electron 

bands of the particles with light wavelengths. The particle size for such nanoparticles has been 

reportedas about 30 nm with a distorted spherical shape with highly negative zeta potential 

values revealing their high stability. Thus the magnitude of the zeta potential gives an 

indication of the potential stability of the colloidal system. The synthesized AgNPs in 

combination with sodium borohydride effectively catalyzed the instantaneous reduction of 4-

nitrophenol (4-NP), an anthropogenic pollutant.43 

Peel extract of Nephelium lappaceum L. (Rambutan) has been utilised for AgNPs synthesis. 

The particles showed two peaks on the UV-vis spectra at 370 and 495 nm. The formation of a 

truncated triangle, and hexagonal shape has been demonstrated with the particle size of 132.6 

± 42 nm. The particles are reported to be crystalline in nature with face-centered cubic 

symmetry as analysed with selected area electron diffraction (SAED) and XRD. Free radical 

scavenging activity of such nanoparticles against 2, 2-diphenyl-1- picrylhydrazyl (DPPH) is 

remarkable indicating their relevance in biomedicine.27 AgNPs are also successfully 

synthesized using citrus peels such as orange, tangelo, grapefruits, lemon, and lime. Aqueous 

extract of orange peel extract shows the efficient synthesis of AgNPs within 15 min inside 

microwave at 90°C and 15 psi pressure indicated from absorbance at about 402-428 nm. TEM 

analysis of such nanoparticles confirmed the particle size of 7.36 ± 8.06 nm. The GC-MS 

indicated the presence of aldehydes in the peels, which are mainly responsible for reducing and 

capping the synthesized AgNPs.44 The synthesis of AgNPs of average size 5-20 nm with 
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maximum absorbance at 440 nm has also been demonstrated using Satsuma mandarin (Citrus 

unshiu) peel extract.20  

Biogenic AgNPs of 91 nm in size have been synthesized using fresh suspension of orange 

peel extract at room temperature. Silver nanoparticles formation is facilitated by the flavonoids 

present in the extract. UV-vis spectroscopy has shown the maximum absorbance at 466 nm. 

The synthesized particles displays significant antibacterial activities against gram-negative 

bacterial strains.45 The biosynthesized AgNPs using lemon peel extract particles exhibits good 

antidermatophytic activity against multidrug-resistant Candida albicans and Trichophyton 

mentagrophytes to the tune of 11-12 mm.34  

Acetone precipitated banana peel extract (Musa paradisiaca) has also been utilized to 

reduce silver nitrate to form AgNPs. These particles possessed appreciable antimicrobial 

activity.46 Similarly, spherical and monodispersed AgNPs using banana(Musa paradisiaca) 

peel extract had maximum absorbance at 433 nm. The particles with an average size of 23.7 

nm were formed due to the activities of pectin, cellulose, hemicelluloses and proteins present 

in the extract, as evidenced from FTIR data. Thus, the AgNPs produced shows growth 

inhibitions of 12-20 mm against strains of Bacillus subtilis, Escherichia coli, Staphylococcus 

aureus, and Pseudomonas aeruginosa. It also enhances the activities of an antibiotic, 

levofloxacin, in a synergistic manner producing 1.16-1.32 fold improvement in antibacterial 

activities against the tested bacteria.47 

Therefore, it is clear that the plants have made an enormous contribution since a very early 

period for assisting human health as well as in the advancement of scientific discoveries. The 

maturity stage in the plants affects the concentrations of nutrients in them significantly. Most 

common plants are broadly studied for their medicinal prospects, collected and compiled as 

they lack knowledge of these plants, making them highly underutilized.48 A series of 

developmental changes occur during the process of growth and development of plant fruits and 

vegetables. So many catabolic and anabolic reactions changes ensue in these processes, leading 

to the degradation or synthesis of a wide variety of bioactive compounds. So, fruits at different 

maturity levels possess bioactive compounds, which are to be studied for use as a resource of 

medicine or food.49 Compounds that derive ethnobotanical has bioactive compounds and 

provide a better perspective for product development.50 Phytochemicals are chemical 

compounds that occur naturally and are biologically active in plants. These chemicals act as a 

natural defense system for host plants and offer flavour, aroma and colour. They are bioactive 
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substances that are responsible for protecting the plants from adverse environmental 

conditions, insects, microbial attacks and other exterior aggression. These phytochemicals, 

such as flavonoids, saponins, alkaloids, anthraquinone, terpenoids and carotenoids, are also 

known as secondary metabolites that help in the treatment and other therapeutic benefits public 

health.51 Another major bioactive constituent includes antioxidants demonstrating the 

oxidation process. This process involves free radical production. In a living system, food and 

drug, these free radicals are associated with most human diseases like ageing, diabetics, 

atherosclerosis, cancer, cardiovascular disorders etc.52 Therefore, the use of plants, plants parts, 

agricultural wastes with potent phytochemicals can be of great value for utilising properly, such 

as for the synthesis of nanoparticles. 

2.4. Background: Banana Peels as Agricultural waste 

The consumption of bananas all over the world is very high due to their high food value. 

However, in general, banana peels are discarded after the pulp is being consumed. Literature 

study showed the utilization of the discarded banana peels in several ways.  Mainly for 

medicinal use,53 fermentation of ethanol,54 fungal biomass generation,55 laccase production56 

and as biosorbent for heavy metal removal.57 In addition, banana peels are naturally loaded 

with polymers such as lignin, cellulose, hemicellulose, as well as pectin.58  

 

Figure 2.2. Musa balbisiana Colla or locally called Bhimkol. 

Musa balbisiana Colla is a banana variety of Musaceae family commonly cultivated in 

Assam, India.59 It is considered as one of the parent plants with Musa acuminate Colla for the 

evolution of the indigenous cultivars of Musa L. The wild plants are no longer considered wild 

as this variety has been cultivated and domesticated for a long time in Assam. The local name 

of this banana variety is Bhimkol or Athiyakol.  Bhimkol is a dietary supplement and is used 

for nutrition. Almost all parts of this banana variety are used in various ways in rituals and 
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food. As such are different traditional uses of Bhimkol as medicine and food in the northeastern 

part of India. The wide consumption of Bhimkol, availability of their peels around the 

household and biochemicals present in it, may be useful for the synthesis of AgNPs. 

2.5. AIM AND OBJECTIVES 

With this above literature background, attractive phytochemicals present and the 

availability of ‘Bhimkol’ (Musa balbisiana Colla) peel waste in this region, the following 

objectives are summarized below: 

a) Study of the qualitative and quantitative phytochemical compositions of bhimkol (Musa 

balbisiana) peels at ripe, unripe and blacken stages of development. Both 

phytochemical tests were conducted to observed, which was the best stage for 

application in the synthesis of AgNPs. 

b) Synthesis of AgNPs via the green route using ‘Bhimkol’ (Musa balbisiana Colla) peel 

extracts as bioreductant and stabilizing agent. It was carried out using the various 

concentration of the peel extract and AgNO3 solutions. 

c) These AgNPs were optimized under various conditions. For the standardization, effect 

of concentration of Peel Extract, effect of pH , effect of AgNO3 concentration and the 

effect of reaction time were studied thoroughly. 

d) Characterization of the AgNPs were carried out using by X-ray diffraction (XRD) 

method, DLS, TEM and FESEM techniques. 

e) Study of the antibacterial activities of both bhimkol peel extract and green synthesized 

AgNPs were carried out using the disc diffusion method against both gram-positve and 

gram-negative bacteria respectively. 

2.6. RESULTS AND DISCUSSION 

2.6.1. Study of the Qualitative and Quantitative Phytochemical 

Compositions of Bhimkol (Musa balbisiana) Peels 

There is no report of phytochemical tests on this variety of banana peels. Therefore, to 

know the various phytochemical constituents present in the three stages of development of 

bhimkol (Musa balbisiana) peels, the different phytochemical assays are performed. Secondary 

metabolites of plants are responsible for many therapeutic activities. Thus, the preliminary 

phytochemical analysis (Table 2.2) of the bhimkol peels showed that in all the three stages, 
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peels contained secondary metabolites such as glycosides, saponins, alkaloids, phenols, tannins 

and flavonoids. The presence of such phytochemicals confirms the medicinal value of the 

bhimkol peels. These are non-nutritive plant chemicals having some disease preventive 

properties. The presence of phenols in the peels indicated the richness in antioxidant properties. 

Also, due to the antimicrobial activity of phenolic compounds, it can be an active ingredient in 

antiseptics and disinfectants. The presence of phenol compounds contributes to the sensory, 

antioxidant properties and colouration of the food. In the test for phlobatannins, the red 

precipitate was more in the ripe and blacken stage of banana peels than the unripe stage of the 

peels. For flavonoid test, the yellowish colouration was observed to be in all the stage which 

indicated that the flavonoid is abundantly present in all the stage of peels. As flavonoids are 

naturally occurring phenols, the presence of flavonoids is considered to have antimicrobial 

activities. It also has good hydroxyl radicals, lipid peroxy-radicals, and oxide anions 

scavenging activities. The presence of alkaloids indicated the therapeutic and antimicrobial 

nature of the peels. These compounds can intercalate with the DNA of the microorganisms. 

Again, the presence of tannin showed the wound healing properties or its stringent properties 

of the peels. Therefore, though it is qualitative, the phytochemical tests suggested the presence 

of more components in the ripen state of banana peels than the other two stages (unripe and 

blacken). The reducing ability and the stabilizing property of ripen peels would be more 

compared to the other two stages. 

Next, the quantitative phytochemical analysis of three different stages of development of 

Bhimkol(Musa balbisiana) peels was evaluated using the methods described. From the 

different phytochemical tests, it was observed that this variety of bananas has a high quantity 

of phytochemicals in its peels. As such, its potential utility is in the formation and stabilization 

of silver nanoparticles. The results of the quantitative analysis were presented in Table 2.3. 

From data in table 2.3, it was clear that all the three stages of development of bhimkol peel 

contained almost a similar quantity of alkaloids, saponin and tannin. There was a significant 

difference in flavonoids content among the three different stages of development. Moreover, 

the phenol content was found to be highest in the ripe stage compared to its unripe and black 

stage of the peels(Table 2.3). The antioxidants capacity of plants is firmly associated with 

phenol compounds. A major active ingredient in antiseptics and disinfectants is phenol due to 

its antimicrobial activity. In short, phytochemical analysis of bhimkol peels aqueous extract 

revealed the presence of alkaloids, flavonoids, and phenols, which are mainly responsible for 

the reduction of Ag+ to generate AgNPs. Moreover, the presence of phenols in the highest 
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quantity in the ripe stage of peels was expected to be more efficient in the generation of AgNPs 

by reducing more quantity of Ag+ compared to the other two stages of development. 

Table 2.2. Qualitative phytochemicals constituents of Bhimkol (Musa balbisiana) peels. 

Phytochemicals Three Stages of Development of Bhimkol (Musa 

balbisiana) Peel 

Ripe Stage Unripe Stage Blacken Stage 

Glycosides + + + 

Flavonoids + + + 

Saponins + + + 

Anthraquinone - - - 

Phlobatannins + + + 

Tannins + + + 

Phenols + + + 

Alkaloids + + + 

+ = Presence - = Absence 

Table 2.3. Quantitative phytochemicals constituents of Bhimkol (Musa balbisiana) peels. 

Peel Samples % Alkaloid % Saponin % Tannin Phenol 

(mgGAE/g)[a] 

Flavanoid 

(mgRE/g) [b] 

Unripe peels 2.83 ± 0.74* 5.11 ± 0.05* 0.14 ± 0.01* 8.12 ± 0.07* 33.33 ± 0.63* 

Ripe peels 1.35 ± 0.33* 5.45 ± 0.11* 0.52 ± 0.02* 42.54 ± 0.02* 12.78 ± 0.48* 

Black peels 1.27 ± 0.37* 6.06 ± 0.17* 1.23 ± 0.02* 23.64 ± 0.03* 97.33 ± 0.42* 

[a]GAE = Gallic acid equivalent; [b] RE = Rutin equivalent; *mean total phytochemical content ± % 

standard deviation. All the values are represented in ‘% weight’. 

2.6.2. Comparative Efficiency of Three Stages of Development of Bhimkol 

Peels for the Green Synthesis of AgNPs 

The detailed study of the green synthesis of AgNPs was next carried out using BPE of all 

three stages. This variety of banana is available only in Assam, which is loaded with nutrients 

and phytochemicals. Thus, it could act as an excellent reducing as well as a stabilising agent 

for the formation and stabilization of AgNPs. Therefore, at first, a comparative analysis of the 

TH-2639_156152007



Chapter 2                                    Synthesis of Silver Nanoparticles…..and Role of Ripen Stage of the Peels 
 

58 

 

synthesis of AgNPs was executed using unripe peel extract, ripe peel extract and blacken peel 

extracts. Thus, freshly prepared Bhimkol peels aqueous extracts, as mentioned under the 

section, material and methods were used as a reducing agent for the reduction of AgNO3 to 

produce AgNPs. The formation of AgNPs was first visually observed by the colour change of 

the reaction (Fig. 2.3(i)) from yellow to yellowish-brown and then looking at the surface 

plasmon resonance (SPR) band of the Ag-NPs at 431 nm in the UV-visible spectra. Figure 

2.3(ii) represents the UV-visible spectra of the synthesized AgNPs using unripe, ripe, and 

blacken bhimkol peel extracts. Ripe peel extract showed a very good SPR band at around 431 

nm, which indicated the formation of more small-sized AgNPs. In the case of unripe peel 

extract, there was formation of AgNPs, but as the SPR band is low, there is the formation of 

lesser and large-sized AgNPs. Again in the case of blacken peel extract, no appearance of 

AgNPs was observed, which was confirmed by the UV-visible spectra. Therefore, it was 

observed that the ripe peel extract is the best among the other two stages of peels for the 

synthesis and stabilization of AgNPs as was evident from a stronger SPR band in the UV-

visible spectra. The greater efficiency of the ripening stage is may be due to the presence of a 

high amount of phytochemicals, mainly phenolic compounds. These compounds can cause the 

dark colouration in plants. Most possibly, the mechanism of formation of AgNPs might be 

explained as follows. The Ag+ ions could easily form phenolate complexes with 

phenols/polyphenols present in the aqueous extract of the peel and get reduced to Ag0 leaving 

quinones as the oxidized products of phenols. 

2.6.3. Green Synthesis of AgNPs 

After establishing the fact that the ripening stage of banana peel extract is efficient most 

for the synthesis of AgNPs, the detailed study of the green synthesis of AgNPs using ripen 

Bhimkol peels aqueous extract was performed. Thus, the optimization of the synthetic route 

for the development of AgNPs was tested first. The amount of banana peel extract (BPE) varied 

from 1-50% v/v of a total solution of 100 mL. The concentration of AgNO3 solution was varied 

from 0.25 to 2 mM. Further, the pH and the reaction times were also varied to test the maximum 

AgNPs formation. The reduction of Ag+ ion, i.e., the formation of AgNPs was monitored by 

the colour change of the solution from yellow to yellowish-brown using UV-visible 

spectroscopy. Figure 2.3(i) shows the physical change, i.e., colour of the synthesized silver 

nanoparticles in the colloidal form. The silver ion from the silver nitrate salt was reduced into 

metallic silver by banana peel extract. Banana peels contain mainly cellulose, phenols, 

alkaloids, glycosides, pectin, lignin and proteinaceous matter, which was evident from the 
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phytochemical test especially involved in silver ion reduction to afford AgNPs. For the 

standardization, we sequentially tested the (a) effect of concentration of BPE, (b) effect of pH, 

(c) effect of AgNO3 concentration and (d) the effect of reaction time. 

    

Figure. 2.3. (i) Vials containing samples of (A) only banana peel (ripen stage) extract, (B) only 

silver nitrate solution (1 mM), and (C) produced AgNPs in colloidal form (transparent 

yellowish-brown). (ii) UV-visible spectra of AgNPs synthesized using unripe, ripe, and 

blacken bhimkol peel extracts. 

2.6.3.1. Effect of Concentration of BPE 

The effect of concentration of BPE on the synthesis of AgNPs formation was studied first. 

Thus, firstly reduction of 1 mM AgNO3 solution with BPE varying the overall concentration 

of the reaction mixture from 1-50% was carried out. The formation of AgNPs was monitored 

using a UV-visible spectrophotometer (Perkin Elmer Lambda-45), monitoring the 

characteristic surface plasmon absorption band at around 435- 441 nm. Figure 2.4(a) represents 

the UV-visible absorption spectra for reducing 1mM AgNO3 solution in the presence of 1-50% 

v/v of banana peel extract (BPE), keeping the total volume of the reaction mixture 100 ml. 

From the graph in figure. 2.4(a), it is clear that the formation of AgNPs is better in 9% BPE, 

which showed the highest intensity in UV-visible spectra amongst all other reaction mixtures 

studied. The intensity in UV-visible spectra was directly proportional to the formation of 

AgNPs. SPR band intensity was found to increase from 1 to 9% and then it started decreasing 

to 50% BPE. The increase in SPR band intensity from 1 to 9% BPE is due to the formation of 

more and more AgNPs because of the high initial concentration of Ag+ ions. The regular 

decrease in SPR band intensity with peak broadening from 10 to 50% supported the formation 

of large-sized AgNPs. According to Mie’s theory, only a single SPR band was expected in the 

absorption spectra of spherical metal nanoparticles. A single SPR band at 438 nm was 
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observed, which suggested spherical shaped AgNPs formation. Thus, from this experiment, it 

can be considered that the optimum formation of spherical shaped AgNPs is when BPE 

concentration was 9% of the total volume of the reaction solution (100 mL). For all other 

studies, 9% BPE concentration was considered as the optimum. 

2.6.3.2. Effect of pH 

Next, the effect of pH on the formation of AgNPs was studied with the help of UV-visible 

absorption spectra taking 1mM AgNO3 and 9% BPE for a total reaction volume of 100 ml. 

From figure. 2.4(b), it can be concluded that the formation of Ag-NPs is optimum when the pH 

was 6.24; the absorption peak was observed between 435-441. In a strongly acidic medium 

(pH 3), the reaction mixture does not show a prominent absorption band when analyzed even 

after 1 hour of reaction. Thus, there was no or negligible formation of AgNPs in a strongly 

acidic medium (pH 3). The slow rate of formation and aggregation of AgNPs at pH 3 could be 

related to the electrostatic repulsion of anions present in the solution. On the other hand, in 

basic medium (pH 8), the reaction was immediate and the color of the reaction mixture became 

black. It did not show the absorption in the range of 400 to 450nm. This is maybe because of 

the precipitation of Ag+ ions as AgOH in strongly alkaline pH. Therefore, the AgNO3 solution 

in MQ water (pH 6.24) was considered as the best for the formation of optimum AgNPs. 

   

Figure. 2.4. (a) UV-visible absorption spectra for the formation of Ag-NPs from 1mM AgNO3 

with varying concentrations of BPE (1-50% of the total volume of reaction mixture 100 ml) in 

neutral double-distilled water. (b) UV-Vis spectra for the formation of AgNPs 1mM AgNO3 

and 9 % BPE solution under three different pH. 

2.6.3.3. Effect of AgNO3 Concentration 

To know whether the concentration of initial AgNO3 has any role in optimum formation of 

spherical shaped AgNPs, the effect of concentration of AgNO3 was evaluated using UV-visible 
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spectroscopic studies. As the concentration of AgNO3 solution increases, the formation of 

AgNPs also increases. From figure 2.5(a), it is clear that the formation of AgNPs was high in 

1.5-2 mM, moderate in 1 mM and less in 0.25 mM concentration of AgNO3 using 9% BPE. 

However, the size and shape of the AgNPs formed were higher in the case of a high 

concentration of AgNO3 (1.5-2 mM) compared to the case of 1mM AgNO3 solution, as was 

initially indicated by the absorption spectra in fig. 2.5(a). The UV-visible spectra revealed that 

the spherical shape of AgNPs of fair particle size was formed while using a 1mM AgNO3 

solution. There was the least formation of AgNPs in 0.25mM concentration might be due to 

the very less concentration of AgNO3 solution used for the reaction. Therefore, the 

concentration of 1 mM AgNO3 was utilized for further preparation of AgNPs and considered 

as optimum concentration. 

2.6.3.4. Effect of Reaction Time 

The optimum reaction time for the formation of AgNPs of fair size and shape was studied 

using 1 mM AgNO3, 9% BPE in neutral pH (MQ water) and by monitoring the reaction under 

UV-visible spectroscopy. The reaction mixture was incubated at 25oC and UV-visible spectra 

were recorded from time to time. The intensity of the colour change was directly proportional 

to the incubation time of the reaction mixture. From figure 2.5(b), it is clear that the rate of 

reduction of Ag+ by the BPE, i.e., the formation of AgNPs was increased slowly as the 

incubation time was increased from 30 minutes to 198 hours. The increase in absorbance 

monitored at 431 nm, also deepness of colour was observed from yellow to yellowish-brown. 

Maximum reduction was obtained between 126-198 hours, which was considered the optimum 

time for the optimum formation of spherical shaped AgNPs of fair size.  

   

Figure 2.5. UV-Vis spectra for the formation of AgNPs showing (a) the effect of concentration 

of AgNO3 solution and (b) the effect of reaction time. 
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However, for practical purposes, 1 hr is regarded as the standard time for the synthesis of 

AgNPs. The above study concluded that under the condition of 9% v/v BPE in a 100 ml solution 

of 1 mM AgNO3 under neutral aqueous pH and at about 168 hours incubation time at 37oC, the 

maximum formation of AgNPs of fair size and spherical was accomplished. Therefore, under 

neutral aqueous media, this was considered an optimized condition for the synthesis of AgNPs. 

Using this optimized reaction condition, the AgNPs were synthesized, characterized, and 

utilized for further studies. 

2.6.4. Characterisation of AgNPs  

2.6.4.1. Fourier Transform Infrared (FTIR) Analysis 

Fourier Transform Infrared (FT-IR) spectra were recorded in a Perkin Elmer FT-IR 

Spectrophotometer (Model no: Perkin Elmer Spectrum 2, USA) to determine the functional 

group present in the Bhimkol peel extract alone and in the as-synthesized AgNPs. Band 

intensities in different regions of the spectrum for the BPE and AgNPs were analyzed and are 

shown in figure 2.6. FT-IR data of banana peel extract showed carbonyl, -OH, - phenolic-OH, 

-COOH and amide functional groups. We observed the bands at 3443, 2075.71, 1633 and 667 

cm-1 in the peel extract in the FT-IR. These bands shifted to 3436, 2075.99, 1633.89 and 598 

cm-1, respectively. The strong and broad absorption peak at around 3443 cm-1 corresponds to 

the N-H stretching vibrations of amines. This peak also corresponds to the O-H (H-bonded) 

stretching vibrations of phenols and carboxylic acids. The shift from 3443 to 3436 cm-1 

indicated the involvement of the O-H functional group in the synthesis of AgNPs.  

 

Figure. 2.6. FTIR spectrum of Banana peel extract (BPE) and AgNPs bio-reduced by BPE. 

The peak located at around 2075 cm-1 corresponded to the C-O stretching vibrations. The 

peak shift from 2075.71 to 2075.99 cm-1 showed that the functional groups are involved in 
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synthesizing and stabilizing nanoparticles. The peak at 1633 cm-1 was attributed to the C=O 

stretching in carboxyl or C=N bending vibration in the amide group. The peak at 667 and 598 

cm-1 corresponds to the C-H stretching of the aromatic group. The shifts in the peak highlighted 

the involvement of functional groups of BPE in the reduction of silver salt (Ag+) to metallic 

silver (Ag0) and involved in stabilization. Thus, the amide groups and COOH groups and the 

phenols act as ligands to synthesis and stabilzing the nanoparticles.60,61 

2.6.4.2. Field Emission Electron Scanning Microscopy (FESEM) Analysis 

Next, the FESEM analysis was carried out to understand the microstructure of synthesized 

AgNPs, which is shown in figure. 2.7. The analysis was carried out in ZEISS GEMINI 

OXFORD Instruments X-MAXN with a data acceleration voltage of 0.02 to 30 kV. All the 

particles were spherical in morphology and the diameter of mostly monodispersed AgNPs was 

in the range of 30-70 nm with an average size of 44.24 nm. Image J software was used for 

measuring the diameter of the nanoparticles. There was a homogenous distribution of 

nanoparticles, but slight agglomeration was also observed as few bigger nanoparticles were 

present.  

    

Figure. 2.7. Microstructures of synthesized AgNPs (9% reaction mixture of BPE and 1mM 

AgNO3 solution at pH 6), (a) magnified 51,000x inset bar represented at 200nm resolution, (b) 

magnified 100,000x inset bar represented at 200 nm resolution and (c) magnified 135,000x 

inset bar represented at 200nm resolution. 
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2.6.4.3. Transmission Electron Microscopy (TEM) Analysis 

The size and shape of the synthesized AgNPs were illuminated with the use of transmission 

electron microscopy. Diluted aliquots of AgNPs solution were put on a carbon-coated copper 

grid and dried under ambient conditions for TEM analysis. TEM micrographs revealed that the 

particles were monodispersed in nature with a size of around 40-50 nm. The shape of AgNPs 

mainly was spherical, supporting the results obtained from FESEM. The crystalline structure 

of the AgNPs was marked by the selected area electron diffraction (SAED) patterns with 

circular bright dots (Figure. 2.8). 

    

Figure. 2.8. Micrographs of TEM images of green synthesized silver nanoparticles using the 

Bhimkol peel extract. Transmission electron microscopy images of AgNPs (a) at 20 nm 

resolution, (b) at 50 nm resolution, and (c) at 100 nm resolution, (d) SAED pattern of the 

crystalline structure of silver nanoparticles. 

2.6.4.4. X-ray Diffraction Analysis 

X-ray diffraction (XRD) was used to illustrate the crystallographic structure, grain size, and 

orientation in polycrystalline or powder samples. Thus, the crystalline nature of AgNPs was 

confirmed by XRD analysis. Figure. 2.9(a) showed the patterns observed by XRD of 

synthesized AgNPs. Thus, the synthesized AgNPs showed Bragg’s reflection peaks at 2θ 

range- 38.12°, 44.24°, 64.44°and 77.38°. These peaks are assigned to (111), (200), (220) and 

(311) planes respectively of a face-centered cubic (fcc) lattice of silver. These diffraction peaks 
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are compared to the standard diffraction pattern of JCPDS No 04-0783 and observed that 

synthesized AgNPs were composed of pure crystalline silver. The peak at (111) plane was more 

intense than other planes indicating the crystalline nature of the nanoparticles and its 

predominant orientation. 

2.6.4.5. Particle Size Distribution 

The particle size distribution of AgNPs was measured by dynamic light scattering (DLS) 

experiments. DLS instrument measures the shell thickness of a stabilizing or capping agent, 

enclosing the particles with the actual core size. The size (diameter) vs. intensity graph was 

shown in figure 2.9(b). The particle size distribution curve reveals the average size of AgNPs 

obtained from Delsatm Nano C Particle Analyzer was 53.4 nm from the cumulative result and 

88.9 nm from the distribution result. The measured size of the particles using DLS was 

moderately bigger than that found from the FESEM and TEM measurement, which is probably 

due to the hydrodynamic radius of particles measured in the DLS method. The larger particle 

size observed was possibly due to the size of the bio-organic compounds inclosing the core of 

the AgNPs. DLS measurement indicated the polydisperse nature of the particles, which is due 

to the green synthetic process using biomaterials. For this reason, the poly-dispersity index 

(P.I.) of the green synthesized AgNPs was found to be 0.312 i.e., the DLS measurement showed 

31.2 % poly-dispersity of the particles (Fig. 2.9(b)) which is in good agreement with FESEM 

and TEM results. 

    

Figure. 2.9. (a) X-ray diffraction pattern and (b) DLS measurement of the biosynthesized silver 

nanoparticles. 

2.6.4.6. Energy Dispersive X-ray (EDX) Analysis 

In the formation of AgNPs, EDX analysis detects the quantitative and qualitative status of 

elements present. The formation of AgNPs was confirmed by the elemental profiling of these 
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nanoparticles and represented in figure 2.10(a). At 3 keV, the counts showed highest due to 

silver, and it indicated the formation of AgNPs. Metallic silver nanocrystals showed the optical 

absorption peak at 3 keV, which may be due to the surface plasmon resonance (SPR). The 

elemental analysis of AgNPs showed the highest proportion of silver followed by Cl, C and O. 

2.6.4.7. Zeta Potential (ZP) Measurement 

Zeta potential is considered as an essential parameter to determine the particle surface 

charge and its stability. The zeta potential value of the prepared AgNPs was found to be –30.86 

mV and displayed in figure 2.10(b), indicating a strong negative charge on the surface of these 

nanoparticles and the nanoparticles were dispersed in the medium. The negatively charged 

particles exert a robust repulsive interaction among the particles, prevent potential aggregation 

of the particles, and offer them long-term stability. Zeta potential of the nanoparticles, thus, 

supported the reasonable stability of the nanoparticles. The negative potential value shown by 

biosynthesized AgNPs could be due to the presence of bio-organic components in the extract. 

         

Figure 2.10. (a) EDX elemental profile and (b) Zeta potential of silver nanoparticles. 

2.6.5. Study of the Antibacterial Activity of Both Bhimkol Peel Extract and 

AgNPs Synthesized by Using Bhimkol Peels 

2.6.5.1. Zone of Inhibition Assay 

The antibacterial activity of the Bhimkol peel extract, as well as the AgNPs synthesized 

from Bhimkol peel extract, were tested against Gram-negative bacteria (Escherichia coli) 

(MTCC strain no. 1696)  and gram-positive bacteria (Bacillus subtilis)(MTCC strain no.441). 

The mean inhibitory zone of diameter was measured and tabulated (Table 2.4). In both Gram-
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negative and gram-positive bacteria, no zone of inhibition was observed in the case of the peel 

extract samples. In contrast, a clear zone of inhibition was observed for the AgNPs synthesized 

from the peel extract (Fig. 2.11(a-b)). The zone of inhibitions was represented in mm in Table 

2.4. The high antibacterial activity was mainly due to the silver cations released from Ag 

nanoparticles that act as reservoirs for the Ag+ antibacterial agent. The change in the membrane 

structure of bacteria appears due to the interaction with silver cations leading to increased 

membrane permeability. From the results, it was found that the 50 µL of AgNPs offered a 

higher antibacterial effect compared to others (Table 2.4, Fig. 2.11(c-d)). Table 2.5 represents 

the zone of inhibitions by multi antibiotic discs against E.coli and B.subtilis for comparative 

study with the zone of inhibition formed by using AgNPs (Table 2.5, Fig. 2.11(e-f)). Overall, 

the AgNPs showed moderate antibacterial activity against gram-negative and gram-positive 

bacteria but less than multi antibiotic discs. 

Table 2.4. The different zone of inhibition of AgNPs against E. coli and B. subtilis. 

Green Synthesized Silver 

Nanoparticles (AgNPs) 

Zone of Inhibition (Diameter in mm) 

E. coli B. subtilis 

10 µL 8 7.5 

50 µL 17 15 

Dipped in AgNP solution 16 10 

Table 2.5. Multi antibiotic disc representing the zone of inhibitions against respective 

microorganisms. 

Multi Antibiotic Disc 

(Hexa G Negative-29 

Against E. coli) 

Zone of Inhibition 

(Dia. mm) 

Multi Antibiotic Disc 

(Hexa G Positive-6 

Against B. subtilis) 

Zone of Inhibition 

(Dia. mm) 

GEN 10 25 C 25 32 

TE 30 24 P 1 22 

CIP 5 30 S 10 - 

CN 30 29 S3 300 33 

COT 25 30 TE 25 32 

AMP 10 20 AMP 10 16 
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Figure 2.11. Antibacterial activity of Bhimkol peel extract (BPE) and AgNP(10 µL) against 

(a) E. coli and (b) B. subtilis. Zone of inhibition was observed against (c) E.coli and (d) B. 

subtilis using 10 µL AgNP, 50 µL AgNP, and dipping the discs in AgNP solution. (e) Zone of 

inhibition was observed against E.coli by Hexa G-negative 29 multi antibiotic discs, (f) Zone 

of inhibition were observed against B.subtilis by Hexa G- positive six multi antibiotic discs. 

2.7. CONCLUSION 

Silver nanoparticles were synthesized using waste bhimkol peel extract via the green route. 

A qualitative and quantitative analysis of phytochemical composition was also carried out for 

the three different stages of development of the peels, for the first time. Synthesis of AgNPs 

was also carried out using all three stages (ripe, unripe, and blacken) of the development of 

peels. The ripe peels were best for the consideration of the AgNPs synthesis in high yield 

because of the presence of the highest amount of phenolic components. Various spectroscopic 

and imaging techniques were used for the characterizations. The average size of the 

nanoparticles formed was around 44 nm, as indicated by TEM and FESEM images. The 

synthesized AgNPs showed moderate antibacterial activity against both gram-negative bacteria 

and gram-positive bacteria. The advantage of our method lies in the fact that waste peels 

material can be utilized both for the generation and stabilization of AgNPs. The banana peel-

mediated synthesised AgNPs are utilized further for the preparation of wound healing gel in 

this thesis. 

TH-2639_156152007



Chapter 2                                    Synthesis of Silver Nanoparticles…..and Role of Ripen Stage of the Peels 
 

69 

 

2.8. EXPERIMENTAL SECTION 

2.8.1. Materials and Methods 

2.8.1.1. Materials 

The banana peel extract (BPE) was prepared using locally available banana variety, i.e., 

Bhimkol (Musa balbisiana) peels obtained from Amingaon Market, Guwahati, Assam. 

Initially, ripe banana peels were used to prepare the extract and this extract was used for further 

experiments. Three stages of peels such as ripe, unripe and rotten peels, were also collected 

and tested, compared the formation of AgNPs in each stage. Silver nitrate (AgNO3) used as a 

precursor of AgNPs was purchased from Sigma-Aldrich, India. Luria-Bertini(LB) broth, Luria 

Berini agar, Nutrient agar, Nutrient broth, Protease peptone, and Agar required for 

antimicrobial testing were purchased either from Himedia, India. Double distilled water was 

used for all experimental purposes. All the glassware was properly washed and dried in an oven 

before use. Representative microorganisms of Gram-negative bacteria (Pseudomonas 

aeruginosa and Escherichia coli) and a gram-positive bacteria (Bacillus subtilis) were used to 

evaluate the antibacterial activity of synthesized AgNPs. Bacterial strains were maintained on 

LB broth and LB agar plates at 4°C. 

2.8.1.2. Preparation of Banana Peel Extract (BPE) 

Fresh bananas (Musa balbisiana) were washed repeatedly with distilled water to remove 

dust particles and impurities present on the peels. Peels were then removed, air-dried, and then 

cut into small pieces. About 5 g of peels were taken in a conical flask containing 100 mL double 

distilled water and then this solution was kept in a shaking water bath at 80°C for 1 hour at 90 

rpm. The resultant solution was filtered through muslin cloth then with Whatman No. 1 filter 

paper twice. The resultant filtrate was stored at 4°C and used as a reducing as well as a 

stabilizing agent for further experiments. 

2.8.1.3. Synthesis of AgNPs 

AgNPs were synthesized via the green route using BPE. Thus, the biological reduction of 

AgNO3 was carried out initially as follows: To optimize the synthesis route for the development 

of AgNPs, the reaction solution concentrations varied from 1-50%. The varying amount of 

BPE (1 mL-50 mL) was added to 99 mL-50 mL of 1mM aqueous AgNO3 solution to make the 

volume of reaction solution 100 mL respectively. The reaction mixture was kept in the dark at 

25°C to avoid any photo-activation of AgNO3 under inert conditions. BPE and AgNO3 solution 

(1 mM) was used as control. The reduction of silver ions started within 15 minutes, which was 
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physically observed with the colour change of the solution. The yellowish-brown color was 

observed after 30 minutes, indicating the formation of AgNPs. Optimization for the 

development of AgNPs under different conditions such as variation in AgNO3 concentration, 

time and pH was also reported. 

2.8.1.4. Preparation of Buffers 

The acidic buffer (pH 3) was prepared using citric acid and disodium hydrogen phosphate. 

Thus, 39.8 mL of 0.1M aqueous citric acid solution and 10.2 mL of 0.2M aqueous Na2HPO4 

solution were taken in 100 mL volumetric flask and diluted up to the mark with distilled water. 

The mixture was mixed well, and the resultant solution's pH was verified using a pH meter 

showing the pH of the solution as 3. This solution was further used in the optimization part of 

the experiment as an acidic buffer of pH 3.  

Basic sodium phosphate buffer (pH 8) was prepared using Na2HPO4 and NaH2PO4. Thus, 

93.2 mL aqueous Na2HPO4 solution (1M) and 6.8 mL aqueous NaH2PO4 solution (1M) was 

taken in 1000 mL standard volumetric flask and diluted the mark with distilled water. The 

mixture was mixed well, and the pH of the resultant solution was checked on a pH meter 

showing the pH of the solution as 8. This solution was further used in the optimization part of 

the experiment as a basic buffer of pH 8. 

2.8.2. Characterizations of AgNPs 

2.8.2.1. UV–visible Spectroscopy 

The reduction of pure silver ions into AgNPs was monitored using UV–visible 

spectroscopy at regular intervals. The nanoparticles were primarily characterized by UV-

visible spectroscopy, which is a very useful technique for the analysis of nanoparticles. The 

spectra were obtained using a Perkin Elmer precisely Lambda 45 UV-visible 

spectrophotometer using Tungsten-halogen and Deuterium interface with a 1 cm path length 

cell. The measurements were done in absorbance mode using 10 mm Quartz cuvette. 3 mL of 

sample was used for the experiments. The sample solutions' absorbance values were measured 

in the wavelength range of 200–700 nm. All the sample solutions were prepared freshly just 

before doing the experiment. 

2.8.2.2. FT-IR Spectroscopy 

FTIR is carried out using FT-IR Spectrophotometer (PerkinElmer Spectrum 2, USA) and a 

ATR (attenuated total reflection) sampling instrument. ATR can directly observe solid or liquid 

samples without additional preparation. The FT-IR spectra of the BPE and green synthesized 
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AgNPs were collected at a resolution of 4 cm-1 in the transmission mode from 4000 cm-1 - 400 

cm-1 wavenumbers. Only a drop of the colloidal sample is casted in the sample holder. The 

functional groups present in the peel extract, which are responsible for the reduction of silver 

ions as well as a stabilizer of formed nanoparticles was identified with the help of FT-IR 

spectroscopy. 

2.8.2.3. Field Emission Scanning Electron Microscopy (FESEM) 

Field emission scanning electron microscopy(FESEM) analysis was carried out in Zeiss 

Gemini Oxford Instruments X-MAXNN. This system has an accelerating voltage of 0.02 to 30 

kV and a high magnification range of up to 200kx. Field Emission Scanning Electron 

Microscopy (FESEM) was used for the microstructural analysis of the synthesized AgNPs. The 

shape and diameter of the synthesized nanoparticles were studied with the help of FESEM data. 

2.8.2.4. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy(TEM) analysis was carried out using the JEOL model 

JEM2100 Field Emission Transmission Electron Microscope. Electron microscopy parameters 

were set at a 1.4 Å (lattice) resolution and 1.94 Å (point to point). All images and analyses 

were obtained at 200 kV accelerating voltage. In the process, three magnification modes (at 

200 kV) were maintained at: Standard magnification mode: 2,000× to 1,500,000×; Selected 

area magnification mode: 2,000× to 1,500,000×; Low magnification mode (LOW MAG): 50× 

to 1,000×. SAED camera length was controlled at 8 to 20 cm. The HR-TEM images were 

obtained by selecting ultra-high resolution (URH) pole pieces in the objective lens. The 

objective aperture sizes are 20, 40, 60 and 120 µm in diameter. SAD aperture sizes are 10, 20, 

50 and 100 µm in diameter. In Low-Mag mode, the objective lens was turned off, and the 

objective mini-lens were made active. TEM is an imaging technique in which the electron beam 

is focused on a sample specimen, which enlarges the image of the sample in a fluorescent 

screen of photographic film. Transmission electron microscopy (TEM) was used to know the 

size and structure of AgNPs precisely and support the results obtained by FESEM. 

2.8.2.5. Electron Diffraction X-ray (EDX) Analysis 

Energy dispersive X-Ray(EDX) analysis is measured using Zeiss Gemini 300 made of Carl 

Zeiss. This system images at a very high resolution, i.e., 0.8 nm at 15 kV and 1.4 nm at 1 kV. 

Electron Diffraction X-ray (EDX) analysis in-situ in the FESEM machine was utilized to know 

the status of elements involved in the formation of nanoparticles. 
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2.8.2.6 Dynamic Light Scattering (DLS) 

Particle size distribution was measured by dynamic light scattering(DLS) in a Delsatm Nano 

C Particle Analyzer from Beckman Coulter. Delsatm Nano is used to measure the zeta potential 

and the submicron size analysis from about 0.6nm to 7.0 micron with forward 15° and 

backscatter 165°. The average size of AgNPs in an aqueous medium was used to determine the 

hydrodynamic diameter using Dynamic Light Scattering (DLS) technique. Zeta potential 

analysis was carried out to measure the polydispersity index and stability of synthesized 

AgNPs. 

2.8.2.7. X-ray Diffraction (XRD) Analysis 

Crystallinity and phase of the synthesized nanoparticles were studied through X-ray 

Diffraction. The instrument used for this analysis was Rigaku make Micromax-007HF 

diffractometer. The XRD patterns were measured at 50 kV and 100 mA using Cu Kα radiation 

with x-ray wavelength λ = 1.5406 Å. An R-AXIS IV++ x-ray detector was used to detect the 

diffracted x-rays. The scanning velocity was fixed at 2o/min, and the diffraction pattern was 

recorded in the angular 2θ range 30°-80°. It provides details of the lattice structures of 

crystalline substances. X-Ray Diffraction results showed the crystalline/amorphous nature of 

the nanoparticles under study. 

2.8.2.8. Study of Antibacterial Activity 

The antibacterial activity of synthesized AgNPs and BPE was tested against gram-negative 

(Escherichia coli) (MTCC strain no. 1696)  and gram-positive (Bacillus subtilis)(MTCC strain 

no. 441) bacteria using agar disc diffusion method. Approximately, 15 mL of autoclaved LB 

agar media was poured into each of the sterilized Petri dishes in a laminar airflow system. The 

plates were then sealed with paraffin strips, allowed to dry, and left overnight at 4°C 

temperature. The LB agar plates were precisely spread with the respective bacteria, and the 

discs containing the solution of AgNPs and BPE were put into the plates. The agar plates were 

then incubated at 37°C for 12-24 hrs. After the incubation period, the zone of inhibition (in mm 

diameter) was observed and tabulated. 
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2.8.3. Qualitative/Quantitative Phytochemical Analysis of Bhimkol (Musa 

balbisiana) Peels 

The bhimkol (Musa balbisiana) samples were both analyzed for tannins, phenols, 

glycosides, flavonoids, saponins, anthraquinone, alkaloids, and phlorotannins qualitatively and 

quantitatively using standard literature procedures. 

2.8.3.1. Test for Saponin 

Bhimkol peel samples of 20 mg were boiled in 20 mL of distilled water in a water bath for 

5 minutes and filtered. 10 mL of the filtrate was mixed with 5 mL of distilled water and shaken 

vigorously for froth formation. The emulsion test is a screening test for checking the ability of 

the formation of emulsion with oil due to the presence of saponin. Thus, 3-5 drops of olive oil 

were mixed with froth, shaken vigorously and observed for emulsion development. The 

formation of a stable emulsion indicates the presence of saponin. 

2.8.3.2. Estimation of Saponin 

Saponin was quantified using the process as described below. 20 g of the peel sample was 

crushed, then 20% aqueous ethanol (100 mL) added. The sample solution was allowed to stir 

continuously and heated at around 55°C on a hot water bath for about 4 hours. Then the sample 

mixture was filtered and the residue was extracted again with 20% ethanol (200 mL). The total 

extracted solutions were reduced to about 40 mL over a water bath at about 90°C. 20 mL of 

diethyl ether was added to the concentrated sample solution and vigorously shaken in a 

separating funnel. The aqueous layer was discarded, 20 mL of diethyl ether was added for the 

purification process. Then about 60 mL of n-butanol was added to the purified sample solution 

in a separating funnel and shaken again. The bottom layer was discarded and the upper layer 

recovered. The total n-butanol sample extracts were washed twice with 5% aqueous sodium 

chloride (10 mL). The excess sodium chloride containing layer was discarded and the residual 

solution was heated. Samples were dried in the oven to obtain a constant weight, and the 

saponin content was calculated as percentage weight using the formulae below and tabulated. 

The experiment was repeated thrice with three varieties of peel samples.48 

% Saponin =  
𝑊2 − 𝑊1

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
 × 100 

W2 = weight of crucible + Sample after oven drying.  

W1 = weight of empty crucible, 

Weight of peel sample = 20g 
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2.8.3.3. Test for Flavonoids 

50 mg of filtrate peel extract was suspended in 100 mL of distilled water. Diluted ammonia 

solution of 5 mL was added to 10 mL of filtrate then a few drops of concentrated H2SO4 were 

added. Yellow colouration in the solution indicated the presence of flavonoids. 

2.8.3.4. Estimation of Flavonoids 

Total flavonoid content was quantified using the method described by Payum et al., with 

slight modification.62 About 50 mg of peel sample was dissolved in 80% aqueous methanol (10 

ml) and filtered using Whatman filter paper No. 42. Then 0.3ml of methanolic peel extract was 

added to 3.4 mL of 30% methanol. Again 0.5 M sodium nitrite (0.15 mL) and 0.3 M aluminium 

chloride hexahydrate (0.15 mL) solutions were added later and thoroughly mixed. The total 

mixture was allowed to stand for 5 minutes and then 1 M sodium hydroxide (1 mL) solution 

was added. The absorbance of the solution mixtures was measured at 510 nm using a UV-Vis 

spectrophotometer. The values were described as Rutin equivalent antioxidant capacity. Linear 

calibration curves of rutin were produced with R2 = 0.9919 and the values were tabulated. The 

experiment was repeated thrice with three varieties of peel samples. 

2.8.3.5. Test for Glycosides 

Few drops of 5% ferric chloride and few drops of concentrated sulphuric acid were added 

to a solution of the BPE (2 mL) in 2 mL of glacial acetic acid. The colour change was observed. 

Bluish-green colouration at the top junction and a reddish-brown coloration at the lower 

junction of two layers was an indication of the presence of glycosides. 

2.8.3.6. Test for Alkaloids 

To 3 ml of the peel extract, 1ml of 1% HCL was added. Then few drops of Meyer’s reagent 

were added to the resultant mixture. The appearance of a precipitate of creamy white 

colouration indicated the presence of alkaloids. 

2.8.3.7. Estimation of Alkaloids 

The alkaloid quantification was done as below. About 5g of the peel sample was weighed, 

and 10% HCL in ethanol (200 mL) was added. It was then covered and allowed to stand for 4 

h. The sample was then filtered using Whatman filter paper 1 and the sample extract was 

reduced to less than half of the original volume on a water bath. 100 mL chloroform was added 

to the concentrated sample to remove pigments and unwanted materials along with distilled 

water and allowed to shake in a separating funnel. The lower layer was collected. To precipitate 
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free ammonia, an excess amount of ammonia was added to the lower layer. The total amount 

of the solution was filtered using Whatman filter paper 42. The filtrate was evaporated in an 

oven and weighed to constant weight for measuring the percentage of alkaloids present in the 

three varieties of peel samples. The alkaloid content was calculated as percentage weight using 

the formulae below and tabulated. The experiment was repeated thrice with three types of peel 

samples. 

% Alkaloids = =
(𝑊2−𝑊1)

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
× 100 

 

W2 = weight of filter paper + Residue after oven drying.  

W1 = weight of filter paper 

Weight of peel sample = 5g. 

2.8.3.8. Test for Anthraquinones 

Bhimkol peel samples of 100 mg were boiled with 3 mL of 1% HCl and filtered. 2.5 mL 

of benzene was added to the filtrate and shaken and filtered again. About 1 mL of 10% 

ammonia solution was added to the filtrate. After shaking the mixture, colouration in the 

ammonical phase appeared. Appearance of violet, red or pink colour indicated the presence of 

free hydroxyl anthraquinones. 

2.8.3.9. Test for Tannin 

To 1 mL of the peel extract, 2 drops of 5% FeCl3 were added. The appearance of a dull-

green precipitate indicated the presence of tannin. This test was also carried out by boiling 50 

mg of the peel samples in 20 mL of distilled water and filtered. In the filtrate, a few drops of 

0.1% FeCl3 were added to the filtrate and a change of colour was observed. The colouration of 

brownish-green or a blue-black indicated the presence of tannins. 

2.8.3.10. Estimation of Tannin 

The total tannin was estimated using the following method. About 0.5 g of the peel sample 

was crushed and then weighed and 50 mL of distilled water was added. The solution was 

allowed to stir continuously for 1 hour on a magnetic stirrer. The mixture was filtered, 5 ml of 

the filtrate was mixed with 2 mL of 0.1M FeCl3 in 0.1N HCl and 0.008 M K4Fe(CN)6 

(potassium ferrocyanide). For the standard solution preparation, about 0.1g of tannic acid was 

dissolved in 100 mL of distilled water to form a tannic acid solution. 5 mL was used to prepare 

the standard solution from this tannic acid solution, and 5 mL of distilled water was used to 
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prepare a blank sample solution. All the prepared solutions were then incubated for one and 

half an hour at ambient temperature. Later, the solutions were made up to the 50 mL mark 

using distilled water. The absorbance was measured at 760 nm for all the standard and sample 

solutions using a UV-Vis Spectrophotometer. The total tannin content was calculated as 

percentage weight using the formulae below and tabulated. The experiment was repeated thrice 

with three varieties of peel samples. 

Tannin in mg/100 = 
(𝑋−𝑍)

(𝑌−𝑍)
 

Absorbance of 5 mL of extract = X  

Absorbance of tannic acid solution = Y Absorbance of Blank = Z 

2.8.3.11. Test for Phenolic Compounds 

Ferric Chloride test: Peel samples of 50 mg were dissolved in 5 mL of distilled water. Few 

drops of neutral 5% ferric chloride solution were added to the mixture. The colouration of dark 

green indicated the presence of phenolic compounds.  

Gelatin test: Peel samples of 50 mg were dissolved in 5 mL of distilled water. 2 mL of 1% 

gelatin solution containing 10% NaCl was added to the mixture. The appearance of white 

precipitate indicated phenolic compounds.  

Lead acetate test: 50 mg of peel sample was dissolved in 5 mL of distilled water. Again, 3 

mL of 10% lead acetate solution was added to the mixture. The appearance of bulky white 

precipitate demonstrated the presence of phenolic compounds. 

2.8.3.12. Estimation of Phenolic compounds 

The Folin-Ciocalteu method was used for the total phenol determination described by 

Barimah et al. with slight modification.63 It is based on determining the colour change from 

yellow to blue-black due to reducing the Tungstate-molybdate mixture, which is present in the 

Folin-Ciocalteu reagent in the solution. Thus, the detection of phenol was concluded. 

2.8.3.13. Preparation of Gallic Acid Stock 

Dry Gallic acid (0.5 g) was dissolved in 10 mL ethanol. This was diluted, and volume was 

made up to 100 mL with distilled water. 

2.8.3.14. Standard Calibration Curve for Phenol Analysis 

For the standard curve preparation of gallic acid, a stock solution of 1000 ppm (mg/l) of 

the Gallic acid was prepared. Various gallic acid solutions of different concentrations were 

prepared by dilution with distilled water. The standard Gallic acid solutions prepared were 1, 
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10, 50, 100, 250, and 1000 mg/L, respectively. An amount of 0.1 mL of each standard Gallic 

acid was added to 6.0 mL distilled water. Folin-Ciocalteu reagent of about 0.5 mL was also 

added. The solutions were mixed thoroughly and allowed to stand for about 5-10 minutes. Then 

20 % sodium carbonate (1.5 mL) solution was added to each solution and the solutions were 

made up to 10 mL mark with distilled water and mixed. The subsequent solutions were then 

incubated for 90 minutes in the dark at ambient temperature. The absorbance was measured at 

765 nm using a UV-VIS spectrophotometer. Distilled water was used as blank in the 

experiment. 

2.8.3.15. Estimation of Total Phenol Content 

The peel sample extraction was initially started by crushing about 0.5 g peels in a mortar 

and pastel and weighed. Then about 50% methanol (10 mL) was added to the crushed peel 

sample and mixed thoroughly and allowed to stand for 24 hours. The sample extracts were then 

obtained by sieving and filtrated using Whatman filter paper 1. Next, about 0.1 mL sample was 

added to 6.0 mL of distilled water followed by the addition of 0.5 mL of Folin-Ciocalteu 

reagent and mixed well. It was then allowed to stand for 5-10 mins. Afterward, 20% sodium 

carbonate (1.5 mL) solution was added. The solutions were made up to the 10 mL mark with 

distilled water and mixed well. The subsequent solutions were then incubated for 90 min in the 

dark at ambient temperature. Later, the absorbance readings were measured at 765 nm. 

Absorbance readings were measured for triplicate samples for each variety of peels. Distilled 

water was used as blank in this experiment. Finally, the total phenolic contents of each fraction 

were converted into milligram Gallic acid equivalents per gram dry weight of bhimkol peel 

samples. Linear calibration curves of gallic acid were produced with R2 = 0.9995. The data 

were tabulated. The experiment was repeated thrice with three varieties of peel samples. 

2.8.3.16. Test for Phlobatannins 

Peel samples of 100 mg boiled for 5-10 minutes in 3 mL of 1% aqueous hydrochloric acid. 

There may be the presence of red colouration at the bottom. The deposition of red precipitate 

indicated the presence of phlobatannins. 
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3.1. Introduction 
 

Among all the noble metal nanoparticles, silver nanoparticles(AgNPs) have got special 

interest because of their small sizes and large surface areas with unique photophysical and 

chemical properties. AgNPs are also known to exhibit antibacterial, antiviral, antifungal and 

anti-inflammatory activities.1 Thus, a vast majority of research involves the synthesis of AgNPs 

due to their potential applications ranging from chemistry, physics, material science, biology 

to medical science and nanobiotechnology. Therefore, many synthetic techniques for AgNPs, 

such as chemical reduction, radiation, and photochemical methods, are available2 and many 

more are under research. Most of these methods are not cost-effective, not environment friendly 

and do not meet the current research trend or the market demand.  

To meet the current industrial demand and overcome the challenges faced by the living 

organisms in the environment during the synthesis of AgNPs, the environment-friendly 

synthesis of AgNPs is highly desirable and considered a widely accepted technology. Thus, in 

the race of synthesis of AgNPs via biomimetic green synthetic route, several methodologies 

have been adopted, such as synthesis using microorganisms,3,4 fungus,5 enzymes,6 plant 

extracts,2,7 etc. These methodologies are considered environment-friendly and are alternatives 

to physicochemical methods. Among these biological approaches, the less time-consuming, 

cost-effective, and less tedious approach, such as using plants or plant extracts, are 

advantageous over other eco-friendly synthetic methods. Therefore, such cost-effective and 

environment-friendly green synthetic methods of silver nanoparticles (AgNPs), using cheap 

and widely available plant extracts such as vegetable extract, are highly demanding. 

3.2. Green synthesis of AgNPs using Plant Extracts 

The use of plant extracts for the synthesis of AgNPs is potentially advantageous over 

microorganisms due to its simple process, less time consumption by averting the elaborate 

process of cell culture maintenance in the case of microbe-mediated synthesis. Due to the 

requirement of high aseptic conditions, the microbe-mediated synthesis is not industrial 

feasibility. So, green synthesis provides the best platform for nanoparticle synthesis as it is free 

from toxic chemicals, and plant extracts provide natural capping agents for AgNPs 

stabilization. Additionally, the use of plant extracts reduces the cost of isolation of microbes 

and their culture media, which helps enhance cost-competitive feasibility over AgNPs 

synthesis by microbes. Due to the amalgamation of biomolecules with silver ions, the reduction 

and stabilization of the formed nanoparticles can easily be established using plant extracts with 
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medicinal values. Thus, these processes are environment-friendly beneficial for environmental 

applications. The biomolecules involved in the process of synthesis and stabilization of 

nanoparticles are the secondary metabolites present in the plant extracts such as proteins, 

enzymes, alkaloids, tannins, phenolic compounds, polysaccharides, saponins, vitamins, 

terpenoids, etc.8 A large number of plants facilitate AgNPs synthesis, some of these are 

reported in table 3.1.2  

Table 3.1. Green synthesis of silver nanoparticles using various plant extracts. 

Sl.No. Plant Extract Plant parts 

used 

Nanopartic

le size (nm) 

References 

1 Little ruby (Alternanthera 

dentate) 

Leaves 50-100 9 

2. Sweet flag (Acorus 

calamus) 

Rhizome 31.83 10 

3. Tea (Camellia sinensis) Leaves 20-90 11 

4. Punarnava (Boerhaavia 

diffusa) 

Whole plant 25 12 

5. Tribulus terrestris Fruit 16-28 13 

6. Cyprus turpentine tree 

(Pistacia atlantica) 

Seeds 10-50 14 

7. Coconut (Cocous nucifera) Inflorescence 22 15 

8. Indian mallow (Abutilon 

indicum) 

Leaves 7-17 16 

9. Ziziphora tenuior Leaves 8-40 17 

10. Common fig (Ficus 

carica) 

Leaves 13 18 

11. Indian mercury (Acalypha 

indica) 

Leaves 0.5, 20-30 19,20 

12. Lemon grass 

(Cymbopogan citratus) 

Leaves 32 21 

13. Stemless Premna (Premna 

herbacea) 

Leaves 10-30 22 

14. Rubber Tree (Calotropis 

procera) 

Plant 19-45 23 
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15. Asiatic pennywort 

(Centella asiatica) 

Leaves 

 
 

30-50 24 

16. Woolly morning glory 

(Argyreia nervosa) 

Seeds 20-50 25 

17. Field mustard (Brassica 

rapa) 

Leaves 16.4 26 

18. Babchi (Psoralea 

corylifolia) 

Seeds 100-110 14 

19. Scarlet gourds (Coccinia 

indica) 

Leaves 10-20 27 

20. Chinese chaste tree (Vitex 

negundo) 

Leaves 5, 10-30 28 

21. Melia dubia Leaves 35 29 

22. Pursley (Portulaca 

oleracea) 

Leaves <60 30 

23. Yellow oleander (Thevetia 

peruviana) 

Latex 10-30 31 

24. Shrub-Mint (Pogostemon 

benghalensis) 

Leaves >80 32 

25. Ajwain (Trachyspermum 

ammi) 

Seeds 87,99 33 

26. West Indian mahogany 

(Swietenia mahogany) 

Leaves 50 34 

27. French plantain banana 

(Musa paradisiacal) 

Peels 20 35 

28. Drumstick tree (Moringa 

oleifera) 

Leaves 57 36 

29. Lotus (Nelumbo nucifera) Leaves 25-80 37 

30. Bhringraj (Eclipta 

prostrate) 

Leaves 35-60 38 

31. Garlic (Allium sativum) Cloves 4-22 39 

32. Aloe vera Leaves 50-350 40 

33. Navel orange (Citrus 

sinensis) 

Peels 10-35 41 
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34. Eucalyptus tree 

(Eucalyptus hybrid) 

Peels 50-150 42 

35. Nemaaru tree (Memecylon 

edule) 

Leaves 20-50 43 

36. Indian Thornappe (Datura 

metel) 

Leaves 16-40 44 

37. European wine grape (Vitis 

vinifera) 

Fruits 30-40 45 

38. Papaya (Carica papaya) Leaves 25-50 46 

39. Mangosteen (Garcinia 

mangostana) 

Leaves 35 47 

 

Thus, it is clear that the different plants and their various parts have been utilized to 

synthesize AgNPs. These nanoparticles are mainly spherical in shape with 10-100 nm average 

dimensions. The synthesis of nanoparticles involves collecting the plants from the available 

sites and washing thoroughly to remove dust or any impurities. Then the extract is prepared 

either by dissolving freshly cut plant parts in distilled water or by using dried powders of the 

respective plant's parts in an appropriate quantity, and the mixture is boiled. After cooling 

down, the solution is filtered thoroughly until no more insoluble material appears in the broth. 

Some definite concentration of silver nitrate (AgNO3) is added to the plant extract, which 

results in the reduction of pure Ag(I) ions to metallic Ag(0). The formation of AgNPs can be 

monitored using UV-Visible spectroscopy by observing the absorbance at regular intervals.2  

The secondary metabolites present in plants or plant parts, such as steroids, sapogenins, 

carbohydrates, phenolics and flavonoids at high levels, act as reducing agents for the 

bioreduction of silver ions during the synthesis of AgNPs. These phytochemicals also act as 

capping agents that provide stability to the AgNPs. The extracellular AgNPs synthesized using 

the aqueous plant extracts prove more straightforward, economical, and quicker than chemical 

and microbial methods. The AgNPs also exhibit antibacterial activities against pathogenic 

bacteria such as Pseudomonos aeruginosa, Escherichia coli, Klebsiella pneumonia, etc.9 Due 

to the antibacterial properties of AgNPs, these are widely used in the health industry, food 

storage and various environmental applications. AgNPs and their composites also show 

superior catalytic activities in dye reduction and removal. Also, the application of AgNPs as 

an antimicrobial agent is known.48,49 Several reports exist addressing the AgNPs synthesis ssing 

plant extracts. However, there is a need for economic and a commercially viable methodology 
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for finding the natural phytochemicals or the reducing agents, which help in the eco-friendly 

synthesis of AgNPs. There are differences in the chemical compositions of the same species of 

plant extract from different places, leading to different outcomes. As such, identifying the 

biomolecules present in the plant responsible for the synthesis of AgNPs and developing a 

faster and efficient protocol can aid in solving this problem.  

Chayote (squash) or sechium edule is an underutilized vegetable crop consisting of an 

adequate amount of nutritionally important amino acids and other phytochemicals. These fruits 

are used as therapeutic applications to control high blood pressure and renal diseases.50 

Therefore, wide availability and phytochemical constituents of chayote (squash) may be a good 

opportunity for the synthesis of AgNPs using chayote (squash) or sechium edule aqueous 

extract.  

3.3. AIM AND OBJECTIVES 

Following the background literature, we have concentrated ourselves for the first time to 

use a vegetable, Chayote (Sechium edule) known as ‘Squash’ which is widely available, cheap 

and has antioxidant properties for framing the following research objectives for this chapter. 

a) Synthesis of stable silver nanoparticles(AgNPs) with the bioreduction method using 

chayote squash, or Sechium edule aqueous extract.  

b) Characterization and determination of the crystalline phase of synthesized AgNPs from 

X-ray diffraction (XRD) method.  

c) Evaluation of the antimicrobial effect of biologically synthesized Ag-NPs by disc 

diffusion method against gram positive and gram negative bacteria. 

d) Study of the catalytic activity of synthesized Ag-NPs toward the reduction of methylene 

blue using UV–visible spectrophotometer. 

3.4. RESULTS AND DISCUSSION 

3.4.1. Preparation of the Chayote Squash Aqueous Extract 

Chayote squash was purchased from the local market. Its peel was removed and 

appropriately washed with water and cut into small pieces. 150 g squash was taken in 200 ml 

distilled water and boiled for 24 hrs. The cold extract was filtered through Whatman 42 filter 

paper and was preserved in a refrigerator (10oC).51 The filtrate (aqueous extract) was used for 

the phytochemical test as well as for the preparation of AgNPs from AgNO3. 
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Figure 3.1. Chayote Squash (Sechium edule) (a) fruits; (b) pulp pieces and (c-d) aqueous 

extract and the synthesis of Ag-NPs with Sechium edule aqueous extract. Change in colour of 

Sechium edule aqueous extract upon addition of AgNO3 is an indication of the reduction of 

Ag+ to Ag0. 

3.4.2. Study of the Qualitative Phytochemical Compositions of the Chayote 

(Sechium edule) squash 

The aqueous and organic extracts of chayote squash were used for the phytochemical tests. 

Thus, the aqueous extract responded to all the tests except for the presence of tannins, while 

organic extracts showed negative tests against tannins and terpenoids. The chloroform and 

ethyl acetate extracts responded only to steroids/flavonoids and flavonoids tests, respectively 

(table 3.2). Table 3.2 represents all the various qualitative tests of the Sechium edule extracts 

indicating the presence and absence of the phytochemicals. 

As such, the aqueous extract contains most of the secondary metabolites, which helps in 

the synthesis of AgNPs. The presence of phenols and flavonoids indicates the richness of 

antioxidant properties, which results in antimicrobial properties. The presence of alkaloids also 

contributes to the therapeutic and antimicrobial properties. The presence of tannin indicates 

healing properties in the plant extract. From the various qualitative phytochemical analysis, it 

is observed that the chayote vegetable is rich in all the secondary metabolites, which may act 

as an excellent stabilizing as well as a reducing agent for the formation of stable AgNPs. 
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Table 3.2. Qualitative phytochemical evaluation of the sechium edule extracts 

Phytoconst

ituents 

Test performed/ 

reagents used 

 

Aqueous 

extract 

Methanol 

extract 

Chloroform 

extract 

Ethyl 

acetate 

extract 

Alkaloids                                                

 

 

Meyers test + + - - 

Dragendorffís test + + - - 

Wangers test + + - - 

Steroids                                                  Libermann-Burchard 

test 

+ + + - 

Flavonoids                   Shinoda test + + + + 

Tannins                                             

 

Ferric chloride - - - - 

Lead acetate - - - - 

Saponin                      Test for stable foam + + - - 

Glycosides                                      Borntager test + + - - 

Proteins and 

amino acids                                           

Ninhydrin test + + - - 

Reducing 

sugar 

Benedict test + + - - 

Fehling’s test + + - - 

Terpinoids   + - - - 

Phenols  Ferric chloride test + + - - 

+ = Presence - = Absence 

3.4.3. Synthesis of Silver nanoparticles(AgNPs) 

After performing the qualitative phytochemical test with an aqueous extract of squash, it 

was used for the preparation of AgNPs. Thus, when silver nitrate was added to the aqueous 

extract, the colour of the solution changed from light yellow to brown, indicating the reduction 

of Ag+ to Ag0 (Fig. 3.2). The colour change is indicative of the formation of AgNPs, which was 

confirmed by the appearance of an absorption peak at 450 nm in the UV-visible spectra (Fig. 

3.2A). 
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Figure 3.2. (A) UV-visible absorption spectra of Sechium edule aqueous extract and AgNPs. 

(B) Mechanism of formation of Ag-NPs. Ag+ ions form phenolate complexes with polyphenols 

present in aqueous extract and get reduced to Ag0 leaving quinones as the oxidized products of 

phenols. 

3.4.4. Characterizations of AgNPs 

Phytochemical analysis of Sechium edule aqueous extract revealed alkaloids, flavonoids, 

and phenols, which are mainly responsible for reducing Ag+ to generate Ag-NPs. Thus, FTIR 

spectra of Sechium edule extract as well as of AgNPs have been analyzed. The appearance of 

FTIR peaks at 3450.14 cm -1, 2086.21 cm -1, 1636.95 cm -1 and at around 680 cm -1 in Sechium 

edule aqueous extract indicated the presence of functional group -OH, -COOH, -NH-amides 

and phenyl ring substitution, respectively. On the other hand, a shift in peak position of all the 

peaks was observed in the case of AgNPs. This observation indicated that the AgNPs were 

attached with phenols with aromatic ring, acid and amide group. Thus, the amide groups and 

COOH groups and the phenols act as a ligand for the synthesis and stabilizing the nanoparticles. 

A possible mechanism of formation of AgNPs was demonstrated in figure 3.2(B). 

Further evidence of the formation of crystalline AgNPs comes from the X-ray diffraction 

(XRD) analysis. The crystalline nature of AgNPs was confirmed from X-ray diffraction (XRD) 

analysis (Fig. 3.3A). Two intense peaks in the spectrum of 2θ value ranging from 10 to 50 were 

observed in the XRD pattern indicating the formation of AgNPs. From the XRD, the crystalline 

size of the nanoparticles was found to be 9.3 nm. The transmission electron microscopic study 

revealed the average particle size to be 12-15 nm size. The nanoparticles were spherical with 
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diffused ring patterns indicating the short-range crystalline nature of silver nanoparticles (Fig. 

3.3B). 

    

Figure 3.3. (A) XRD pattern of synthesized Ag-NPs. (B) Transmission electron microscopic 

image of as-synthesized silver nanoparticles, showing spherical features. Inset shows SAED 

patterns of silver nanoparticles. The diffused ring pattern is indicative of the short-range 

crystalline nature of silver nanoparticles. 

3.4.5. Study of Antibacterial/Antifungal Activity  

After characterizing, the AgNPs were tested for their antibacterial activity and compared 

with that of the aqueous extract of Sechium edule against gram-positive B. subtilis(MTCC 

strain no. 441) and gram-negative E. coli(MTCC strain no. 1696). The individual activities of 

AgNPs and aqueous extract of Sechium edule were compared with the control antibiotics, 

streptomycin (S10) and ampicillin (Amp) (Fig. 3.4). The nanoparticle solution was tested 

against the pathogens by placing 5 µl of the solution on a disc in a disc diffusion method. Then 

the zone around the disc was compared separately with inhibition zones of two standard 

antibiotics (Fig. 3.4A).  

The results showed that the synthesized AgNPs had better antibacterial activity on both 

gram-positive and gram-negative bacteria than only the Sechium edule aqueous extract. In 

particular, AgNPs are almost 8 times more effective against gram-negative E. coli compared 

to both the control and the aqueous extract of Sechium edule. However, both the Ag-NPs and 

the aqueous extract of Sechium edule were found to be less effective compared to the control 

streptomycin (S 10) (Fig. 3.4B). 
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Figure 3.4.  (A) Antibacterial activity of silver nanoparticle against (i) B. subtilis and (ii) E. 

coli. (B) Comparison of antibacterial activity of squash aqueous extract and Ag-NPs with 

control S10. 

   

Figure 3.5. (A) Antifungal activity of Sechium edule and Ag-NPs against Aspergillus 

thermomutans. (B) UV–visible spectra of methylene blue reduction by Sechium edule aqueous 

extract and Ag-NPs. (C) Electron relay effect in the catalytic action of Ag-NPs between 

sechium  edule aqueous extract and methylene blue. (D) Immobilized AgNPs. 

TH-2639_156152007



Chapter 3                                                          Green Synthesis of Silver Nanoparticle….and Catalytic Activity 
 

94 

 

Next, the antifungal activity of AgNPs was tested against pathogenic fungi, Aspergillus 

thermomutans and compared the result in respect of the Sechium edule aqueous extract. Thus, 

5 µl of the solution of AgNPs and Sechium edule aqueous extract were placed in two separate 

wells and the plates were examined for evidence of zone of inhibition. The diameter of such 

zones of inhibition was examined and found that upon adding AgNPs the diameter of the 

inhibition zone increased to 1.3 cm compared to that observed with Sechium edule aqueous 

extract. Therefore, a repeated experimental result revealed that the antifungal activity of Ag-

NPs is much more compared to that of only aqueous extract (Fig. 3.5A). 

3.4.6. Study of Catalytic Activity  

AgNPs are known to show catalytic activity. Therefore, the reduction of methylene blue 

was evaluated next by the synthesized AgNPs. Methylene blue (MB) absorbs (λmax) at 664 nm. 

A gradual decrease in absorbance and a redshift in the absorption wavelength of MB were 

noticed upon the addition of Sechium edule aqueous extract into the MB dye within 30 minutes. 

The decrease of absorbance showed the ability of phyto-extract to degrade methylene blue. A 

sample containing MB dye, Ag-NPs and the Sechium edule aqueous extract showed a marked 

decrease in the absorbance of MB and increased absorbance of AgNPs at the end of 30 min 

time interval. After 60 minutes, the absorbance of Ag-NPs increased with almost disappearance 

of the absorbance of MB dye (Fig. 3.5B). This observation showed that AgNPs act as electron 

transfer mediator between the Sechium edule aqueous extract and methylene blue.  Therefore, 

AgNPs acted as a redox catalyst with an electron relay effect in reducing methylene blue by 

Sechium edule aqueous extract (Fig. 3.5C). Finally, the synthesized AgNPs were immobilized 

using sodium alginate and calcium chloride (Fig. 3.5D). These immobilized nanoparticles 

might find widespread applications in various fields such as in clinics for the production of 

antiseptic bandage material, in water treatment and many other biotechnological and clinical 

applications. 

3.5. CONCLUSION 

The ability of Sechium edule fruit aqueous extract to synthesize silver nanoparticles has 

been demonstrated. The phytoconstituents such as polyphenols, the amide groups, and COOH 

groups might act as ligands for synthesizing and stabilizing the AgNPs, as evident from FT-IR 

studies. From our study in chapter 2 and chapter 3, we have observed the aqueous extract of 

the banana peels and the chayote squash contains the similar phytochemicals such as 

flavonoids, saponins, phenols, alkaloids and glycosides. Only tannins were absent in case of 
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the chayote squash extract. Synthesized silver nanoparticles were characterized by UV-Visible, 

FTIR and XRD. The antimicrobial results state that the silver nanoparticles have a strong 

antibacterial effect on gram-negative bacteria. Moreover, the synthesized AgNPs show 

catalytic activity that influences the reduction of methylene blue in the presence of Sechium 

edule aqueous extract attributed to the electron relay effect. The catalytic effect of AgNPs in 

organic transformations under reducing environment can be further explored. 

3.6. EXPERIMENTAL SECTION 

3.6.1. Materials and Methods 

3.6.1.1. Chemicals and squash 

Chayote squash was purchased from the local market of Amingaon, Guwahati, Assam, 

India. AgNO3 was purchased from E-Merck Germany and used as a silver precursor as 

supplied. Millipore water was used for extraction process. Methylene blue was purchased from 

E-Merck Germany. Potato dextrose agar (PDA) was purchased from Himedia and used as 

supplied. All reagents were of analytical grade and were used as received without further 

purification. All solutions were freshly prepared using Millipore water and kept in the dark to 

avoid any photochemical reactions. All glassware used in experimental procedures was cleaned 

and dried before use. 

2.6.1.2. Preparation of the chayote squash aqueous extract 

Chayote squash purchased and cleaned properly, then its peels were removed and cut into 

small pieces. The methodology is already described and same is followed.51 The aqueous 

extract was used for the phytochemical test and for synthesis of AgNPs. 

3.6.1.3. Synthesis of silver nanoparticles 

30 ml of chayote squash aqueous extract was added to 30 ml of an aqueous solution of 20 

mM silver nitrate to reduce Ag+ ions and incubated at room temperature for 48 hrs. The AgNPs 

were purified by repeated centrifugation of brown suspension at 10,000 rpm for 20 min. Then, 

redispersion of the pellet of AgNPs in deionized water and again centrifugation in the same 

way. Thus produced AgNPs were characterized and studied for their antimicrobial activity and 

catalytic activities.52,53 
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3.6.2. Characterization of AgNPs 

3.6.2.1. UV-Visible spectroscopy  

The reduction of Ag+ ions into AgNPs was monitored by measuring the absorption of the 

reaction medium in a range of 400-450 nm wavelength using a Shimadzu UV-2550 UV-Visible 

spectrophotometer with a cell of 1 cm path length. The nanoparticles were primarily 

characterized by UV-visible spectroscopy, which is a very useful technique for the 

nanoparticles analysis. The measurements were done in absorbance mode. All the sample 

solutions were prepared freshly just before doing the experiment. 

3.6.2.2. XRD measurement  

The freeze-dried pellet nanoparticles were analyzed by X-ray diffraction. The instrument 

used was Bruker X-ray powder diffractometer. X-ray Diffraction is mainly used to measure 

crystallinity and phase of syhtnesized nanoparticles. The XRD patterns were measured at 50 

kV and 100 mA using Cu Kα radiation with x-ray wavelength λ = 1.5406 Å. An R-AXIS IV++ 

x-ray detector was used to detect the diffracted X-rays. The scanning velocity was fixed at 

2o/min, and the diffraction pattern was recorded in the angular 2θ range 30°-80°. It provides 

details of the lattice structures of crystalline substances. Crystalline or amorphous nature of the 

nanoparticles are revealed under X-Ray Diffraction. 

3.6.3.3. FTIR Measurements  

The AgNPs were purified and dried, after that FTIR spectrum was recorded on a Perkin 

Elmer Spectrum One FT-IR spectrometer. The FT-IR spectra of the green synthesized AgNPs 

were collected at a resolution of 4 cm-1 in the transmission mode from 4000 cm-1 - 400 cm-1 

wavenumbers. The functional groups present in the aqueous extract, which are responsible for 

the reduction of silver ions as well as a stabilizer of formed nanoparticles was identified with 

the help of FT-IR spectroscopy. 

3.6.3.4. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy(TEM) analysis was carried out using the JEOL model 

JEM2100 Field Emission Transmission Electron Microscope. Electron microscopy parameters 

were set at a 1.4 Å (lattice) resolution and 1.94 Å (point to point). All images and analyses 

were obtained at 200 kV accelerating voltage. In the process, three magnification modes (at 

200 kV) were maintained at: Standard magnification mode: 2,000× to 1,500,000×; Selected 

area magnification mode: 2,000× to 1,500,000×; Low magnification mode (LOW MAG): 50× 

to 1,000×. SAED camera length was controlled at 8 to 20 cm. TEM is an imaging technique in 
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which the electron beam is focused on a sample specimen, which enlarges the image of the 

sample in a fluorescent screen of photographic film. Transmission electron microscopy (TEM) 

was used to know the size and structure of AgNPs precisely and support the results obtained 

by FESEM. 

3.6.4. Application of AgNPs 

3.6.4.1. Antibacterial assay 

The silver nanoparticles synthesized by the aqueous extract of sechium edule were tested 

for antimicrobial activity by disc diffusion method against gram-positive and gram-negative 

bacteria and compared with the control (S10, Amp). Approximately, 15 mL of autoclaved LB 

agar media was poured into each of the sterilized Petri dishes in a laminar airflow system. The 

plates were then sealed with paraffin strips, allowed to dry, and left overnight at 4°C 

temperature. The LB agar plates were precisely spread with the respective bacteria, and the 

discs containing the solution of AgNPs, aqueous extract and the antibiotics were put into the 

plates. The agar plates were then incubated at 37°C for 24 hrs. After incubation, the zone of 

inhibition (in mm diameter) was observed and tabulated. 

3.6.4.2. Antifungal assay 

The antifungal assay was carried out in petri plates containing 10 ml potato dextrose agar 

(PDA) as a culture medium supplemented with silver nanoparticles. Aspergillus thermomutans 

was point inoculated in above medium and incubated at 28 ºC for 72 hrs. The diameter of 

mycelial colonies developed was compared with the control plates.  

3.6.4.3. Effect of AgNPs on the reduction of methylene blue (MB)  

The catalytic activity of synthesized AgNPs was evaluated from a study of the reduction of 

methylene blue monitored using a UV–visible spectrophotometer. Thus, 1.5 ml of methylene 

blue (1 × 10−3 M) was mixed with 0.1 ml of aqueous fruit extract and 1.4 ml of water and the 

reaction was monitored after 30 min. In a separate tube, 1.5 ml of methylene blue (1 × 10−3 M) 

was mixed with 0.1 ml aqueous fruit extract and 1.4 ml of synthesized Ag-NPs and the reaction 

was monitored at three different time intervals viz., 30 min, 45 min and 60 min. The values of 

absorptions were compared with that of methylene blue. 
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Synthesis of Polystyrene Nanocomposites (PS-AgNPs) 
from Waste Thermocol and Green Synthesized Silver 

Nanoparticles for Water Disinfection Application 
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4.1. Introduction 

Nanotechnology offers various treatment technologies for wastewater treatment. These 

technological processes include membrane processes, photocatalytic/elctrochemical oxidation 

or degradation, coagulation, adsorption, sedimentation, biological oxidation, flocculation, and 

other combined methodologies.1 Nanomaterials offer opportunities to be used economically 

for expanding, restoring and cleaning the water systems. Nanomaterials or nanocomposites 

used for industrial waste treatment are extremely important and are used extensively. Figure 

4.1 represents the significant applications of nanocomposites in wastewater treatment. The 

application of nanotechnology in wastewater treatment is advantageous as it can remove 

impurities and provide pure water with cost and time-effective way.2 

 

Figure 4.1. The various application of nanocomposites in wastewater treatment (Adapted 

from Naseem et al., 2021). 

Figure 4.1 represents four major applications of nanocomposites which include adsorption, 

membrane process, photocatalysis and disinfection.1 Generally, physical forces cause 

adsorption, but sometimes poor chemical bonds can also cause adsorption. In removing the 

organic and inorganic impurities from water and wastewater, nano-adsorbents are used because 

they are ideal due to their exceptional properties such as smaller size, catalytic potential, easy 

separation, higher reactivity and high surface area.3 
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Nanotechnology also provides therapeutic aid with drug-resistant microbes. Numerous 

nanoparticles are extensively used as antibacterial agents in medical, agricultural, water 

resource, and environmental fields. Metal nanoparticles and metal oxide nanoparticles-based 

nanocomposites can overcome the conventional antibiotic drug limitations. The main 

mechanisms of the nanoparticle-based nanocomposites which involve antibacterial activity are 

reactive oxygen species generation, ion release and bacterial cell membrane impact. The 

physicochemical properties of nanocomposites, such as size, shape, solubility, orientation, 

surface area, crystallinity, and chemical composition, play a significant role in their 

antimicrobial activities.4  

4.2. NANOCOMPOSITES 

Nanocomposites are solid materials built up with numerous phases where one phase has 

either one, two or three dimensions in the nanometer range. These nanocomposites consist of 

nanomaterials which mainly include nanoparticles, nanofibers, and nanoclays.5 Phase 

interfaces occur when the material dimensions go down to the nanometer level, one of the most 

critical factors for enhancing material properties.6 These nanocomposite materials can be 

advantageous over conventional composites as they are composed of polymeric, metallic or 

non-metallic materials that help retain primary features for overcoming defects and enhancing 

new characteristics. Nanocomposites provide new alternative solutions for undergoing the 

existing limitations of micro composites and the monolithic.5 

Nanocomposites have numerous advantages over conventional composite materials. They 

have a high surface-to-volume ratio, which aids small filler sizes; they have better mechanical 

properties, high ductility and scratch resistance. Nanocomposites also provide optical 

properties such as light transmission, which mainly depends on particle size. However, the 

toughness of the materials and impact on incorporating the nanoparticles into the bulk-matrix 

composite put several challenges for the applications of these materials. Also, there is not an 

adequate understanding of the formulation, the material properties, structure association. As 

such, more research on the complexity of the nanocomposite materials can provide better 

elucidations.5  

4.2.1. Types of Nanocomposites 

There are mainly three matrix groups of nanocomposite materials- ceramic matrix, metal 

matrix and polymer matrix nanocomposites-which are depicted in Figure 4.2. In ceramic 
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nanocomposite materials, one or more discrete ceramic phases are added mainly to boost 

resistivity, thermal and chemical stability. But these materials are brittle and have low 

toughness, and hence they have limited usage. Energy dissipating components such as fiber, 

particles, or platelets are incorporated in the ceramic matrix to lower the brittleness and enhance 

durability.7,8 Ceramic nanocomposites have biomedical9 and various photocurrent 

applications.10 They are also used for acid fuchsin removal.11  

 

Figure 4.2. Schematic representation of the main types of nanocomposites. 

The multiphase material in which ductile metal or alloy matrix is reinforced with nanosized 

materials is known as metal matrix nanocomposites. These types of nanocomposites find broad 

applications in aerospace, military, automotive and electronics. The polymer-metal 

nanocomposites mainly comprise of a polymer as matrix and metal nanoparticles as the 

nanofillers. These types of nanocomposites have huge applications in biomedical and medical 

devices. Further, The fillers in the polymer matrix nanocomposites are classified as 1D-linear, 

1D-layered and 3D-powder, including carbon nanotubes(1D), montmorillonite(2D) and silver 

nanoparticles(AgNPs).12 Polymer matrix and nanofillers interact on a molecular level which 

initiates the effect of attraction between nanocomposites. Nanofillers have a high surface area. 

A larger interface area means more significant interaction area, which determines the 
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magnitude of the effect produced by the presence of the filler. This interaction between the 

charge and polymer is a complex phenomenon involving several interaction mechanisms such 

as electrostatic interactions, diffusion, surface tension, mechanism interlocking, chemical 

bonding, surface tension, intermolecular bonding and surface wetting that are unique to the 

complex according to its type, size, shape and preparation. Thus, the addition of nanofiller to 

the polymer matrix with less than 100 nm dimension changes the properties of the 

nanocomposites. Polymer nanocomposites fundamentally have high thermal stability, low gas 

permeability and enhanced mechanical properties.13  

4.2.2. Polymer Nanocomposites 

Polymer nanocomposites are composite materials that include polymer as matrix and 

nanofillers as stable and uniform nanoparticles. Nanoparticles are well dispersed into the 

polymer matrix, resulting in improved properties in the nanocomposites compared to the 

conventional composites or neat polymers. Nanocomposites are materials in which polymer 

combines with the useful properties of metal nanoparticles such as electrical, catalytic, optical 

and magnetic properties and become functional in various commercial applications.14–16 The 

main reason for choosing polymer nanocomposite technology is that it can prevent aggregation 

of particles which occurs due to the high surface energy of the added nanoparticles. To 

overcome this, alterations can be made to the surface of the particles, which enhances and 

modifies the polymer matrix and inorganic particles interfacial interactions.17 Silver 

nanoparticles(AgNPs) are frequently used with polymers as nanofillers. They have a better 

catalytic and antimicrobial activity, better chemical stability, good conductivity, improved 

thermal and other properties of the polymer matrices.16,18 Further, due to the addition of the 

proper size of AgNPs with the polymers, nanocomposites can achieve enhanced optical 

properties because of the stronger plasma resonance absorption of the materials.19 For 

achieving this, polystyrene(PS) is one of the most effective polymers for AgNPs stabilization. 

These synthesized PS nanocomposites are utilized for designing numerous devices in which 

the PS properties are upgraded or retained.20 

Polystyrene(PS) is commercially known as general-purpose or crystal polystyrene. PS is 

an aromatic hydrocarbon polymer made from styrene monomers. Figure 4.3 represents the 

structure of polystyrene. It is a vinyl polymer that is synthesized by free radical vinyl 

polymerization. It is a petroleum-based plastic that was first developed by distillation or 

pyrolyzing liquid storax. It is lightly weighted as it is composed of 95% of air and 5% PS. 
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Consumption of PS is highest in Asia, i.e., about 53% of the total world production and total 

consumption of about 47% respectively in the year 201021 There is a considerable 

environmental and health concern regarding the production of Styrofoam. They may cause 

health effects like irritation of the eyes and skin, gastrointestinal and upper respiratory tract 

issues. It can also affect the central nervous system or blood and kidney functioning.22  

 

Figure 4.3. Structure of polystyrene formed after free radical vinyl polymerization. 

PS has a considerable application in packaging industries, manufacturing items, medical 

equipment, craft items, construction, transportation, appliances, etc., due to its high insulation 

properties.23 Increasing demand for PS-based materials for several household and commercial 

applications in developing countries has led to a drastic increase in the production of expanded 

polystyrene, known as thermocol, over the past two decades.24 As a result, post-consumer waste 

polystyrene (WPS) accumulation has increased enormously in the environment causing 

disposal a severe concern. Current disposal practices, such as waste dump and open-burning, 

lead to environmental pollution via leakage of chemicals or release of genotoxic/carcinogenic 

PAHs, Cox, NOx, Sox, etc., gases into the environment.25 Thus, it is causing a severe threat to 

the environment, especially in developing countries. This waste is dumped in the open and 

burnt, later on leading to air pollution26. In a few developing countries, limited oil resources 

are used to produce different kinds of products made from a range of plastics. Most of these 

plastic-made products are dumped into the open in non-sanitary dumps, which might cause 

grave environmental health issues.27 

In many cases, plastic waste recovery is not feasible economically.28 PS is a widely used 

plastic that is quite difficult to recycle for packaging purposes as its SPI (Society for Plastic 

Industries) code is 6. Different types of PS are used in industries, especially in the packaging 

industry. General-purpose polystyrene (GPPS), syndiotactic polystyrene (SPS), high impact 

polystyrene (HIPS) and expanded polystyrene (EPS) are the significant types of PS used in 
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industries.25–27,29 These can also cause a nuisance in the environment as its density is low and 

dispersed. Therefore, proper disposal has become a severe problem. Incineration and 

landfilling are not the eventual solution for solving the problem of plastic waste. These methods 

are expensive and also lead to land and air pollution. Incineration causes the emission of 

greenhouse gases that lead to climate change and the release of carcinogenic gases.25 Recycling 

and reusing waste polystyrene (WPS) is one of the best solutions to pollution problems and 

fulfils the increased demand for polystyrene-based materials for various applications. Thus, 

recycled plastics can be converted to value-added products requiring the low running cost of a 

recycling plant. 

Silver has been used in food and beverage storage applications from a very ancient time. 

Storage of water and wine in silver vessels and keeping silver spoons at the bottom of milk or 

water bottles improves the shelf life. Silver is used for storing water for a long time as it acts 

as a sterilizing agent.30 Silver has a wide-ranging antimicrobial activity and lowers expenditure, 

making it affordable for use in the food and water disinfection industry.31 FDA permitted the 

reliable use of silver nitrate(AgNO3) as a disinfectant in 2009 in commercially bottled water at 

a low concentration of about 17 μg/kg.32 AgNPs are found to be toxic to microorganisms; their 

mechanism is different from that of Ag+ ions. The concentration of Ag+ ions released from 

AgNPs is quite low to indicate the toxicity of AgNPs.33 Also, AgNPs have controlled release 

properties, so AgNPs are advantageous as potential antimicrobial agents for a longer period. 

As such, AgNP/polymer nanocomposites are striking materials for use in food packaging and 

medical devices.34 AgNP/polyethylene nanocomposite layer has been used in a layer of five 

(PE/ tie/PA-6/tie/PE; PA-6 = polyamide six and tie = maleic anhydride grafted polyethylene) 

plastic film. Antimicrobial activity against the fungus A. niger, a food contaminant, was 

observed.35 AgNP/polymer nanocomposite materials are also tested in real food systems to 

establish the consequence of AgNP on food shelf-life. Sterilized pears and carrots, when dipped 

into solutions of alginate containing AgNPs, form edible antibacterial films. Water loss in the 

carrots and pears is less, and consumers' acceptability is also high based on the colour, taste, 

and texture even kept for ten days.36 Other examples include an edible film preparation using 

AgNPs dispersed in glycogen. The glycogen biopolymer used was from bovine liver which is 

used as the stabilizing agent for the AgNPs growth. From the results it has been concluded that 

the method of preparation strongly influences the optical properties of the attained 

nanocomposite samples. Photoluminescence of the glycogen is quenched by AgNPs as such 

the samples which were prepared by microwave radiation showed narrow SPR peaks. Also, the 
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nanocomposites showed >99% of bacterial cell reduction when exposed for 2 hours depending 

upon the concentration of the Ag.37 

4.2.5. Polystyrene-Ag-Nanocomposites 

Polymer nanocomposites are functional materials used for various prospective applications 

in diverse fields. Mainly the antimicrobial property of silver nanoparticles (AgNPs) has been 

focused. AgNPs can adhere to the bacterial cell surface, degrading the lipopolysaccharides and 

formatting pits in the membranes, which increases permeability and penetration inside the 

bacterial cell. DNA damage occurs by releasing Ag+ ions by the dissolution of AgNPs.38–41 

Polymer-Ag nanocomposites are studied for their antimicrobial efficacy by various 

researchers.41 AgNPs easily form composites with different polymers like polyvinyl alcohol 

(PVA), chitosan, polypyrrole, cellulose and polyvinylidene fluoride. Controlled size and 

uniform distribution of nanoparticles within the polymer matrix are necessary to form polymer-

Ag nanocomposites.42 Ag-doped PS composite showed good antimicrobial features similar to 

the antimicrobial activities of pure Ag powder, whose Ag concentration is >30% by weight in 

the polymer.43 PS-Ag nanocomposites also exhibit high antimicrobial activity against B. 

circulens BP2 culture type.44 Again, AgNPs-PS nanocomposites with different concentrations 

of AgNPs have revealed that the addition of Ag in the PS matrix improved the thermal stability 

and the thermo-oxidative stability of PS.45 There are two methods used for the development of 

PS-Ag nanocomposites. Firstly, incorporating pre-made nanoparticles into PS matrix, which is 

chemically produced with the organically passivated surface using a common solvent. 

Secondly, in solution, polymerization of styrene monomer occurs in the presence of pre-made 

nanoparticles or ions, which can be thermally or chemically reduced.45–47,49 Figure 4.4. gives a 

graphical representation of the polystyrene-Ag nanocomposite complex.  

 

Figure 4.4. Graphical representation of the Polystyrene nanocomposite materials. 
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4.3. AIM AND OBJECTIVES  

Scientists worldwide are keen to develop cost-effective, non-toxic and eco-friendly water 

disinfection systems to suffice the scarcity of clean water. Achieving proper disinfection 

without creating harmful byproducts for removing or inactivating waterborne pathogens is the 

main challenge. In this respect, polystyrene (PS) nanocomposites find wide applications in 

water storage, food packaging material, transportation, medicine, etc. The addition of 

nanoparticles such as silver nanoparticles(AgNPs) into PS enhances its mechanical properties, 

gas barrier properties, thermal stability, etc. This study reports the development of PS-AgNPs 

composite using green synthesized AgNPs and waste thermocol.  

Motivated by the environmental issue related to waste management and with an aim of 

turning wastes into value‐added materials, and following the background literature, we have 

concentrated ourselves on using our already synthesized AgNPs via green route for making 

composite with waste thermocol for water disinfection study. Thus we framed our objectives 

as below: 

a) Green synthesis of AgNPs using Bhimkol (Musa balbisiana) peel extract (referring to 

chapter 2, section: 2.6.3. Green Synthesis of AgNPs). 

b) Development of PS nanocomposites by directly mixing waste thermocol in acetone and 

addition of different amount of AgNPs. 

c) Characterization of PS nanocomposites using UV-Vis spectrophotometry, Fourier 

transformation infrared(FT-IR) spectrometry, Energy-dispersive X-ray(EDX), Field 

Emission Transmission Electron Microscope(FESEM), Field Emission Transmission 

Electron Microscope(FETEM) and Thermogravimetric analysis(TGA) performed in 

nitrogen gas.  

d) Water disinfection application of the nanocomposites. 

4.4. RESULTS AND DISCUSSION 

4.4.1. Synthesis of AgNPs 

The preliminary detection of AgNP formation was carried out by visual observation of the 

reaction solutions' colour changes, as denoted in figure 4.5(a) (refer to chapter 2, section 2.6.3 

and figure 2.3 for the relevant synthesis of AgNPs). These changes indicated the excitation of 

surface plasmon resonance (SPR) in the AgNPs. UV-Visible absorption was used to observe 
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the SPR. Figure 4.5 gives the visual observation of the formation of bhimkol synthesized by 

AgNPs by the colour change of the reaction solution from colourless to yellowish-brown. 

   

Figure 4.5. (a) Bhimkol peel extract(A), AgNO3 solution(B), and Silver Nanoparticles(C), (b) 

UV-visible absorption spectrum of green synthesized AgNPs. 

Figure 4.5(b) illustrates the UV-visible spectrum, which confirms the formation of AgNPs 

using Bhimkol peel extracts. It was recorded in a PerkinElmer Lambda/25/35/45 UV–vis 

spectrophotometer from 300 to 600 nm wavelength. Maximum peak absorbance was at 431 

nm, which is detected as the characteristic surface plasmon resonance absorption band for the 

yellowish-brown coloured colloidal AgNPs.50 

4.4.2. Development of Functional PS-Ag Nanocomposites 

Packaging is one of the most widespread applications of PS among manufactured items, art 

and craft materials, transport and construction items. Extruded polystyrene, Styrofoam and 

expanded polystyrene are generally used for equipment, food and drink packaging. Apart from 

its use in a wide range of packaging applications, it is highly favourable in the development of 

polymer-based nanocomposites for various applications, such as water disinfection tanks. The 

polymer forms the base and the incorporation of nanoparticles get dispersed in the polymer 

matrix. In particular, AgNPs showed efficient antimicrobial properties.29 PS-AgNPs 

composites could be used to prepare water containers and the antimicrobial property would 

enable disinfection of water. Thus, functional PS nanocomposite cups were developed and used 

to test for water storage (Figure 4.6). Bacteria colonization on water storage was studied and it 

was observed that the cups could prevent microbial growth on water. 
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Figure 4.6. Polystyrene(PS) nanocomposite cups with varying concentrations of AgNPs for 

water disinfection application. 

4.4.3. Characterization of the PS-Ag Nanocomposites  

4.4.3.1. UV-Vis Spectroscopy of the PS nanocomposites 

UV-Visible spectra confirm the formation and interaction of AgNPs with the polymer 

matrix. Figure 4.7(a) illustrated the absorption spectrum of the PS nanocomposite materials as 

a function of the wavelength of the incident light and was recorded using solid sample of the 

PS nanocomposites in a PerkinElmer Lambda/25/35/45 UV–visible spectrophotometer. From 

the figure, the absorbance of all the PS nanocomposites has a higher intensity peak at a 

wavelength between 200 nm to 300 nm and then gradually, the absorbance decreases with the 

increase of the wavelength. As such, the absorbance of the PS nanocomposites has a lower 

value in the visible and infrared regions. At 400 nm wavelength, absorbance of PS Control, PS 

+1 % AgNP, PS + 5% AgNPs, PS + 10% AgNPs, PS + 20% AgNPs were 0.1526, 0.1867, 

0.1601, 0.193 and 0.207 respectively which decreased to 0.0864, 0.0728, 0.0663, 0.0852 and 

0.0937 at 700 nm respectively. The incident photons at higher wavelength do not consist of 

enough energy to interact with atoms; thus, the photon is absorbed. Again when the wavelength 

decreases, the incident photon and material interaction occurs, leading to increased absorbance. 

Therefore, increasing the amount of AgNPs with the polymer, absorbance increases as the free 

electrons absorb the incident light.51 The peak between 200-300 nm wavelength observed by 

all the PS composite materials indicates the interaction of the phenyl groups of the PS52 with 

the AgNPs. Overall, there is a blue shift in absorption wavelength from the absorption of 

control PS and PS + 20% AgNP nanocomposite. This is because of the change in the dielectric 

constant of the two composites.  
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Figure 4.7. (a) UV-visible absorption and (b) FT-IR spectra of pure PS (PS control) and its 

various nanocomposites with different percentages of AgNPs. 

4.4.3.2. FTIR Analysis 

FTIR spectra of the control PS and PS nanocomposites illuminate interfacial interaction 

between AgNPs and PS matrix using solid sample in an FTIR-ATR spectrophotometer. Figure 

4.7(b) represents the IR spectrum of the PS control and the PS nanocomposites containing the 

varying percentage of AgNPs. The vibrational stretching at 3060, 3024, 2920, and 2860 cm-1 

corresponds to the C - H aromatic and aliphatic bands in the IR spectrum of pure PS. 

Vibrational C - H stretching band at 2924 cm-1 may be observed due to the presence of 

impurities. The peaks at 1026, 1188-1368, 1491-1599 and 1666-1945 cm-1 corresponds to 

aromatic C = C bond vibrations and range between 907-650 cm-1 corresponds to aromatic C – 

H bond vibrations. The infrared of the PS-AgNP nanocomposites spectra indicated all the 

characteristic bands as that of PS. All the spectra are almost similar, indicating that there may 

not be a very strong interaction between the functional groups of PS and the AgNPs. Though a 

distinctive shift in the IR spectra between PS (control) and the AgNPs-embedded PS is not 

present; however, detailed analysis showed that the aromatic C=C stretching at 1496 cm-1 and 

1454 cm-1 for the AgNPs-embedded PS showed a minute shift towards the lower wavenumbers 

as compared to that of the control PS (Figure 4.7(b)).53 This signifies that Ag-nanoparticles are 

embedded within the PS, resulting in a higher molecular mass as compared to virgin PS.  

Although the AgNPs remained dispersed into the PS matrix and its surfaces as observed from 

the FESEM(figure 4.8) and FETEM(figure 4.10) results, no new vibrational peaks appear in 

the PS-AgNPs nanocomposites' FT-IR spectra. The presence of AgNPs into the PS matrix can 

effectively cause the antimicrobial activity of the PS nanocomposites, as reported in this study 

in water disinfection analysis.29,45,50  
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4.4.3.3. Field Emission Scanning Electron Microscope (FESEM) Study 

The morphology and size of the PS nanocomposite samples can be studied by analyzing 

the Field Emission Scanning Electron Microscopy (FESEM) images. Thus the FESEM 

technique was used for the microstructural analysis of the PS nanocomposites. Also, the 

interaction between the AgNPs and PS particles in the nanocomposites was studied. Both PS 

and AgNPs are predominately spherical; the AgNPs are embedded within the polymer matrix. 

Figure 3.8(a) confirms images of the PS without AgNPs, and figure 4.8 (b), (c) and (d)confirms 

PS matrix embedded with different percentages of AgNPs. The morphology of PS 

nanocomposites containing 1%, 5%, 10 %, and 20% AgNPs (% v/w w.r.t PS) were studied 

against neat PS (Figure 4.8 and SI). Although AgNPs are not seen to be evenly distributed in 

the PS nanocomposite matrix, the presence of AgNPs is evident. Nanoparticles are seen to be 

distributed on the surface of the PS particles. Also, aggregation of some nanoparticles was 

observed in the bright areas of the PS matrix. An increase in the % AgNPs might escalate the 

aggregation of nanoparticles inside the PS matrix. The shape and diameter of the synthesized 

nanoparticles and their aggregates are similar in all the different nanocomposites. Due to the 

addition of AgNPs in the PS, the polymer nanocomposites show some degree of toughness 

compared to the pure polystyrene and evident from tensile strength study.45,50 Figure 4.8 

represents the FESEM imaging of the PS nanocomposites at 25kx magnification of a particular 

area in each sample. The same PS nanocomposite samples are used for the elemental 

component analysis for each sample.  
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Figure 4.8. (a) PS, (b) PS + 1% AgNPs , (c) PS + 5% AgNPs and (d) PS + 10% AgNPs at 

25,000 x magnification. 

4.4.3.4. Energy-dispersive X-ray analysis(EDX) 

EDX analysis detects the quantitative and qualitative status of elements present in the PS-

AgNPs composites. Figure 4.9 gives the weight percentage of silver present in the different 

combinations of AgNPs with PS particles. Specific sites of the PS particles are selected for 

EDX profiling. Here, PS control contains no Ag whereas all the other PS nanocomposites 

consist of 0.1±0.5, 0.2±0.4, 0.3±0.5 and 0.9±0.5 wt%±error for PS + 1% AgNPs, PS + 5% 

AgNPs, PS + 10% AgNPs, and PS + 20% AgNPs respectively (Figure 3.9 and SI). At 3 keV, 

the count showed the presence of Ag and that indicated the presence of AgNPs. A signal in the 

silver region was observed at 3keV for AgNPs due to surface plasmon resonance. Other 

elements present apart from Ag are C and O. High percentage of carbon is detected as carbon 

tape is used to mount samples. An additional peak of Au is also detected in all the polymer 

complexes; this peak occurs due to gold coating during sample preparation for FESEM and 

EDX image analysis. 
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Figure 4.9. EDX elemental profiling of (a) PS control, (b) PS + 1% AgNPs, (c) PS + 5% 

AgNPs and (d) PS + 10% AgNPs. 

4.4.3.5. Field Emission Transmission Electron Microscopy (FETEM) study 

The shape and size distribution of the particles can be easily studied using field emission 

transmission electron microscopy (FETEM). Dispersion microstructures of the 

nanocomposites were investigated. The FETEM analysis confirms the presence of AgNPs 

embedded within the PS nanocomposites. Figure 4.10 (a) displays the FETEM image of the 

original structure of PS. It can be clearly seen that the formed PS particles are uniform in shape 

with smooth surfaces and having an average diameter of 300-500 nm. Figure 4.10 (b) and (c) 

display the FETEM images of the green synthesized AgNPs encapsulating PS particles. The 

AgNPs are attached to the surface of the PS particles and also embedded into the PS particles 

that form a complex polymer matrix. These FETEM images supported a good dispersion of the 

Ag nanoparticles within the polymer matrix and confirm the formation of nanocomposite 

materials.50 The shape of the AgNPs is nearly spherical; its average diameter was found to be 

44nm. Figure 4.10(d) represents the SAED pattern of the PS particles embedded with AgNPs. 

AgNPs have face cubic structure which provides some crystallinity to the PS nanocomposites. 

ImageJ software was used to measure the size of the PS as well as the AgNPs. AgNPs showed 

aggregation of the smaller particles due to drying for TEM sample preparations. FETEM 
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analysis gave a better visual understanding of the polymer complex and its attachment with the 

AgNPs. 

   

Figure 4.10. (a) FETEM image of PS without AgNPs (b) PS particles embeded with green 

synthesized AgNPs(500nm), (c) PS particles embeded with AgNPs(2µm) and (d) SAED image 

of PS nanocomposites. 

4.4.4. Study of Thermal Stability of the PS-Ag Nanocomposite by 

Thermogravimetric Analysis (TGA) 

The thermal stability of the pure PS and AgNPs incorporated PS nanocomposites were 

investigated using TGA. About 10 mg of the nanocomposite sample was placed in a ceramic 

crucible made of Al2O3 in a nitrogen atmosphere at a heating rate of 10°C min-1. The 

temperature was raised from room temperature to 600°C during measurement. The thermal 

gravimetric curves are presented in figure 4.11. The virgin PS and PS-AgNPs composites 

showed similar weight loss pattern with accelerated temperature. The TGA indicated three 

prominent thermal degradation plateaus in the ranges of 100 to 600 ℃. The first degradation 

step at 100 - 350 ℃ showed a 2-3% weight decrease in the PS or PS-AgNPs-composites, 

probably due to the vaporization of residual solvents. 
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The second weight loss of approximately 50% mass loss in the range of 350-400 ℃ was 

attributed to the breaking of carbon-carbon bonds of PS matrix and decomposition of organic 

stabilizers of AgNPs. Our synthesized PS-Ag nanocomposites were found to decompose 

(100% decomposition) completely in between 430oC-450oC. Table 4.1 summarizes the 

characteristic temperatures of the thermal degradation at 2%, 25% and 50% of the residual 

mass of the virgin PS and the PS-AgNPs composites. There is a correlation between T2, T25 

and T50 values with the AgNPs weight (%). It can be observed that the degradation temperature 

difference between virgin PS and PS-Ag nanocomposite was not much significant. However, 

the boiling/degradation point temperature variations at T2 cannot be solely correlated with the 

stability of the PS-Ag nanocomposite, as the chemical nature of the composite undergoes a 

complete transformation as it approaches its maximum kinetic energy due to heat. As seen from 

the data, the complete degradation of virgin PS at T2 was 433oC which corresponds to the 

boiling point of PS. 

 

Figure 4.11. Thermogravimetric analysis - (a) TGA and (b) DTG curves of control PS(without 

AgNPs) and the PS-AgNP nanocomposites with 1% AgNPs, 5% AgNPs, 10% AgNPs and 20% 

AgNPs.  

Similarly, at T25 and T50 the temperature recorded to be 410oC and 404oC for PS control. 

However, as compared to the PS-Ag composite, it can be observed that PS + 10% AgNPs show 

an elevated thermal temperature tolerance at 418oC and 413oC, respectively. Therefore, with 

an increase in Ag elemental percentage, the stability of the polymer nanocomposite increased. 

However, it was also observed that increasing the concentration of Ag elemental percentage to 

20% of the stability of the polymer composite was affected. The same observation can be 

correlated with the tensile strength of the nanopolymer composite PS + 10% AgNPs showing 

better strength.  
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Table 4.1. The characteristic temperature of thermal degradation at 2, 25 and 50% of the 

residual mass (T2, T25 and T50, respectively) 

Samples Nitrogen atmospheric condition 

T2(°C) T25(°C) T50(°C) 

PS Control 433 410 404 

PS + 1% AgNPs 433 411 405 

PS + 5% AgNPs 429 409 403 

PS + 10% AgNPs 436 418 413 

PS + 20% AgNPs 436 416 410 

 

Compared to virgin PS, the thermal stability of the nanocomposites (PS-AgNPs) was 

consistently higher. The thermal stability increases as the % content of AgNPs increases, at 

least up to 10% AgNPs. This may be due to the introduction of the Ag-π bond between the 

aromatic rings of the PS matrix and AgNPs. This bonding interaction provided better 

reinforcement of thermal stability, increasing the PS-AgNPs composites' degradation 

temperature. For instance, the temperature [T50(°C)] at 50% mass loss of 10% AgNPs-PS 

nanocomposite is about 9 °C higher than that of virgin PS which maybe because of the presence 

of well-dispersed AgNPs in the PS matrix.44,45 In a nutshell, the thermal stability of the PS 

complex enhances with the incorporation of AgNPs, which influences the reduction of the 

chain transfer reactions of the PS complex during its thermal degradation.45 

4.4.5. Study of Mechanical Properties of the PS-Ag Nanocomposites 

Tensile strength of the various PS nanocomposites was measured using a 5 kN Universal 

Testing Machine(UTM). The specimen sizes were prepared according to ASTM standards. The 

tensile test was performed at 10 mm/min speed at atmospheric conditions (25°C). In this 

experiment, the samples were pulled at a constant rate that causes elongation and stress for 

deformation, quantified. Tensile strength (MPa) is mainly measured by a maximum load 

(Newton) divided by the cross-sectional area of the sample (mm2).54 

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =
𝐿𝑜𝑎𝑑 (𝑁)

𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑚𝑚2)
 

Again, percent elongation is measured by dividing by elongation at rapture by initial length 

and then multiplied with 100. 

𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝐵𝑟𝑒𝑎𝑘 (%) =
𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑟𝑢𝑝𝑡𝑢𝑟𝑒 × 100

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚𝑚)
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Table 4.2 represents the tensile strength and tensile elongation at break of the various PS 

nanocomposites. From table 4.3, it is seen that neat PS shows the least tensile strength (0.29 

MPa), whereas the tensile elongation at break is highest (51.1%) among the others. Again, PS 

nanocomposites with 10% silver nanoparticles, i.e., PS+ 10% AgNPs show the highest tensile 

strength (3.73 MPa) and comparatively moderate tensile elongation at break (33.16%). 

Table 4.2. Tensile strength and tensile elongation at break of the various PS nanocomposites. 

Polystyrene 

Samples 

Tensile strength (MPa) Elongation at Break (%) 

PS Control 0.29 51.1 

PS + 1% AgNPs 0.72 25.52 

PS + 5% AgNPs 1.04 27.75 

PS + 10% AgNPs 3.73 33.16 

PS + 20% AgNPs 1.98 23.87 

 

As such, the tensile strength increases with the addition of AgNPs within the PS matrix. PS 

nanocomposite sample, PS + 20% AgNPs has relatively lower tensile strength than PS + 10% 

AgNPs this may be due to the increase in binding strength between the nanoparticles and the 

polymer matrix. Again, tensile strength decreases when the concentration of the AgNPs was 

much higher. It may be due to aggregation of the AgNPs, which influences the reduction of the 

strength of the polymer materials leading to the decrease in tensile strength in the PS 

nanocomposites with a much higher percentage of AgNPs. The tensile test clearly shows that 

the incorporation of AgNPs has increased the mechanical strength of the polymer 

nanocomposites compared to the pure polystyrene material. 

Figure 4.12 represents the stress vs. strain curve for pure PS and the various percentage of 

PS nanocomposites. The stress-strain curve is considered the most consistent source for 

estimating the mechanical properties of any material. From the stress-strain plots of all the 

different PS nanocomposites, the nanocomposite materials have higher tensile strength than 

the virgin PS composite, proving that the PS nanocomposites provide better mechanical 

properties. PS nanocomposite with 10% AgNPs shows a high stress-strain ratio as well as 

tensile strength, proving it to be suitable for applications. The mechanical strength of the PS 

nanocomposites is affected by the nanoparticles' surface free energy, which influences the 

polymer and AgNPs interaction. This might cause variations in the aggregation of the 

nanoparticles in the nanocomposite materials as such influences the antibacterial activities of 
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the nanocomposite materials. The advantage of having better mechanical properties of the PS 

nanocomposites is high ductility and resistance from scratch. 

 

Figure 4.12. The stress vs strain plot of pure polystyrene (PS Control), PS+ 1% AgNPs, PS + 

5% AgNPs, PS + 10% AgNPs and PS + 20% AgNPs. 

4.4.6. Study of Water Disinfection Activity of the PS-Ag Nanocomposites 

Water disinfection from E. coli bacteria is studied in this experiment by measuring the 

bacterial count in water-filled PS-AgNPs nanocomposite cups. E. coli is one of the most 

commonly found microorganisms in water, causing disease in humans. For this experiment, E. 

coli (MTCC strain no. 1696) is mixed with laboratory tap water taken in various cups developed 

of pure PS and PS-AgNPs composites, as shown in figure 4.13. In 5 cups, made up of pure PS, 

PS + 1% AgNPs, PS + 5% AgNPs, PS + 10% AgNPs and PS + 20% AgNPs, the water 

containing bacteria (107 cfu/ml) samples were prepared. Aliquots from each cup have been 

taken from time to time and the absorption was recorded. The absorbance recorded was 600 

nm after every 60 minutes for 5 hours for each sample, reflecting the bacteria count (cfu/ml). 

The log number of bacterial cells (cfu/mL) vs. time (minutes) was plotted in figure 4.13. From 

here, it is clearly observed that water in all the PS-AgNPs cups showed a significant decrease 

in the bacterial cell count within 30 minutes, as was evident from the decreased optical density. 

Overall, a change in the log number of bacteria cells was observed. From 2.0 × 107 cfu/ml at 0 

minute to 1.76 × 107 cfu/ml for PS cups containing 1% AgNPs, 1.68 × 107 cfu/ml for PS cups 

containing 5% AgNPs, 1.52 × 107 cfu/ml for PS cups containing 10% AgNPs and 1.44 × 107 

cfu/ml for PS cups containing 20% AgNPs respectively. However, the cup made up of pure PS 

material (PS-cups) showed a slight increase in the bacterial cell count in 30 minutes, as 
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observed from increased optical density from 2.0 × 107 cfu/mL log number of bacteria cells to 

2.16 × 107 cfu/ml. There was no increase in the bacterial count for all the PS nanocomposites 

after 120 minutes (3rd hour). Still, there was a slight increase in the bacterial cell count in pure 

PS material even after 120 minutes. As such, PS nanocomposite materials provide better 

antibacterial activity than virgin polystyrene for disinfection purposes.55 

 

Figure 4.13. Log number of bacterial cells (cfu/ml) vs time (minutes) graph of the pure PS and 

different PS nanocomposites. 

The log number of bacterial cells of the PS nanocomposites again decreases eventually with 

time and with the increases in the percentage of AgNPs in the cups of PS-AgNPs 

nanocomposite. Thus after 300 minutes, the log number of bacteria cells decreased from 2.0 × 

107 cfu/ml at 0 minute to 1.23 × 107 cfu/ml in PS cups containing 1% AgNPs, 1.06 × 107 cfu/ml 

PS cups containing 5% AgNPs, 9.2 × 106 cfu/ml in PS cups containing 10% AgNPs and 9.6 × 

106 cfu/ml in PS cups containing 20% AgNPs (5th hour). This pattern indicated the increase in 

the disinfection activity of the cups against the gram-negative bacteria E. coli present in water 

with an increase in the % of Ag content. Although all the PS-AgNPs cups showed no increase 

in the bacterial cell count, PS with 10% AgNPs showed the least log number of bacterial cells 

after 300 minutes. This may be because the antibacterial activity of the green synthesized 

AgNPs depends on the concentration of AgNPs and the formation of pits in the bacterial cell 

walls. At an increased concentration of AgNPs, the bacterial cell membrane might be disrupted, 

which ultimately may lead to bacterial cell death.56 However, the better result on the 

disinfection property was shown by the PS-AgNPs cup containing 10% AgNPs compared to 

that contain 20% AgNPs. This may be because at very high concentrations (20%), the AgNPs 

tend to agglomerate, thus having less antibacterial properties. The agglomeration at 20% 
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concentration was supported from the FESEM image analysis (Fig. 4.8). In summary, all the 

PS nanocomposites showed a decrease in the bacterial count, which proves that all the 

nanocomposites are more effective in antibacterial activity than the PS control. 

4.5. CONCLUSION 

Waste thermocols and green synthesized AgNPs were used to develop low-cost, functional 

PS-AgNPs nanocomposites for water disinfection purposes. AgNPs were green synthesized 

using bhimkol (Musa balbisiana) peels, which act as reducing as well as a stabilizing agents. 

Different percentages of the green synthesized AgNPs were embedded in the PS matrix to 

produce PS-AgNPs nanocomposite materials. FESEM and EDX results confirm the 

quantitative and qualitative presence of AgNPs into the PS matrix. From FETEM imaging, the 

size and shape of PS and AgNPs in the nanocomposites were examined. Good dispersion of 

the AgNPs was observed in the polymer matrix. Due to the encapsulation of the AgNPs into 

the polymer matrix, undesirable polymer degradation was prevented, which ultimately 

increases the durability of the PS-AgNPs composites. The introduction of a small amount of 

AgNPs in the PS matrix considerably increases the thermal stability of the PS nanocomposites. 

Mechanical strength and the antibacterial activity of the PS nanocomposite cups are superior 

to that of the pure PS cup. 10% AgNPs content was found to be optimum as it has good 

mechanical strength as well as water disinfection properties against E. coli. This study may 

shed light on the development of PS-based functional materials as a part of turning wastes into 

value‐added materials and thus, to find a solution to the disposal problem and make an effort 

to save the environment from plastic pollution. 

4.6. EXPERIMENTAL SECTION 

4.6.1. Material and Methods 

4.6.1.1. Materials 

Waste thermocols were collected from the laboratory waste and used for experimental 

purposes. Silver nitrate(AgNO3) was purchased from Sigma-Aldrich (India). Bhimkol (Musa 

balbisiana) banana variety was purchased from Amingaon Market, North Guwahati. Acetone 

was purchased from Merck (India). Double distilled water was used for all the experiments. 

All other chemicals used were of reagent grade. 

4.6.1.2. Green synthesis of AgNPs 
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AgNPs were synthesized via the green route using Bhimkol (Musa balbisiana) peel extract 

with a slight modification of the work by Kokila et al., 2015. Biological reduction of AgNO3 

was carried out to optimize the synthesis of AgNPs. The reaction mixture, a solution of AgNO3 

and Bhimkol peel extract, was kept in the dark at 25°C to avoid any photoactivation of AgNO3 

under inert conditions. Different proportions of AgNO3 and bhimkol peel extract (v/v ratio) 

were used. To observe the optimum formation of AgNPs of fair size and shape, 9% Bhimkol 

peel extract(v/v) and 1 mM AgNO3 were mixed in neutral pH, incubated at 25°C and the UV-

visible spectra were recorded after 30 mins.57 The yellowish-brown colour was observed after 

30 mins indicating the formation of silver nanoparticles. Optimized concentration of AgNPs 

was used in the synthesis of PS nanocomposites.50,57 

4.6.1.3. Development of PS nanocomposites 

Waste thermocols were collected and cleaned. About 10 g of the thermocol was cut into 

strips and slowly dissolved in 20 ml of acetone at room temperature (25°C). The green 

synthesized AgNPs were added to polystyrene (PS) in v/w ratio and expressed in percentage 

(%). The different combinations such as 1% AgNP, 5% AgNP, 10% AgNP, and 20% AgNPs 

were added into 10g of thermocol and mixed well in acetone. When the thermocol waste was 

dissolved totally in acetone, it converted into a clay-like substance, moldable into various 

shapes. The nanocomposite materials were later carefully molded into sheets and cups for 

various analyses. The AgNPs were added dropwise at the dissolving stage in acetone. The 

composite materials were then kept for drying at room temperature and stored in a desiccator 

for further use. Various combinations of PS and AgNPs are given in the table below. Table 4.3 

represents the different combinations of AgNP:PS ratios of the PS-Ag nanocomposites. 

Table 4.3: Different combinations of AgNP: PS in % (v/w) ratio 

4.6.2. Characterization of the PS nanocomposites 

UV–visible spectra of the PS nanocomposites were recorded using a PerkinElmer 

Lambda/25/35/45 UV–vis spectrophotometer in the range of 200–700 nm using a solid sample 

Samples AgNP (v/mL) PS (wt/g) Sample code %(v/w) 

Polystyrene (control) - 10 PS (Control) 

Polystyrene +1% AgNP 0.1 10 PS +1 % AgNPs 

Polystyrene +5% AgNP 0.5 10 PS + 5% AgNP 

Polystyrene +10%AgNP 1.0 10 PS + 10% AgNP 

Polystyrene +20%AgNP 2.0 10 PS + 20% AgNP 
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holder. The solid sample holder was filled with grounded PS control (polystyrene without 

AgNPs) and PS nanocomposites than attached to the removable chamber in the UV-Vis 

spectrophotometer. The FT-IR spectra of different PS nanocomposites and the control PS 

material were collected at a resolution of 4 cm-1 in the transmission mode from 4000 cm-1-400 

cm-1. The UV-Vis and FT-IR spectra were measured using solid samples. For the FT-IR spectra 

measurement, an ATR mode was used. ATR stands for attenuated total reflection or 

transmission modes which permit analysis of a wide range of solids, powders, non-aqueous 

liquids and gases. Infrared spectra were recorded using an FT-IR spectrophotometer (Perkin 

Elmer Spectrum 2, USA) in an ATR. Nanostructures of the PS composites were elucidated by 

Field Emission Transmission Electron Microscope (FETEM) in JEOL-JEM 2100F(USA). For 

the FETEM analysis, 1-5 µL acetone is added to a small grounded portion of PS nanocomposite 

sample and mixed well. The sample along with acetone (before complete drying) is pipetted 

into a carbon grid and allowed to dry, later the carbon grid casted with the dried sample is used 

for FETEM analysis.  Field emission scanning electron microscopy (FESEM) analysis was 

carried out in Zeiss Gemini Oxford Instruments X-MAXNN(Germany). This system has an 

accelerating voltage of 0.02 to 30 kV and a high magnification range of 200 kx. FESEM was 

used for the microstructural analysis of the synthesized polymer nanocomposites. During the 

sample preparation for FESEM analysis, a small amount of 1-5 µL of acetone is added to a 

small grounded portion of the polystyrene nanocomposites, they are mixed and the final sample 

is allowed to dry before it is attached to the carbon tape.  Thermal stability of the PS 

nanocomposites was analyzed by the Thermogravimetric analysis(TGA) technique using a 

DSC/TGA analyzer (NETZSCH, STA449F3A00, Germany). Thermogravimetric 

analysis(TGA) was used primarily to measure the change in physical and chemical properties 

as a function of increasing temperature, i.e., constant heating rate and as a function of time. It 

measured the residual mass percentage or weight change of the decomposition reactions when 

a particular amount of the nanocomposite was placed in a ceramic crucible in a nitrogen/argon 

atmosphere at a heating rate of 10°C min-1. The tensile strength of the PS nanocomposites was 

measured by a tensile test using a 5kN Electromechanical Universal Testing Machine (UTM). 

The tensile test was performed on Zwick Roell: Z005TN UTM(Germany). The size of the 

specimen was prepared according to ASTM standards. 

4.6.3. Water disinfection activity 

E. coli (Gram-negative bacteria) is the most commonly found microorganism in water. 

Water disinfection study was tested against E. coli using a spectrophotometric procedure. The 

TH-2639_156152007



Chapter 4                             Synthesis of Polystyrene Nanocomposites…for Water Disinfection Application 

 

126 

 

original lyophilized E. coli strain (purchased from MTCC, strain-no: 1696) was revived in 

sterile Lysogeny (commonly known as Luria-Bertani, LB) broth incubating for 12-24 hours at 

37°C at 180 rpm. Tap water was poured into each of the PS-AgNPs nanocomposite cups. Then 

fresh culture of E. coli was added to each cup equally. The absorbance of 1 mL of each 

sample(water mixed with bacteria) was recorded every hour for 5 hours using a UV-visible 

spectrophotometer. Absorbance (O.D) was measured at 600 nm wavelength, which gives an 

indirect measurement of the E. coli count. Increased turbidity in the samples reflects the 

bacterial growth and cell number(biomass) index in the samples. The amount of transmitted 

light decreases as the cell numbers increase with increased turbidity. Bacterial cell count vs. 

time graph was plotted in origin 8.5 software for the respective PS nanocomposites.43 
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5.1. Introduction  

Hydrogels are polymeric chains with hydrophilic properties and three-dimensional cross-

linked networks. They are, in general, water-swollen cross-linked polymeric networks. 

Polymer hydrogels can also be defined as polymeric materials with the ability to swell and 

retain water as a significant fraction within its structure but never dissolve in water. Thus they 

behave like natural tissues with a similar degree of flexibility. While retaining water within it 

arises due to hydrophilic groups within the polymer backbone, resistance to dissolve in water 

is due to cross-links between polymeric networks. For the past half-century, polymer hydrogels 

have got considerable research interest due to their widespread applications. Hydrogels are of 

two kinds-natural and synthetic. Some naturally occurring hydrogels are Alginate, Guar gum, 

Gellan, Xyloglucan, Pectin etc. Polystyrene (PS), Polyethyleneglycol acrylate/methacrylate 

(PEGA/PEGMA), Polyvinylalcohol(PVA), Polyethyleneglycoldiacrylate/dimethacrylate 

(PEGDA/PEGDMA), Polyacrylic Acid (PAA), polymethacrylic acid (PMAA) etc. are few 

examples of widely used synthetic polymer hydrogels.1 

Synthetic polymer hydrogels can have well-defined structures and can introduce broad 

functionality and stability toward strong temperature fluctuation. They can also be modified to 

achieve a long life with high gel strength and high water absorption capacity. Therefore, 

synthetic hydrogels are more advantageous compared to natural counterparts. Hence, natural 

hydrogels are often being replaced by synthetic or made composite hydrogel materials to meet 

the required property for their applications. These unique properties of polymer hydrogels, 

along with biocompatibility, made them attractive for applications such as wound dressing 

materials, bio-adhesive devices, control release devices, diagnostic/implantable/therapeutic 

devices and drug delivery systems. 

Furthermore, several research efforts have reported that embedding metal, metal oxides or 

nanoparticles within the hydrogel's polymeric network offers the mixed hydrogel or 

nanocomposites polymer hydrogel with more advantageous properties, such as strong 

durability, high strength, and good water/biological fluid absorption. These nanocomposite 

polymer (NC) hydrogels can be applied in various fields such as biosensing, drug delivery, 

nanomedicine or environmental remediation.2,3 The incorporation of nanoparticles results in an 

interactive enhancement of each constituent. This also results in diminished risks to the 

environment and human health. Thus, these pioneering combinations of the two different 

materials generate structural diversity and have the advantage of enrichment of properties, such 
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as the improved stimuli response and mechanical strength of the nanoparticle-hydrogel 

composite.4 

5.2. Nanocomposite Hydrogels 

The nanocomposite hydrogels (NC hydrogels) are nanomaterial-filled, hydrated, polymeric 

networks that exhibit higher elasticity and strength relative to traditionally made hydrogels. 

Various natural and synthetic polymers are used to design nanocomposite networks according 

to the need. Engineered NC hydrogels exhibit controlled interactions between nanoparticles 

and polymer chains, thus achieving a wide range of physical, chemical, and biological, 

electrical and swelling/de-swelling properties suitable for the desired applications. Organic 

polymers, synthetic/natural, embedded with inorganic nanomaterial, could provide NC 

hydrogels with improved properties that are not achievable by single material alone. Inspired 

by such properties with flexible tissue-like properties, scientists have synthesized hydrogels by 

incorporating polymeric/ceramic/carbon-based and/or metallic nanomaterials to achieve NC 

hydrogels useable for various material science and medical applications.5 

Designing of such NC hydrogels with supramolecular architecture are of three kinds as 

below. 

a. Nano or micro-gels stabilizing single or multi nanoparticles. 

b. Nanoparticles immobilized in a hydrogel matrix non-covalently. 

c. Nanoparticles immobilized in a hydrogel matrix covalently. 

 

Figure 5.1. The three designs of the concept for the arrangement of hydrogel and nanoparticles 

in three designs. a) micro- or nano-sized hydrogel particles stabilizing polymer or inorganic 

nanoparticles, b) nanoparticles immobilized in a hydrogel matrix non-covalently, and c) 

nanoparticles immobilized in hydrogel matrix covalently(Graphical representation is adapted 

from Thoniyot et al., 2015).  
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The NC hydrogels shown in figure 5.1(a), cover applications like biomedicine, electronics 

and catalysis.5 On the other hand, figures 5.1 (b)-(c), which represent bulk hydrogel types, 

cover a few biomedical and pharmaceutical applications.6,7 

Several hydrogel-nanoparticle composites are developed when different types of 

nanoparticles are embedded into hydrogel framework. The approach used mainly depends on 

the type of application of the hydrogel nanocomposites. The main five types of approach for 

the formation of the hydrogel-nanoparticle matrix are given below:  

1. Hydrogel formation in a nanoparticle suspension.8 

2. After gelation, Nanoparticles are physically embedded into hydrogel matrix.9 

3. Reactive nanoparticle formation within a preformed gel.10 

4. To form hydrogels cross-linking using nanoparticles.11 

5. Nanoparticles used for gel formation, distinct gelator molecules and polymers.12 

 

Figure 5.2. Schematic representation of the five approaches used to attain hydrogel-

nanoparticle conjugates with even distribution. 

5.3. Applications of Nanocomposite Hydrogels  

Hydrogels find extensive applications in the biomedical industry due to their versatile 

biochemical and physical properties.3,13 But hydrogels have poor mechanical strengths, so in 

order to improve their load-bearing properties and other properties, research has been in focus 

for the last few decades. Nanoparticles are used to improve the mechanical properties of the 

hydrogels mainly by link formation with the polymer chain, which desorbs under stress.14,15 
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Figure 5.3. Schematic diagram representation of the broad applications of hydrogel 

nanocomposites in the biomedical sector. 

Nanoparticles also contribute to the overall degree of crosslinking inside the polymer 

matrix, leading to improvements in the mechanical properties.16,17 Hydrogel’s stimuli 

sensitivity and bioactivity are important chemical properties of hydrogels that are essential for 

their use in the biomedical field.18 Thus, incorporation of nanoparticles not only improves the 

mechanical strength, but also enhances the chemical properties of hydrogels making them 

versatile for use in various applications (Figure 4.3).2,19,20 Figure 5.3 represents the various 

biomedical applications such as drug delivery, tissue engineering, adhesives, bioprinting and 

bio-wearable devices by hydrogels combined with nanomaterials. Among the various 

nanoparticles used for hydrogel preparations, silver nanoparticles(AgNPs) have grown to be 

quite advantageous due to their antibacterial properties, few of these are discussed in this 

chapter. 

5.4. Silver Nanoparticle(AgNP)-Hydrogel Composites  

AgNPs-hydrogel composites have been studied for their antimicrobial properties. They are 

primarily used in dental fillings and burn or wound dressings to avoid infections.21 AgNPs bind 

non-specifically to bacterial membrane and cause structural changes such as damage of the 

intracellular structures (ribosomes, mitochondria, vacuoles, etc.) and biomolecules(lipids, 

DNA and protein), which enhances the permeability of membrane causing mitochondrial 

dysfunction.22,23 To prolong the antimicrobial efficacy, the controlled release of these AgNPs 
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are essential. These nanocomposites may provide functional coatings for a large number of 

applications. Other properties like stimuli responsiveness, swelling ratio, mechanical toughness 

and degradability are to be studied for practical applications in such composites.24 AgNPs-

hydrogel composites show good functionality when used as antimicrobial coatings. For such 

purpose, AgNPs have been integrated into poly-acrylic acid (PAA),25 NIPAAm,26 PAAm,27 

polyvinyl alcohol (PVA)28 based hydrogels. To produce biocompatible or degradable 

composites that have application as implantable dressings, naturally occurring materials like 

chitosan or carbohydrate polymers are utilized.29 AgNPs consist of anti-inflammatory as well 

as antibacterial effects, which helps in assisting wound healing mechanism of action and causes 

resistance to bacteria. Also, the mechanism of action and impact of AgNPs in wound healing 

have been studied.30 

From a very early time, due to the properties of silver, silver compounds were used in 

medicine31. There are various advantages of using AgNPs in medical, pharmaceuticals as well 

as in wound healing purposes. AgNPs are easy to synthesize via economical and safer routes;32 

these particles are very reactive as they have a negative charge on the surface, which helps 

modify the surface of AgNPs with numerous biomolecules. As a result, it causes a strong 

interface between thiol or amine-containing molecules with silver surface;33 AgNPs possess a 

wide antibacterial spectrum. They are easily used in wound dressings without undesirable 

effects.34 They also promote wound healing by reducing cytokine release declining lymphocyte 

and mast cell infiltration.35 The three major components of the bacterial cells with which silver 

ions cooperate are peptidoglycan cell wall, bacterial proteins and DNA and the plasma 

membrane, and the electron transport chain.36 Silver binds with the bacterial cell wall and cell 

membrane and stops the respiration process. Thus, the chemical energy of molecules is 

liberated and partially remains as ATP (adenosine triphosphate).37 AgNPs inhibit replication 

of the bacteria when it interacts with sulfur-containing proteins of the membrane of bacteria 

and with phosphorus-containing compounds (DNA).38 AgNPs can inactivate the most common 

pathway in bacteria, i.e., sugar catabolism, mainly by inactivating the enzyme 

phosphomannose isomerase.39 Development of the free radicals and subsequent free radical-

induced membrane damage is related to the mode of action of AgNPs.40 The surface of these 

nanoparticles allows the development of free radicals, which are in charge of antimicrobial 

activity.41 Different antibiotics in combination with AgNPs against E. Coli and S. aureus were 

studied. The antibacterial activities of the multi-antibiotic (penicillin G, Vancomycin, 

amoxicillin etc) discs with AgNPs increase against the two strains.38 
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5.4.1. Application of AgNPs Based Wound Dressings 

For the healing process to be effective, the surface of the skin has to be covered for a 

sufficient amount of time. Wound dressings material should fulfil these following objectives: 

the diffusion of gases, maintaining a moist environment around the wound area, preventing 

saturation on the outer layer of the wound surface, mechanical protection of the wound, 

protection from microbes and other foreign particles, easily removable and changeable, non-

toxic, cost-effective, and preventing desiccation of wound.42  

Cotton is used as a better wound dressing material. Cotton fibres treated with chemicals 

can absorb moisture and are more susceptible to the growth of bacteria faster. AgNPs when 

used on clothes and sterile, can prevent infection. Metal-based dressings are quite suitable 

alternatives for wound healing such as burns, chronic ulcers or external wounds. Cotton fabrics 

were sterilized correctly, dried, dipped in nanoparticle solution then agitated for 24 hours at 

600 rpm. Again, dried at 70°C and finally cured at 150°C.43 Again, AgNPs can be infused into 

bacterial cellulose for antimicrobial wound healing44. Superior wound healing rates can be 

achieved by a chitosan-nanocrystalline silver dressing (89%) when compared with chitosan 

film (74%) and silver sulfadiazine dressings (68%). The use of this dressing caused less 

deposition of silver than conventional silver sulfadiazine, which indicates safer levels of 

silver45. In vivo experiments have been reported on the inflammatory response for wound repair 

and regeneration of tissue. Interleukin 10 (IL-10), a crucial mediator in this anti-inflammatory 

cascade, is produced by T lymphocytes, B lymphocytes, macrophages, and keratinocytes.46  

The local and inflammatory response could be modulated by AgNPs and then cytokine 

modulation in burn wounds. Wound healing in diabetic mice is also reported by healing wounds 

in 16 ± 0.41 days after injury by treating with AgNPs, whereas control-treated mice recovered 

in 18.5 ± 0.65 days. The wound healing properties of AgNPs has been investigated in an animal 

model that reported that the healing is faster in a dose-dependent manner with improvement in 

surface appearance. Other studies such as proteomic, immunohistochemistry and quantitative 

PCR have shown that the use of AgNPs can reduce the inflammation of the wound and 

modulate fibrogenic cytokines. When wounds treated with AgNPs healed in about 25.2 ± 0.72 

days after the injury, whereas wounds treated with antibiotics such as amoxicillin and 

metronidazole needed 28.6 ± 1.02 days to heal. This indicated that in this mechanism of action 

of AgNPs, other factors are also involved.47 A decrease in inflammation in peritoneal adhesion 

without significant toxic effects by using AgNPs was also reported.48 AgNPs could enhance 
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the rate of wound healing or wound closure by affecting the dermal contraction and epidermal 

re-epithelialization. AgNPs prevent infection in the wound surface by supporting the wound 

contraction by differentiating fibroblast/ myofibroblast, proliferation, and migration of 

keratinocytes. It also provides easy incorporation of nanosilver into cotton fabrics and drugs 

for a better therapeutic medication.49 

5.4.2. Application of Polymer-Ag based Hydrogel Wound Dressings 

Polymer-based wound dressings with antimicrobial properties have been gaining 

popularity in recent times in the field of biomaterials. Such materials are of much importance 

in medicine, especially with improved sterility and the longevity of the wound dressing 

materials reducing the frequent change of dressings in the wound sites.50 Hydrogels are suitable 

wound dressing materials that offer a moist environment to the wound to avoid unnecessary 

sticking and quicker healing of the wound; they also absorb the excess exudates of the wound. 

Hydrogels are soft materials that can be synthesized using natural as well as synthetic polymers 

or composites. These are often helpful in biomedicine, including controlled drug and protein 

delivery, regenerative medicine, and tissue engineering.51 Hydrogels are three-dimensional 

cross-linked networks of polymers that are generally hydrophilic and biocompatible. These 

types of polymeric materials are used in the manufacture of artificial corneas, catheters, contact 

lenses, wound dressings, etc. These materials have good swelling properties while do not get 

dissolved in water at physiological pH and temperature.52  

Among the various wound dressing hydrogel materials used, poly (vinyl alcohol) acts as 

an excellent base for wound dressing. It has good elasticity and is a biocompatible synthetic 

polymer. The use of PVA avoids consuming other toxic chemical crosslinkers as it provides 

physical crosslinking of hydrogels. To improve biocompatibility and increase wound healing 

capacity, other natural polymers such as chitosan and its derivatives, starch, gelatin and alginate 

can be added with PVA.50 Thus, PVA acts as a versatile polymeric material that has various 

properties such as nontoxicity, good biocompatibility, good elasticity, non-carcinogenicity, 

good swelling and other properties. The degree of hydrolysis, molecular weight, particle size 

distribution, its solubility in water influence the material's properties. PVA has an excellent 

water retention capacity as it is hydrophilic in nature.52 The hydrogen bonding among the 

hydroxyl groups of PVA polymer influences the water solubility, crystallinity range and crystal 

modulus, which are known to be high. Semi-crystalline PVA has both crystalline and 
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amorphous regions, which causes the interfacial effect. PVA is usually low in electrical 

conductivity, and this property can be enhanced by blending it with other polymer.53  

Gelatin is a natural polymer that is also used primarily in biomedical applications. 

Controlled hydrolysis of collagen protein forms gelatin which is the denatured form of 

collagen. It is highly recommended to use biomedicines in preparation of adhesives or plasma 

expander wound dressing or as absorbent hydrogel pads. It has high hemostatic properties and 

causes activation of microphages. It is used in a large number of wound dressings.54,55 Gelatin 

forms very strong gels due to their triple helixes structure and a high level of pyrrolidines.56 

Other properties of gelatin are its compatibility with the body, its non-toxic and biodegradabile 

properties. It also forms promising hydrogel when blended with other components. Also, the 

properties of this blend and its mixing behavior are affected by the intermolecular interaction 

formation through hydrogen bonds of the polymers.53 

The incorporation of an antibacterial agent is an excellent option to improve the hydrogel 

quality and its sterility. Use of antibiotics can cause resistance after use for a certain period. 

However, silver ions and AgNPs help improve the inhibitory effect against both gram-negative 

and gram-positive bacteria. The antimicrobial activities of AgNPs are associated with few 

distinct mechanisms. AgNPs Adhere onto the cell wall and cell membrane surfaces of bacteria 

or microbes, damaging the cytoplasmic membrane and other intracellular structures. It inhibits 

DNA replication and also may interrupt ATP production leading to respiratory disruption. 

AgNPs also induces the eeneration of reactive oxygen species(ROS) and free radical that 

causes oxidative stress and celluar toxicity. Also, AgNPs modulates the signal transduction 

pathways.23 AgNPs over silver ion-based formulations is advantageous as they can be used in 

lower concentrations. AgNPs release Ag+ ions, causing induction of better antibacterial 

properties. Due to the high surface area of these AgNPs, there may be instability, but it can be 

overcomed by incorporating polymer blends that increase stability and functionality.50,57 In 

recent times the use of AgNPs in the biomedical fields has grown tremendously. It is proven 

effective in wound healing by reducing infections caused by bacteria. It helps to heal wound 

faster, reduces scars and causes no inflammation when used in a dose-dependent manner. Also, 

it has no toxicity on the kidney and liver when uptake of AgNPs is dose, size and coating 

dependent. Again, AgNPs can be synthesized via the green route, providing better and 

enhanced biocompatibility and improved antibacterial properties.  
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Although studies have reported the green synthesis of AgNPs, its applications are not 

clearly documented.58,59 Thus, it will be worthwhile to synthesise AgNPs via green route and 

utilise them to improve the polymer hydrogel quality and properties and explore the wound 

dressing application. 

5.5. AIM AND OBJECTIVES 

The effective wound-healing hydrogels should have the property to create a moist 

environment for wound healing, prevent the wound surface from microbial penetration and 

provide higher water vapour permeability. Toward this end, as part of our ongoing research on 

the synthesis of antibacterial AgNPs-based composite materials, we thought it would be 

worthwhile to utilize the green-synthesized AgNPs to develop low-cost composite polymer 

hydrogel for wound dressing application. Thus, the following are the objectives of this chapter: 

a) Green synthesis of AgNPs by reducing silver nitrate(AgNO3) using Bhimkol (Musa 

balbisiana) peel extract. 

b) Development of polymer based hydrogel nanocomposite films by adding PVA, gelatin 

and AgNPs by the casting method. 

c) Swelling kinetics, mechanical strength, water transmission rate(WVTR) analysis and 

contact angle measurements analysis were performed for optimization of the polymer 

hydrogel nanocomposites, 

d) Characterization of the PVA/gelatin/AgNPs hydrogel nanocomposite films using 

Fourier transformation infrared (FT-IR) spectrometry, Energy-dispersive X-ray(EDX), 

Field Emission Transmission Electron Microscope (FESEM), Field Emission 

Transmission Electron Microscope (FETEM) and Thermogravimetric analysis (TGA) 

performed in nitrogen gas and X-Ray Diffraction (XRD) Analysis. 

e) Cell viability assay and in vitro scratch wound healing assay were performed to observe 

the cell toxicity and the wound healing efficacy of the hydrogel films. 
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5.6. RESULTS AND DISCUSSION 

5.6.1. Preparation of the Polymer Nanocomposites Hydrogel 

For preparation of AgNPs incorporated PVA/gelatin hydrogel films; initially hydrogels 

were prepared using PVA-gelatin blends and observing their swelling ratio and mechanical 

strength. Thus, polyvinyl alcohol (PVA) and PVA-gelatin hydrogel films with different 

concentrations of PVA and gelatin were prepared (% w/w ratio). The solution casting method 

was used to prepare PVA-gelatin films53. 4 grams of PVA was added slowly in 100 mL distilled 

water and stirred continuously for 2 hours in a magnetic stirrer at 60°C, which makes it 4% 

PVA(control) solution. After PVA dissolves completely in water, it is sonicated for 5 minutes 

to remove the air bubbles. The solution is then cast on clean and sterile Petri plates and kept in 

a hot air oven at 60°C for slow evaporation for a few hours. Similarly, 4 grams of gelatin was 

added slowly in 100 mL distilled water and stirred continuously at 60°C, which makes it a 4% 

gelatin(control) solution. The other combinations of PVA and gelatin films were prepared 

keeping the PVA amount constant at 3.5%, and the amount of gelatin was varied from 0.5% to 

3.5% in w/w ratio. PVA was kept constant as a higher percentage of PVA was proven to be 

better for preparing homogenous and less porous hydrogel films than with a higher percentage 

of gelatin. 3.5 grams of PVA was added to 50 mL of Milli-Q water and allowed to stir at 60°C 

to get completely dissolved. Then the varying quantity of gelatin was added to the other 50 mL 

water, when the gelatin dissolves completely, it was then added to the polymeric solution with 

continuous stirring for esterification reaction to carry out between PVA and gelatin. The 

solution obtained was sonicated for 5 minutes and then cast into sterile Petri plates. The various 

combinations of the films were 

i. 4% PVA (Control) 

ii. 4% Gelatin(Control) 

iii. 3.5% PVA + 0.5% gelatin  

iv. 3.5% PVA + 1.0% gelatin 

v. 3.5% PVA + 1.5% gelatin 

vi. 3.5% PVA + 2.0% gelatin 

vii. 3.5% PVA + 2.5% gelatin 

viii. 3.5% PVA + 3.0% gelatin 

ix. 3.5% PVA + 3.5% gelatin 
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Thin films of PVA, gelatin and PVA/gelatin hydrogels were prepared by the casting 

method. After drying the films in a hot air oven at 60°C for few hours, these films were peeled 

off and stored in a vacuum desiccator to further analysis.  

After having the PVA/gelatin hydrogels in hand, we prepared the AgNPs following our 

green synthetic route as described in Chapter 2 and proceeded to synthesize NC hydrogels. 

Thus,1 mM concentration of green synthesized AgNPs was integrated slowly into the polymer 

hydrogels dropwise during solution casting method but continuously for even mixing the 

AgNPs and the polymers. PVA/gelatin ratio was maintained at 3.5% PVA + 0.5% Gelatin and 

at 3.5%PVA +1.0% Gelatin (% w/w ratio) and then 0.5%, 1.0%, 1.5% and 2.0% (% v/w ratio) 

of 1 mM of green synthesized AgNPs were incorporated in each hydrogel. The quantity of 

AgNPs was taken in mL, and the concentration of AgNPs was kept constant in each casting 

solution. After completely evaporating water when kept in a hot air oven, thin films of 

PVA/gelatin/AgNP hydrogel remained on the Petri dishes were peeled off and stored in a 

vacuum desiccator for further processing and characterizations. 

5.6.2. Study of Swelling Properties of The NC Hydrogel Films 

Blood contains about 90% of water in a body. As such excellent swelling behaviour of a 

hydrogel is considered one of the most important properties for the hydrogel to absorb a large 

quantity of water in the blood to help cease bleeding. Swelling behaviour is basically to 

maintain the state of the hydrogel when it absorbs water and the capacity to hold on to the 

water. Permeability to nutrients by the water present in the hydrogel and export of cellular 

products from the hydrogel is considered a desirable factor for choosing a dressing material60. 

This material should reach a swelling and de-swelling equilibrium in a short period. The 

swelling kinetics was carried out for 500 minutes, and the swelling behaviour of all the 

hydrogel film combinations was recorded at 30 minutes intervals each. 

Figure 5.4(i) represents the swelling ratio of the 4% PVA control hydrogel, 4% gelatin 

control hydrogel and PVA/gelatin blend hydrogel films. The PVA control hydrogel film and 

PVA/gelatin hydrogel films showed good swelling behaviour since both gelatin and PVA are 

hydrophilic polymers. The hydrogel film 3.5% PVA + 0.5% gelatin achieved swelling 

equilibrium within 30 minutes and the water uptake capacity was found to be 587.28% at 

equilibrium, while other PVA/gelatin hydrogel films took about 30 minutes to achieved 

equilibrium. Still, their water uptake capacity was less than 500%. Again, 4% PVA (control) 

hydrogel film achieved equilibrium within 60 minutes with a water uptake capacity of 
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504.03%. The swelling behaviour of 4% gelatin (control) hydrogel film could not be recorded 

as it got dissolved within 60 minutes. The swelling behaviour of 3.5% PVA + 0.5% gelatin and 

3.5% PVA + 1.0% gelatin hydrogel films showed better results than the other combinations, 

so these samples were considered for further characterization. 

 

Figure 5.4: (i) Swelling kinetics of PVA (control), gelatin (control)and PVA-gelatin hydrogels 

in which PVA is kept constant and gelatin is varied. Swelling kinetics of (ii) (a) 3.5% PVA + 

0.5% gelatin(Control), (b) 3.5% PVA + 0.5% gelatin + 0.5% AgNP, (c) 3.5% PVA + 0.5% 

gelatin + 1.0% AgNP, (d) 3.5% PVA + 0.5% gelatin + 1.5% AgNP and (e) 3.5% PVA + 0.5% 

gelatin + 2.0% AgNP hydrogel films and (iii) (f) 3.5% PVA + 1.0% gelatin(Control), (g) 3.5% 

PVA + 1.0% gelatin + 0.5% AgNP, (h) 3.5% PVA + 1.0% gelatin + 1.0% AgNP, (i) 3.5% PVA 

+ 1.0% gelatin + 1.5% AgNP and (j) 3.5% PVA + 1.0% gelatin + 2.0% AgNPs hydrogel films 

respectively. 

Figure 5.4(ii) and 5.4(iii) presents the swelling kinetics of 3.5% PVA + 0.5% gelatin and 

3.5% PVA + 1.0% gelatin hydrogel films incorporated with green synthesized AgNPs in 

various ratios respectively. In figure 5.4(ii) all the PVA/gelatin/AgNP hydrogel films achieved 

swelling equilibrium within 30 minutes and the water uptake capacity was found to be 654.44% 

for (a)  3.5% PVA + 0.5% gelatin(Control), 657.4% for (b)  3.5% PVA + 0.5% gelatin + 0.5% 

AgNP, 675.45% for (c) 3.5% PVA + 0.5% gelatin + 1.0% AgNP, 683.73% for (d)  3.5% PVA 

+ 0.5% gelatin + 1.5% AgNP and 753.29% for (e) 3.5% PVA + 0.5% gelatin + 2.0% AgNP 

respectively at equilibrium. Since 3.5% PVA + 0.5% gelatin + 2.0% AgNP hydrogel film had 

the highest water uptake capacity among the other which was more than 700% at swelling 

equilibrium. All the AgNPs incorporated hydrogel films had more water uptake capacity than 

that of the control polymer hydrogel film. 

Again, from the figure 5.4(iii) it is clear that all the PVA/gelatin/AgNP hydrogel films 

achieved swelling equilibrium within 30 minutes and the water uptake capacity was found to 
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be 547.93% for (f) 3.5% PVA + 1.0% gelatin(Control), 550.29% for (g) 3.5% PVA + 1.0% 

gelatin + 0.5% AgNP, 585.62% for (h) 3.5% PVA + 1.0% gelatin + 1.0% AgNP, 588.23% for 

(i) 3.5% PVA + 1.0% gelatin + 1.5% AgNP and 588.30% for (j) 3.5% PVA + 1.0% gelatin + 

2.0% AgNP respectively at equilibrium. Here, hydrogel film 3.5% PVA + 1.0% gelatin + 2.0% 

AgNP showed the highest swelling equilibrium with water uptake capacity of 588.30% but it 

is not more than 700% at swelling equilibrium. In this case also, all the polymer hydrogel 

nanocomposite films had more water uptake capacity than that of the control polymer hydrogel 

film. The table 5.1 represents the swelling ratio or the water uptake capacity after 30 minutes 

of swelling by the combinations of 3.5% PVA + 0.5% gelatin and 3.5% PVA + 1.0% gelatin 

hydrogel films after incorporating AgNPs in various concentrations. 

Table 5.1: Swelling ratio of the hydrogel films after 30 minutes. 

Sample 

no. 

PVA/gelatin/AgNP hydrogel films Water uptake capacity or 

Swelling ratio(%) 

(a) 3.5% PVA + 0.5% gelatin(Control) 654.44% 

(b) 3.5% PVA + 0.5% gelatin + 0.5% AgNP 657.4% 

(c) 3.5% PVA + 0.5% gelatin + 1.0% AgNP 675.45% 

(d) 3.5% PVA + 0.5% gelatin + 1.5% AgNP 683.73% 

(e) 3.5% PVA + 0.5% gelatin + 2.0% AgNP 753.29% 

(f) 3.5% PVA + 1.0% gelatin(Control) 547.93% 

(g) 3.5% PVA + 1.0% gelatin + 0.5% AgNP 550.29% 

(h) 3.5% PVA + 1.0% gelatin + 1.0% AgNP 585.62% 

(i) 3.5% PVA + 1.0% gelatin + 1.5% AgNP 588.23% 

(j) 3.5% PVA + 1.0% gelatin + 2.0% AgNP 588.30% 

This kinetic study shows that all the polymer hydrogel nancomposite films with low gelatin 

and high PVA ratio showed faster absorption rates, which helps provide a wet environment for 

faster recovery of wounds53,61. The results revealed that especially 3.5% PVA + 0.5% gelatin 

+ 2.0% AgNP hydrogel film could absorb a large amount of wound exudate also hold water in 

the hydrogel for a longer time.  

5.6.3. Study of Mechanical Properties of The NC Hydrogel Films 

The mechanical properties of a dressing material are considered one of the most important 

factors for its use to protect wounds. In the experiment, the mechanical strength of the hydrogel 
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films was recorded by analyzing the tensile strength and elongation at break value of the 

prepared wound dressings. Figure 5.5 presents the stress vs strain curves of 3.5% PVA + 0.5% 

gelatin and 3.5% PVA + 1.0 % gelatin hydrogel films incorporated with green synthesized 

AgNPs in various ratios respectively. It was observed that the mechanical strength of 3.5% 

PVA + 0.5% gelatin + 2.0% AgNP hydrogel film showed highest among all the other hydrogel 

films with a tensile strength of 112.32 MPa and elongation at break was observed to be 

7.5%(figure 5.5(i)). The mechanical strength of the 3.5% PVA + 1.0% gelatin + 1.0% AgNP 

hydrogel film showed highest among all the other hydrogel films with a tensile strength of 

99.44 MPa and elongation at break was observed to be 4.98%(figure 5.5(ii)). In both the cases, 

the polymer hydrogel films incorporated with green synthesized AgNPs showed enhanced 

mechanical properties than the control polymeric hydrogel films. Table 5.2 records the tensile 

strength and elongation at break values for all the combinations of polymeric hydrogel films 

incorporated with and without AgNPs. 
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Figure 5.5: Tensile strength of  (i) 3.5% PVA+ 0.5% gelatin (Control) and its other 

combinations with 0.5-2.0 % AgNPs(a-e) hydrogel films respectively; (ii) 3.5% PVA + 1.0% 

gelatin(Control) and its combinations with 0.5-2.0% AgNP(f-j) hydrogel films respectively. 

     Table 5.2: Tensile strength and Elongation at break of the the PVA/gelatin/AgNP 

hydrogel films. 

Sample 

no. 

PVA/gelatin/AgNP hydrogel films Tensile strength 

(MPa) 

Tensile 

Elongation at 

Break (%) 

(a) 3.5% PVA + 0.5% gelatin(Control) 95.92 5.69 

(b) 3.5% PVA + 0.5% gelatin + 0.5% AgNP 101.95 7.57 

(c) 3.5% PVA + 0.5% gelatin + 1.0% AgNP 91.22 5.21 

(d) 3.5% PVA + 0.5% gelatin + 1.5% AgNP 48.77 5.98 
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(e) 3.5% PVA + 0.5% gelatin + 2.0% AgNP 112.32 7.5 

(f) 3.5% PVA + 1.0% gelatin(Control) 95.77 4.72 

(g) 3.5% PVA + 1.0% gelatin + 0.5% AgNP 59.05 4.97 

(h) 3.5% PVA + 1.0% gelatin + 1.0% AgNP 99.44 4.98 

(i) 3.5% PVA + 1.0% gelatin + 1.5% AgNP 92.88 6.05 

(j) 3.5% PVA + 1.0% gelatin + 2.0% AgNP 87.93 4.45 

5.6.4. Study of Fourier Transform Infrared (FT-IR) Spectroscopic 

Character of the NC Hydrogel Films 

     FT-IR spectra study provides benefits to study precisely the molecular structure of a 

material. The position of the peaks as well as the intensity and width of the bands might be 

subjected to change due to environmental change and also due to conformation of 

macromolecules on molecular level. When different polymers are compatible, intermolecular 

interactions may occur. Thus, it is advantageous for studying polymer compatibility under 

FTIR spectrum. The FTIR spectrum for the blends of polymers appears different from that of 

pure polymers53. Figure 5.6(i) gives the FTIR spectrum of (a) 3.5% PVA+ 0.5% gelatin 

(Control), (b) 3.5% PVA + 0.5% gelatin + 0.5% AgNP, (c) 3.5% PVA + 0.5% gelatin + 1.0% 

AgNP, (d) 3.5% PVA + 0.5% gelatin + 1.5% AgNP and (e) 3.5% PVA + 0.5% gelatin + 2.0% 

AgNP hydrogel films respectively. And figure 5.6(ii) represents the FT-IR spectrum of (f) 3.5% 

PVA + 1.0% gelatin(Control), (g) 3.5% PVA + 1.0% gelatin + 0.5% AgNP, (h) 3.5% PVA + 

1.0% gelatin + 1.0% AgNP, (i) 3.5% PVA + 1.0% gelatin + 1.5% AgNP and (j) 3.5% PVA + 

1.0% gelatin + 2.0% AgNP hydrogel films respectively. In the FTIR spectra of both the figures 

5.6(i) and 5.6(ii) in the PVA/Gelatin hydrogel films, bands at 916 and 850 cm-1 confirm the 

presence of PVA skeletal vibration. The band at 1096 cm-1 represents C-O stretching and O-H 

bending. Also, C-C and C-O stretching vibration occur at 1144 cm-1, and the small bands at 

1438 and 1378 cm-1 correspond to the bending and wagging of CH2 and C-H vibrations. There 

occurs a broad peak around 3279 cm-1, which indicates hydroxyl group stretching vibration. 

Also, the smaller peaks around 2923 cm-1 and around 2850 cm-1 indicate C-H asymmetric 

stretching vibrations. The band at around 1640 cm-1 corresponds to the acetyl C=O stretching 

vibrations. Again, due to the presence of gelatin, the region between 3000-3600 cm-1 and 

between 1100-1700 cm-1 gives potential peaks, which indicates as N-H stretching vibrations 

which are hydrogen-bonded. The peak around 3286 cm-1 corresponds to a hydroxyl group with 

the polymeric association and a secondary amide. Again C-O stretching of secondary alcoholic 
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groups is indicated by the peak at 1088 cm-1, and the peak at 1635 cm-1 corresponds to the 

presence of the secondary amide group. The peak at 2932 cm-1 corresponds to the occurrence 

of a hydrocarbon chromophore in the esterified product. So this esterified product has a 

secondary alcoholic group and secondary amide groups along with the hydrocarbon 

chromophore. Thus good interaction between the two polymers i.e., gelatin and PVA was 

observed.52,53,62 
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Figure 5.6: FT-IR spectrum of (i) 3.5% PVA+ 0.5% gelatin (Control) and its other 

combinations with 0.5-2.0 % AgNPs(a-e) hydrogel films respectively; (ii) 3.5% PVA + 1.0% 

gelatin(Control) and its combinations with 0.5-2.0% AgNP(f-j) hydrogel films respectively. 

In the FTIR spectrums of both the combinations, PVA-gelatin hydrogel nanocomposite 

films, the strong and broad absorption peak at around 3284-3443 cm-1 corresponds to the N-H 

stretching vibrations of amines. This peak also corresponds to the O-H (H-bonded) stretching 

vibrations of phenols and carboxylic acids. Again, the peak observed at 1633 cm-1 attributes to 

the C=O stretching in carboxyl or C=N bending vibration in the amide group. The peak at 667-

598 cm-1 corresponds to C-H stretching of aromatic group. The shifts in the peak highlight the 

involvement of functional groups of bhimkol (Musa balbisiana) peels in the reduction of silver 

salt(Ag+) to metallic silver (Ag0). There are major peak highlights in the FTIR spectrum of the 

polymer hydrogel films incorporated with silver nanoparticles than the polymer hydrogel films 

without incorporation of AgNPs. The chemical structures were well preserved without forming 

any new chemical bonds during the hydrogel forming process indicating that these hydrogel 

films are formed by cross-linking.63,64 
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5.6.5. Study of Water Vapour Transmission Rate (WVTR) 

In the process of wound healing, the water vapour transmission rate (WVTR) of the 

uppermost surface of a membrane determines the wound’s moist environment, which is one of 

the most important criteria. Lower WVTR of a membrane or hydrogel film material causes 

retention of the exudate builds up the back pressure, which might lead to softening of the 

surrounding healthy tissues of the wound area, triggering pain to the wounded area of the 

patient. This condition also increases the bacterial growth in the wounded area. On the contrary, 

higher WVTR of a membrane or material leads to excessive water loss, then dehydrates the 

wound, which ultimately initiates the formation of scar or dressing attachment to the wounded 

skin.65 The water vapour transmission for skin without any injury, skin with first degree burn 

and skin with granulated injury was about 200, 300 and 5000 g/m2.day, respectively. An ideal 

wound dressing material should prevent much loss of water and dryness. Also, it should be 

able to avoid the formation of exudates in the injury site. An ideal wound healing dressing 

material must have WVTR of about 2000-2500 g/m2.day.65,66 Table 5.3 represents the WVTR 

of the hydrogel samples after 24 hours duration.  

Table 5.3. WVTR of the hydrogel films after 24 hours. 

Sample 

no. 

PVA/gelatin/AgNP hydrogel films Water Vapour Transmission Rate 

(g.m-2.24 hr) 

(WVTR±S.D) 

(a) 3.5% PVA + 0.5% gelatin(Control) 1248.75±90.015 

(b) 3.5% PVA + 0.5% gelatin + 0.5% AgNP 1426.45±75.873 

(c) 3.5% PVA + 0.5% gelatin + 1.0% AgNP 1824.1±139.159 

(d) 3.5% PVA + 0.5% gelatin + 1.5% AgNP 2095.9±126.855 

(e) 3.5% PVA + 0.5% gelatin + 2.0% AgNP 2239±98.571 

(f) 3.5% PVA + 1.0% gelatin(Control) 1072.9±48.507 

(g) 3.5% PVA + 1.0% gelatin + 0.5% AgNP 1567.8±77.216 

(h) 3.5% PVA + 1.0% gelatin + 1.0% AgNP 1909.8±79.196 

(i) 3.5% PVA + 1.0% gelatin + 1.5% AgNP 2010.95±32.598 

(j) 3.5% PVA + 1.0% gelatin + 2.0% AgNP 2232.15±74.034 

PVA: Poly (vinyl alcohol), AgNP: Green synthesized Silver Nanoparticles, WVTR: Water vapour 

transmission rate, S.D: Standard deviation, where p-value <0.05 respectively. 
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The water vapour transmission rate of 3.5% PVA + 0.5% gelatin + 2.0% AgNP is 2239 

g.m-2.d-1 and 3.5% PVA + 1.0% gelatin + 2.0% AgNP is 2232.15 g.m-2.d-1 which showed much 

greater improvement when compared with the 3.5% PVA + 0.5% gelatin(Control) and 3.5% 

PVA + 1.0% gelatin(Control) which were 1248.75 g.m-2.d-1 and 1072.9 g.m-2.d-1 

respectively(Table 5.3).  
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Figure 5.7: Water vapour transmission rate(WVTR) (i) of 3.5% PVA+ 0.5% gelatin (Control) 

and its other combinations with 0.5-2.0% AgNPs(a-e) hydrogel films, respectively; (ii) 3.5% 

PVA + 1.0% gelatin(Control) and its combinations with 0.5-2.0% AgNPs(f-j) hydrogel films 

respectively. 

Figure 5.7(i) and (ii) showed a graphical representation of the comparative WVTR values 

of all the hydrogel films. In figure 5.7(i) 3.5% PVA + 0.5% gelatin(Control) hydrogel film and 

other formulations of 3.5% PVA + 0.5% gelatin hydrogel films after addition of silver 

nanoparticles are compared whereas in figure 5.7(ii) 3.5% PVA + 1.0% gelatin(Control) 

hydrogel film and other formulations of 3.5% PVA + 1.0% gelatin hydrogel films after addition 

of AgNPs are compared. From both the figures, it can be observed that WVTR of all the 

polymer nanocomposite hydrogel films increased with an increase in the AgNP content. So the 

ideal wound dressing material is the hydrogel film with 2.0% AgNP, which has a WVTR of 

2239 g.m-2.d-1. This WVTR range is ideal for maintaining optimum moisture content at the 

times of the wound healing process.67  
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5.6.6. Study of Hydrophilicity and Wettability by Contact Angle 

Measurement 

Hydrophilicity and wettability analysis of biomaterials is a significant study in biomedical 

applications as they come in contact with the blood and exudates. So water contact angle 

measurements are used to study the membrane surface hydrophilicity.68 An ideal wound 

dressing material generally should have contact angle < 90° with a good ability to absorb 

excessive exudates from the wound sites.66  
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Figure 5.8: Graphical representation of the contact angles of (i) 3.5% PVA+0.5% gelatin+ 

AgNP(vary) hydrogel film formulations along with their contact angle measurement images; 

and (ii) 3.5% PVA+1.0% gelatin+AgNPs(vary) hydrogel film formulations along with their 

contact angle measurement images. 

Figure 5.8(i) and (ii) represent the contact angle measurements and images of the various 

PVA/gelatin/AgNPs hydrogel film formulations. The addition of AgNPs has influenced the 
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contact angle measurements in both the combinations of PVA/gelatin hydrogel films. In the 

experiment, the concentration of PVA is kept constant, and gelatin concentration varies. AgNPs 

concentration was gradually increased. The contact angle measurements of the AgNP 

incorporated PVA/gelatin hydrogels are comparatively similar to that of the original hydrogel 

film without incorporation of AgNPs. From figure 5.8(i), it was clear that initially, there was a 

slight decrease in the contact angle. At a later stage, no further decrease in the contact angle 

was observed. This may be due to AgNPs aggregation in the hydrogel at higher concentration.68 

Figure 5.8(ii) shows no substantial contact angle decrease after adding AgNPs into the polymer 

hydrogel films. The contact angle measurements are in-between 55.37-85.33°, with a good 

ability to absorb water or exudates. 

5.6.7. Study of Morphology of NC Hydrogel Films by FESEM 

The FESEM micrographs of PVA-gelatin hydrogel films and PVA/gelatin/AgNP hydrogel 

films, shown in figure 5.9(i-viii). The FESEM technique can easily study the surface 

morphology of the hydrogels. From figure 5.9(i), (ii) and (v), (vi), the microstructure of the 

control polymeric hydrogel film can be analyzed easily. It is observed that the surface of the 

polymeric PVA/gelatin hydrogel, i.e., 3.5% PVA + 0.5% gelatin and 3.5% PVA +1.0% gelatin 

blend without AgNPs, showed clear or plain surface without much irregularities, which 

confirms in homogenous mixing of the polymers. The hydrogels were transparent and mostly 

amorphous in nature. Figure 5.9(iii) and (iv) displays 3.5% PVA + 0.5% gelatin + 2% AgNP 

hydrogel films whereas figure 5.9(vii) and (viii) displays 3.5% PVA + 1.0% gelatin + 2% 

AgNP hydrogel films. After adding 2% AgNPs in both the combinations, the structure changed 

to be rough but showed a homogenous surface of the polymeric hydrogel film matrix with 

silver nanoparticles distributed evenly.69 These micrographs confirm the incorporation of 

AgNPs with dimensions smaller than 100 nm within the polymeric matrix. It seems that at 

higher concentrations of AgNPs, aggregations are observed in the polymeric hydrogel matrix. 

Agglomeration of AgNPs might have occurred as the images show the poly disperse nature of 

AgNPs originally synthesized using Bhimkol (Musa balbisiana) peel extract. The average 

nanoparticle size was around 44.24 nm, which was embedded into the PVA and gelatin 

hydrogel film.70 
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Figure 5.9: FESEM images of (i-iv) 3.5% PVA+0.5% gelatin hydrogel films and 

3.5%PVA+0.5% Gelatin+ 2% AgNPs hydrogel films at 1µm scale (25kx magnification) and 

500 nm scale(50kx magnification); and (v-viii) 3.5% PVA+1.0% gelatin hydrogel films and 

3.5%PVA+ 1.0% gelatin+ 2% AgNPs hydrogel films at 1µm scale(25kx magnification) and 

500 nm scale(50kx magnification) respectively. 

5.6.8. Study of Morphology of NC Hydrogel Films by Field Emission 

Transmission Electron Microscopy (FETEM) Analysis 

The FETEM analysis can efficiently study the PVA and gelatin hydrogel blend's surface 

morphology. The SAED pattern determines the amorphous or crystalline nature of the 

polymeric hydrogel film. The existence and distribution of AgNPs within the polymer matrics 

was investigated by FETEM analysis. Figure 5.10 represents the FETEM images of 

PVA/gelatin polymeric hydrogel and PVA/gelatin/AgNPs polymeric hydrogels, providing the 

size and shape of the AgNPs, which are clearly observed in the polymeric hydrogels. 

Figures 5.10(i) and (iv) show the hydrogel matrix formation was visible between PVA and 

gelatin without much irregularities. Both the control hydrogel films i.e., 3.5% PVA + 0.5% 

gelatin and 3.5% PVA + 1.0% gelatin are smooth. Again, figure 5.10(ii) and (v) i.e., in hydrogel 

films 3.5% PVA + 0.5% gelatin + 2%AgNPs and 3.5% PVA + 1.0% gelatin + 2%AgNPs, 

presence of AgNPs was quite evident. Figure 5.10(iii) and (vi) represents the SAED pattern of 

3.5% PVA + 0.5% gelatin + 2%AgNPs and 3.5% PVA + 1.0% gelatin + 2%AgNPs hydrogel 

films. This study reveals that AgNPs are almost polydispersed in nature with mostly spherical 

shape. The nanoparticles are randomly distributed within the polymeric matrices of PVA and 

gelatin. AgNPs had an average particle size of around 12-66 nm when analyzed using ImageJ 
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software. In figure 5.10(ii) and (v), due to the addition of a high concentration of AgNPs(2% 

v/v), there was nanoparticle agglomeration which makes it difficult to measure the exact 

particle size and separate the AgNPs.71 But still, the nanoparticles are visibly seen integrated 

within the hydrogel matrix and some smaller sized AgNPs are found to be scattered. This may 

be during the time of sonication in the process of hydrogel preparation, some nanoparticles 

might have come out of the swollen hydrogel matrix. The AgNPs have face cubic structure and 

its pattern was studied in the SAED pattern of the polymer/AgNP hydrogel film, which 

provides some crystallinity to the hydrogel film.66,68 So it can be concluded that in situ AgNP 

formation within a well-defined crosslinking hydrogel network can produce controlled as well 

as smaller sized nanoparticles. Further the presence of elemental silver was confirmed by 

energy-dispersive X-Ray analysis. 

    

Figure 5.10: FETEM images of (i) 3.5% PVA + 0.5% gelatin hydrogel film(control), (ii) 3.5% 

PVA + 0.5% gelatin + 2% AgNPs, (iii) SAED pattern of the 3.5% PVA + 0.5% gelatin + 2% 

AgNPs hydrogel film. (iv) FETEM images of 3.5% PVA + 1.0% gelatin hydrogel film(control), 

(v) 3.5% PVA + 1.0% gelatin + 2% AgNPs and (v) SAED pattern of .5% PVA + 1.0% gelatin 

+ 2% AgNP hydrogel film. 

5.6.9. Study of X-Ray Diffraction of the NC Hydrogel 

The microstructures of the PVA-gelatin hydrogel film with and without incorporation of 

AgNPs were investigated by the wide-angle X-Ray Diffraction. The X-ray diffraction spectrum 

for PVA/gelatin hydrogel films and PVA/gelatin/AgNPs hydrogel film are shown in figure 
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5.11. The XRD pattern of both PVA/Gelatin hydrogel film without AgNP and with 2% AgNP 

showed a sharp and prominent peak at around 19.6° 2θ having high intensities of 5670 and 

4858, respectively. This peak indicates that the crystallinity of the hydrogel films are mainly 

influenced by gelatin more than PVA.52 Also, it specifies the semi crystalline nature of PVA, 

which comprises both amorphous and crystalline regions. Small crystallites are distributed 

arbitrarily in the amorphous matrix which is considered as the crystalline phase.72 Also, a much 

broader hump was observed at around 40⁰ 2θ at much lower intensities for both the hydrogel 

films. This peak confirms the presence of PVA in the composite hydrogels.  
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Figure 5.11: X-Ray Diffraction patterns of PVA/Gelatin hydrogel and PVA/gelatin/AgNP 

hydrogel films. 

Table 5.4: Crystalline sizes and percentage crystallinity of the hydrogel films. 

Hydrogel samples Crystalline size(d) 

nm 

Crystallinity 

(%) 

PVA/Gelatin Hydrogel 2.16 79.87 

PVA/Gelatin/AgNP Hydrogel 0.27 72.02 

For the X-Ray diffraction, d-spacing and crystallinity percentages can be obtained from the 

2θ values. The percentage crystallinity decreases from 79.87% to 72.02% after addition of 

AgNPs into the polymer hydrogel, this may be due to the interaction of Ag ions with the 

polymer chain, mainly with the hydroxyl groups present in the hydrogel matrix. From figure 

5.11, it can be concluded that there is good miscibility between the two polymers which may 

be due to strong interaction among the intermolecular hydrogen bonds. 
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5.6.10. Study of Elemental Analysis of the NC Hydrogel via EDX 

EDX method mainly focuses on the elemental identification of Ag in the polymer hydrogel 

matrix. To confirm the presence of AgNPs in the polymer hydrogel system, the EDX analysis 

was conducted on the PVA/Gelatin nanocomposite hydrogel films. Figure 5.12 represents the 

elemental distribution of the PVA/gelatin/AgNP hydrogel films. In figure 5.12(i) and (ii) the 

control (without AgNPs) PVA/Gelatin hydrogel films i.e., 3.5% PVA + 0.5% Gelatin and 3.5% 

PVA + 1.0% Gelatin comprises of C and O whereas in figure 5.12(ii) and (iv) which represents 

PVA/Gelatin hydrogel films after addition of 2% AgNPs i.e., 3.5% PVA + 0.5% Gelatin + 2% 

AgNPs and 3.5% PVA + 1.0% Gelatin + 2% AgNPs comprising of C, O and Ag. Carbon tape 

was used for mounting the hydrogel films and it justifies the presence of carbon in the elemental 

analysis. Presence of Ag in the composite hydrogel films was clearly observed from EDX 

analysis. 

    

Figure 5.12: EDX analysis of the PVA/Gelatin hydrogel films (i) 3.5% PVA+ 0.5% gelatin 

(ii) 3.5% PVA + 0.5% gelatin + 2.0% AgNP, (iii) 3.5% PVA+ 1.0% gelatin and (iv) 3.5% PVA 

+ 1.0%gelatin+ 2.0% AgNP 

5.6.11. Study of Thermal Property of NC Hydrogel Films  

The property of thermal stability is very important in material used for application in 

biomedical and packaging fields. The thermal analysis of the PVA-gelatin polymeric hydrogel 
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film and the PVA-gelatin hydrogel nanocomposite films were investigated using a Differential 

scanning calorimeter (DSC/TGA Analyser). The thermogravimetric analysis TGA includes the 

measurement of changes in the sample weights over a range of temperatures. The dry hydrogel 

films were evaluated in a temperature range of 20-600°C and the thermal stabilities of these 

hydrogels were affected by their molecular weights and a number of different components.  

Figure 5.13(i) and (ii) show the TG and DSC thermograms for the PVA/gelatin hydrogel film 

and PVA/gelatin incorporated with AgNPs. Figure 5.13(i) gives the thermo gravimetric 

analyses of the PVA/gelatin and PVA/gelatin/AgNP hydrogel films. In the hydrogels, two main 

decomposition steps take place, among them, the initial decomposition temperature was from 

100°C to 200°C. Both the hydrogels exhibited small weight loss (3-6%) initially which may be 

due to water molecule evaporation. PVA/gelation hydrogel showed lesser weight loss at this 

temperature that may be due to the hydrophobic nature of PVA, and its weight loss started at 

around 150°C that may be due to the partial bond scission but later recovered at higher 

temperature by reformation of bonds. TGA curve of the PVA/gelatin/AgNP hydrogel shifted 

towards a higher temperature compared to the polymer hydrogel blend. Degradation at 270°C 

(higher temperature) may be due to the intermolecular disintegration and partial breaking of 

molecular structure. Again, above 380°C the polymeric hydrogel blend decomposes 

completely to residues, whereas the silver nanoparticle incorporated film showed better thermal 

stability. Weight loss above 480°C indicated delay of the thermal degradation process. And 

above 500°C the residual mass was around 8.98% and 9.95% for PVA/gelatin hydrogel and 

PVA/gelatin/AgNP hydrogel films which is the weight value of carbon and ash after 

decomposition. 

In the DSC thermograms in figure 5.13(ii), the endothermic peaks corresponding to the 

melting point of PVA was obtained at around 200-230°C. Also, the endothermic peaks 

corresponding to the glass transition of gelatin was observed in the same range of the melting 

temperature of PVA. As such, the endothermic peaks of PVA/gelatin hydrogels are considered 

as the melting temperature of PVA. There are two significant endothermic peaks at around 

220°C which is the melting transition peak, and at 330°C indicating the degradation 

temperature of PVA. The melting transition peaks in the hydrogel films of PVA-gelatin 

incorporated with AgNPs were observed to be of the intermediate value of the two polymers 

(PVA and gelatin). The transition width of the AgNP incorporated polymeric hydrogels was 

similar to that of the PVA and gelatin components. 
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Figure 5.13: (i) Thermal Gravimetric Analysis (TGA) curves of the PVA/Gelatin hydrogel 

film and silver nanoparticle incorporated PVA/Gelatin hydrogel films. (ii) DSC thermograms 

for the PVA/Gelatin hydrogel film and silver nanoparticle incorporated PVA/Gelatin hydrogel 

films. 

Incorporation of AgNPs has little significance in the peak shifting, which might indicate 

higher stability of the PVA-gelatin hydrogel films. Again the addition of AgNPs in the 

PVA/gelatin hydrogel lowers the melting temperature slightly. The melting endotherm for the 

PVA/gelatin hydrogel was around 220°C and PVA/gelatin/AgNPs hydrogels was 217°C.  

There was slight change or lowering of the melting temperature of the AgNPs added polymer 

hydrogel than the PVA/gelatin control hydrogel but both appears in the region of 200-230°C. 

This lowering of melting temperature is may be due to the mixing of the three components. 

The degradation temperature also changes due to the incorporation of AgNPs into the 

polymeric matrics. The miscibility of both the polymers with AgNPs might be the reason for 

the depression of the melting temperature and the degradation temperature changes. The 

decrease of the melting temperature interprets the interaction of the PVA, gelatin and AgNPs, 

causing strong compatibility among the components and forming a better polymeric hydrogel 

nanocomposite material.53,60,72 

5.6.12. Applications of the NC Hydrogel Films 

5.6.12.1. Study of Antibacterial Activity of NC Hydrogel Films 

The antibacterial activity of the hydrogel films developed using PVA, gelatin and AgNPs 

were evaluated by the zone of inhibition study by the disc diffusion method. Gram positive, E. 

coli (MTCC strain no. 1696) and gram negative, S. aureus (ATCC strain no. 33592) are the 
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most common bacteria causing a severe infection on the skin and other body soft tissues, which 

results in the delay of the wound healing process. The zone of inhibitions caused by the 

hydrogel films against E. coli and S. aureus after 12 hours are shown in figure 5.14(A). Here, 

two combinations of the polymer hydrogels i.e., 3.5% PVA + 0.5% gelatin and 3.5% PVA + 

1.0 % gelatin hydrogel films were studied. In both cases, the control PVA/gelatin hydrogel 

films (without AgNPs) showed no zone of inhibition in both E. coli and S. aureus, which means 

no antibacterial activity was observed in the control hydrogel film combination. The AgNPs 

loaded hydrogel films showed antibacterial activity against both E. coli and S. aureus except 

for hydrogel films with 0.5% AgNP. This may be due to the presence of a low concentration 

of Ag in the polymer hydrogel.  

    

Figure 5.14: Antibacterial activity of the PVA/Gelatin/AgNP hydrogel films(a-j) against E. 

coli and S. aureus. (A) Zone of inhibition diameters (mm) of all the combinations(a-j) and (B) 
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Antibacterial effect (%) of the hydrogel films(a-j). Film no. (e) 3.5% PVA + 0.5% Gelatin + 

2% AgNP hydrogel film showed >70 % of antibacterial effect against both E. coli and S. aureus 

bacteria. 

The PVA/gelatin hydrogel films with 2% AgNPs showed the highest zone of inhibition 

against both E.coli and S.aureus among all the other combinations. The 3.5% PVA + 0.5% 

gelatin + 2% AgNP hydrogel film showed highest zone of inhibition, indicating a good 

antibacterial activity against E. coli as well as S. aureus. The inhibition zone basically occurs 

due to the Ag+ ions which are released from silver (Ag) particle oxidation in the hydrogel.73 

Bacterial cell division and bacterial respiratory chain damages after moisture contact, which 

leads to bacterial cell death. PVA/gelatin hydrogel with 2% AgNP can be selected for wound 

dressings purposes. It showed good antibacterial activity against both E. coli and S. aureus, 

among the other hydrogel combinations. Also evaluating the antibacterial effect, 3.5% PVA + 

0.5% Gelatin + 2% AgNP hydrogel film showed >70 % of antibacterial effect against both E. 

coli and S. aureus bacteria(figure 5.14(B)). 

5.6.12.2. Study of Cell Viability of NC Hydrogel Films 

To determine the biocompatibility of these AgNPs incorporated PVA/gelatin hydrogel 

film, the morphology of the BJ human foreskin fibroblast cells was first examined, subjected 

to exposure with the control polymer hydrogel film and AgNP incorporated hydrogel films. As 

shown in figure 5.15(A), no significant changes in the morphology of BJ fibroblasts were 

observed on exposure to these films. Next, its effect on the viability of human cells using MTT 

assay were analysed. The absorbance was measured at 540 nm, and then a bar graph was plotted 

(n=3). The BJ fibroblasts were thus exposed with PVA/Gelatin hydrogel film and 

PVA/Gelatin/AgNP hydrogel film for 24 and 48 hours. Relative to untreated BJ cells, the 

viability of BJ cells with PVA/Gelatin hydrogel and PVA/Gelatin/AgNP hydrogel films were 

calculated. There was a slight significant difference after 48 hours in the viability of BJ cells 

treated with AgNP incorporated hydrogel film (cell viability>67%) than that of the 

PVA/gelatin hydrogel film (cell viability>59% keeping untreated BJ cells as 100% (Figure 

5.15(B)). There is not much difference between the hydrogels with and without AgNPs(60-

70% viability levels), and the cell morphology is unchanged from the control untreated cells. 

The lower MTT measured metabolic level may just mean that the cells are growing slower on 

the PVA-gelatin matrix hydrogels, which is probably the case because cells generally spread 

better on stiffer, more hydrophobic culture surfaces. The cells multipled from 24 hours till 48 
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hours duration, they appeared elongated fibroblast like morphology were seen. Results further 

confirmed that the AgNP incorporated hydrogel film is non-toxic. Thus, the MTT assay 

demonstrated the biocompatibility of the AgNP incorporated PVA/Gelatin hydrogel film, 

which can be used for various biological applications.60 
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Figure 5.15 (A): Morphology of the BJ fibroblast cells on exposure with the polymer hydrogel 

films at 24 and 48 hours using an inverted brightfield microscope at 20x magnification. (B) 

Percentage cell viability of PVA/Gelatin and PVA/Gelatin/AgNP hydrogel film after 24 and 

48 hours (keeping control sample at 100%). 

5.6.12.3. Study of Wound Healing Property of NC Hydrogel Films via In vitro Scratch 

Wound Healing Analysis  

The wound healing property of the biocompatible PVA/Gelatin/AgNP hydrogel film on a 

monolayer of BJ fibroblast cells was studied by the in vitro scratch assay. For this analysis, BJ 

human foreskin fibroblast cells were used due to their crucial role in cell migration, one of the 

essential characteristics of scar formation and skin wound healing.74–76 Also, the synthesis of 

extracellular matrix and different growth factors occurs, which later contributes to wound 

healing development.77 As such, BJ fibroblast cells were used to evaluate the wound closure 

effects of the PVA/Gelatin/AgNP hydrogel film using in vitro scratch assay method. Migration 

of BJ cells was observed within 6 hours of exposure. The cells migrated towards the centre of 

the wound area with the PVA/Gelatin/AgNP hydrogel film. For the cells with the PVA/Gelatin 

hydrogel film(control), no migration was observed even after 6 hours of exposure (Figure 

5.16(A)). For both control and AgNPs incorporated hydrogel films, more than 90% of wound 

closure was seen after 48 hours of exposure and 60-70% after 24 hours. However, we observed 

a significant difference in the rate of wound closure at 6 and 12 hours between 

PVA/Gelatin/AgNP hydrogel film and the PVA/Gelatin hydrogel film. PVA/Gelatin/AgNP 

hydrogel film showed 21.62% wound closure at 6 hours and 47.17% wound closure at 12 hours 

whereas PVA/Gelatin hydrogel film showed only 4.03% wound closure at 6 hours and 25.17% 

wound closure at 12 hours(figure 5.16(B)). The wound closure (%) was calculated using Image 

J software, and a bar graph was plotted (n=2). These results signify that PVA/Gelatin/AgNP 

hydrogel film has efficient wound healing potential than its counterpart (Figure 5.16(B)).  
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Figure 5.16: (A) Illustrative micrographs of the human cells migrating into a scratch area over 

24 hours in PVA/Gelatin(control) and PVA/Gelatin/AgNP hydrogel. (B) The percentage 

wound closure or the migration rate of the cells in PVA/Gelatin and PVA/Gelatin/AgNP 

hydrogel films. 

5.7. CONCLUSION 

A cost-effective and easily usable functional wound dressing nanocomposite-polymer 

hydrogel-triad was developed by combining polyvinyl alcohol (PVA), gelatin and silver 

nanoparticles (AgNP). Bhimkol (Musa balbisiana) peel extract was used for green synthesis 

of AgNPs, which acted as the reducing agent and were incorporated into the various 

combinations of PVA-gelatin hydrogel and developed into hydrogel dressing material for 

wound healing. The polymer hydrogels have superior crosslinking within their matrices. The 

incorporation of AgNPs provided better swelling behaviour, mechanical strength and thermal 

stability to the prepared polymer hydrogel films. Toxicity and antimicrobial assays 
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demonstrated that the prepared PVA/Gelatin/AgNP hydrogels were non-toxic to human skin 

cells and exhibited an appropriate antibacterial activity against E. coli and S. aureus, 

respectively. The cell viability was more than 90% after 24 and 48 hours for the 

PVA/Gelatin/AgNP hydrogel. The antibacterial effect was >70% for the PVA/Gelatin hydrogel 

with 2% AgNP. Wound closure was more than 90% in both control and AgNP incorporated 

hydrogel films after 24 hours of exposure when evaluated by the scratch assay. 

PVA/Gelatin/AgNP hydrogel film has a faster cell migration rate than PVA/Gelatin hydrogel 

film. So, the prepared PVA/Gelatin/AgNP hydrogel film can accelerate the wound healing 

procedure and have the potential to efficiently protect the wounded skin surface against exudate 

accumulation, dehydration and prevent bacterial growth and infection. 

5.8. EXPERIMENTAL SECTION 

5.8.1. Materials and Methods 

5.8.1.1. Materials  

Poly (vinyl) alcohol i.e., PVA powder was purchased from LOBA Chemicals, India. Its 

molecular weight is 111,000 g/mol. Gelatin purchased from SRL Pvt. Ltd, India, which could 

be used without any further purification. Silver nitrate(AgNO3) was purchased from Sigma-

Aldrich, India. Milli-Q water was used for all the experimental works. Other chemicals, 

equipments and glassware used were hot plate, magnetic stirrer, magnetic bead, weighing 

machine, glass beakers, hot air oven, petri dishes, marker pen, acetone, mortar and pestle, 

hydraulic press, Laminar hood (for antimicrobial works), Bunsen burner, sterile L-spreader, 

ethanol, tissue paper, incubator, pipette, Eppendorf tube, tweezer, scissor, centrifuge, falcon 

tubes, micropipette tips, copper-coated TEM grid, carbon tape. 

5.8.1.2. Green Synthesis of AgNPs 

AgNPs were synthesized via the green route using Bhimkol (Musa balbisiana) peel extract 

with slight modification.78 Biological reduction of AgNO3 was carried out initially: To 

optimize the synthesis route for the development of silver nanoparticles (AgNPs), the reaction 

solution concentrations 1-50% v:v ratio of Banana peel extract: AgNO3 Solution were varied. 

The reaction mixture was kept in the dark at room temperature to avoid any photoactivation of 

silver nitrate under inert conditions. Yellowish-brown color was observed after 30 mins 

indicating the formation of silver nanoparticles. Optimization for the development of AgNPs 

for different parameters like variation in AgNO3 concentration, time, pH was also reported.70 
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5.8.1.3. Preparation of the Polymer hydrogel nanocomposites 

Poly (vinyl) alcohol (PVA) and PVA-gelatin hydrogel films with different concentrations 

of PVA and gelatin were prepared (% w/w ratio). Solution casting method was used to prepare 

PVA-gelatin films which is already described above.53  

5.8.2. Characterizations of the NC Hydrogel Films 

5.8.2.1. Swelling Kinetics 

The dry hydrogel films were submerged in deionized water and incubated in a water bath 

at 37°C; then the hydrogel was taken out at regular intervals (after every 30 mins). The hydrogel 

was dabbed in a tissue cloth to remove excess surface water and then wet hydrogels were 

weighed until equilibrium was reached. 

The water uptake capacity (Wu) was determined by the formula given below: 

𝑊𝑢 =
𝑀𝑡 − 𝑀𝑔

𝑀𝑔
× 100% 

Here, Wu represents the water uptake capacity.  

Mt is the weight of the hydrogel at regular time intervals 

Mg is the initial weight of the hydrogel. 

The water holding performance of these hydrogels was determined by placing the swollen 

hydrogels at room temperature until they attain a constant weight. Then the hydrogels were 

weighed at regular intervals of time.60 

5.8.2.2. Mechanical Properties 

Tensile strength of the polymer hydrogel films (control) and the green synthesized AgNPs 

incorporated polymer hydrogels films were measured by tensile test using a 5kN 

Electromechanical Universal Testing Machine (UTM). Tensile test was performed on Zwick 

Roell: Z005TN UTM. The size of the specimen was prepared according to ASTM standards. 

The hydrogel films were cut into 10 mm×60 mm×1 mm (Width × Height × Thickness) pieces 

and placed under 5kN load cell, the stretching speed was kept at 10 mm/min at room 

temperature to measure the tensile strength and the elongation at break. 
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5.8.2.3. FT-IR Spectroscopy 

Fourier Transform Infrared (FT-IR) spectroscopy of the different compositions of the 

PVA/gelatin/AgNPs hydrogels were verified by ATR-FTIR spectrophotometer in the range of 

400-4000 cm-1 wavenumbers and with a resolution of 4 cm-1. The mode of spectrum was taken 

in transmittance mode. FTIR spectroscopy basically characterizes the occurrence of specific 

functional chemical groups and their interactions. PVA-gelatin cross-linking is easily detected 

by FTIR analysis. 

5.8.2.4. Water Vapour Transmission Rate(WVTR) Analysis 

Water vapour transmission rate(WVTR) of the hydrogel films were measured using the 

ASTM E 96-95 standard method. The device for this experiment was prepared in the laboratory 

itself. Measuring dishes which were corrosion resistant, airtight and water-resistant was taken. 

The gap between the liquid level(water) and the specimen (hydrogel films) was about 5±1 mm. 

The hydrogel film samples were cut into square pieces with a thickness of 1.5 mm approx. and 

sealed over the opening of dishes making square cut of 20 mm×20 mm in the aluminium foils 

which were used to cover the dishes. The dishes were filled with 20 mL of distilled water each. 

The hydrogel films were fastened tightly using tape with aluminum foil to prevent any moisture 

loss from the sides of the hydrogel films.  The initial total weight of the dish, hydrogel film, 

distilled water was weighed and recorded as W1. This experiment was carried out in an 

incubator kept at 37°C. After 18 hours and 24 hours intervals, the W2 (final weight) was 

recorded. The water vapour transmission rate(WVTR) is also called as moisture vapour 

transmission rate(MVTR), it is be calculated by the following formula: 

𝑊𝑉𝑇𝑅 =
𝑊1 − 𝑊2

𝑇
× 1000 × 24 

Where, 

WVTR represents water vapour transmission rate,  

W1 represents the initial weight of the dish, hydrogel film and water(g),  

W2 represents the final weight of the dish, hydrogel film and water(g) and  

T represents the time (hours).60,79 
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5.8.2.5. Contact Angle Measurements Analysis 

Quantitative measurement of wetting of a solid by a liquid is referred to as the contact angle 

(θ, theta) measurement.  Angle formed at the three-phase boundary where a liquid, gas or a 

solid interconnect by the liquid is the contact angle. Wound dressing material of surface having 

<90° of contact angle is considered ideal as it has a good ability to absorb the wound exudates.65 

Contact angle was measured using a drop shape analyser made by Kruss Company, Germany. 

The hydrogel films were cut into 10 × 10 mm pieces and placed on the sample holder of the 

contact angle measurement apparatus. A small drop of distilled water <5 µL was injected into 

the hydrogel surface by using a micro-syringe. The contact angle was measured at room 

temperature and three replicates were measured for each hydrogel composition.66,69 

5.8.2.6. FESEM and EDX Analysis 

To obtain the surface morphology of the prepared polymeric hydrogels and the polymeric 

hydrogel nanocomposite films in higher resolution of imaging Field Emission Scanning 

Electron Microscopy(FESEM) can be used. Gemini 300 FESEM from CARL ZEISS company 

was used for both the FESEM and EDX analysis. The FESEM imaging was carried out at 

resolution of 200 nm and 1 µm scale at 3-4 kV accelerating voltage and at 25 kx - 50kx 

magnification. Elemental analysis of the hydrogels was also conducted using energy dispersive 

X-ray spectroscopy. Both qualitative as well as quantitative analysis were performed.  

5.8.2.7. FETEM Analysis 

Field Emission Transmission Electron Microscopy (FETEM-JEOL 2100F) technique is 

used for higher resolution imaging of the PVA/gelatin/Ag nanoparticles hydrogel complex. 

Morphology, size and shape of the nanoparticles, and the polymer blend formation can be 

easily determined.  

5.8.2.8. Thermogravimetric(TG) Analysis 

The thermal analysis was performed using a differential scanning calorimeter DSC/TGA 

analyzer (NETZSCH, STA449F3A00). Around 5.8 mg of the hydrogel film sample was placed 

into the ceramic crucible and the heating rate was kept at 10°C/min under Argon atmosphere 

in a temperature range of 20°C-600°C. The thermogravimetric analyser was mainly used for 

analyzing the chemical structure of the polymer hydrogel film samples.60 
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5.8.2.9. X-Ray Diffraction Analysis 

X-Ray Diffraction of the hydrogel films were recorded by using Bruker D8 Advance X-ray 

diffraction meter (Netherlands) with “Ni-filtered” Cu anode Kα radiation of wavelength 𝜆 = 

1.54060 Å. The scan was taken at room temperature, in the range of 10-85° of 2θ at a scanning 

speed of 1°/mm and with step size of 0.05° respectively. The crystalline size is calculated using 

the following Scherrer equation: 

𝐷 =
𝑘𝜆

𝛽 𝑐𝑜𝑠𝜃
 

Where, D is the crystal dimensions, λ is the X-ray wavelength, k is scherrer constant(0.9 

rad), β is FWHM (full width at half maximum) and θ is the bragg angle.53,66 

5.8.2.10. Statistical Analysis  

The data were collected in a Microsoft Excel 2016 database and Origin 8.5 software is used 

for the data analysis and graph preparation. All the experiments were carried out in triplicate 

and the results are expressed as mean ± standard deviation (SD). Two-way ANOVA was 

applied to determine whether the results have significant variations and a P-value ≤ 0.05 was 

considered acceptable or statistically significant. 

5.8.3. Applications of the NC Hydrogel Films 

5.8.3.1. Antibacterial Properties 

Antibacterial activity of the polymer nanocomposite hydrogels prepared from PVA, gelatin 

and AgNPs was evaluated by the disc diffusion method against a gram-negative bacteria, E.coli 

(1969) and gram-positive bacteria, S.aureus (ATCC33592). Initially, 100 µL of the bacterial 

(E.coli and S.aureus) suspension(108 CFU/mL) was spread on LB(Luria-Bertini) agar plates. 

The hydrogel film samples were evenly punched into circular discs of 5 mm diameter and 

placed on the surface of the LB agar plates. Then the plates were incubated at 37°C for 12 

hours, the diameter of zone of inhibition formed around the samples were measured.73 100 mg 

of the hydrogel films were added to 2 ml of bacterial culture suspensions (E. coli and S. aureus) 

each and incubated for 12 hours at 37°C in a shaker incubator (180 rpm). Then, optical density 

(O.D) was measured at 600 nm and CFU/mL was counted for all the samples. The antibacterial 

effect was evaluated by using the following equation: 

% AE=((C-H)/C) ×100 
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Where, AE is the antibacterial effect, C is the number of bacteria on the surface of the 

control sample and H is the number of bacteria on the surface of the hydrogel film samples.66 

5.8.3.2. Cell Viability Assay 

BJ normal human foreskin fibroblasts (ATCC catalog CRL-2522) were cultured in 

Dulbecco's Modified Eagle Medium (DMEM, GIBCO) supplemented with 10% Fetal Bovine 

Serum (FBS, GIBCO), 1% non-essential amino acids (NEAA; GIBCO) and Penicillin-

Streptomycin solution (GIBCO; 100 U/ml penicillin and 100 µg/ml streptomycin). Cells were 

maintained in a humidified atmosphere of 5% CO2 at 37°C in a CO2 incubator (Eppendorf). In 

all experiments, the medium was changed every second day with complete media. 

Cell viability assay was performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT) as described previously.80 Briefly, BJ human foreskin fibroblast 

cells were seeded in a 96-well flat-bottomed plate at a density of 4×104 cells per well and 

incubated for 24 hours in complete media in a CO2 incubator. Thereafter, cells were incubated 

with PVA/Gelatin(Control) and PVA/Gelatin/AgNP hydrogel film of 5 mm diameter(circular) 

for 24 and 48 hours. The medium was discarded after the treatment and cells were treated with 

MTT (0.5 mg/ml) for 2 hours at 37°C in a CO2 incubator. Purple-colored formazan crystals 

were formed, which were then dissolved in dimethyl sulfoxide. Cell viability (%) was finally 

measured using a multi-plate reader (Multiscan GO, Thermo Scientific) at 540 nm.  

5.8.3.3. In Vitro Scratch Wound Healing Assay  

To study in vitro collective cell migration, the scratch assay, also known as wound healing 

assay, is one of the most used technique.81 BJ normal human foreskin cells were seeded in a 

12-well plate at a density of 1×105 cells/well in the complete growth medium and then grown 

to full confluency. The fully confluent monolayers were scratched with a 20μL sterile pipette 

tip and the media was aspirated out, followed by a rinse with PBS. Scratched monolayers were 

incubated in standard cell culture conditions with circular PVA/Gelatin(Control) and 

PVA/Gelatin/AgNP hydrogel films (about 17 mm diameter) in complete growth medium for 

24 hours. Images were captured at different time intervals using an inverted brightfield 

microscope (ZOE Fluorescent Cell Imager, Bio-Rad) at 20x magnification. The migration 

efficiency was analyzed using ImageJ (1.48v) software. 
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Summary and Thesis Outlook 

 

This dissertation entitled, “Studies on the Green Synthesis of Silver Nanoparticles and 

their Utilization on the Development of Polymer Nanocomposites for Water Disinfection 

and Wound Healing Applications,” contains a total of 5 chapters, including one Introduction 

Chapter (Chapter 1). Each chapter has its individual introduction, objectives, results and 

discussion and reference sections. Chapter 1 is a review chapter that contains a general 

overview of nanotechnology, nanomaterials and a concise history of nanoparticles. This 

chapter also provides an overview of the various methods, including conventional and 

environmentally friendly (green) synthesis of silver nanoparticles (AgNPs). It briefly discusses 

the multiple diverse applications of AgNPs, which are impactful in various sectors. Although 

there are a lot of applications of AgNPs, mostly those AgNPs have been synthesized using 

chemical reduction or other conventional methods. So, to counter the expense of various 

stabilizing and reducing agents and toxic chemicals, more emphasis has to be provided on the 

use of green synthesis to develop multiple applications. Bio-renewable sources like plant 

extracts and agro-waste are used instead of the conventional chemicals and reagents, making 

the synthesis process much simple and easy. 

Chapter 2 elaborates an environment-friendly and cost-effective synthesis of silver 

nanoparticles (AgNPs) using widely available agro waste, the peels of Bhimkol, an indigenous 

banana variety of Assam, Northeast India. Aqueous extract of Bhimkol (Musa balbisiana) 

peels acts as bioreductant and stabilizing agent for the preparation of AgNPs from silver nitrate. 

Apart from the synthesis of AgNPs, the phytochemicals properties of the three-stage 

development of the bhimkol peels are also studied. The synthesized AgNPs shows good 

antibacterial activities for further applications in healthcare, packaging or water treatment.  

Chapter 3 also describes a cost-effective green synthesis method for silver nanoparticles 

(AgNPs) using Chayote squash (Sechium edule) vegetable aqueous extract. Squash or chayote 

is widely available and has medicinal properties. It acts as both reducing and stabilizing agents 

for AgNP synthesis. AgNPs generated showed good antibacterial and antifungal activities as 

was observed in the disc diffusion method. Furthermore, the green synthesized AgNPs showed 

good catalytic activity towards the reduction of methylene blue dye through an electron relay 

process. 
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DIAGRAMMATIC REPRESENTATION OF THESIS WORK 

 

Chapter 4 deals with developing polystyrene nanocomposites (PS-AgNPs) using waste 

thermocol and incorporating it with green synthesized AgNPs.  The developed PS-AgNPs 

composite material was utilized to prepare cups as a water tank model to study water storage 

disinfection properties. The green synthesized AgNPs were prepared using bhimkol peel 

extract then embedded into the PS matrix in different combinations with respect to PS. The 

developed PS-Ag nanocomposites were characterized using various instruments. PS-AgNPs 

cups showed optimum tensile strength and bacteria disinfection properties. 

Chapter 5 focuses on developing a low-cost nanocomposite polymer hydrogel composed of 

triads materials- polyvinyl alcohol(PVA), gelatin, and green-synthesized silver nanoparticles 

(AgNPs) for wound dressing application. AgNPs were synthesized using peels of Musa 

balbisiana (Bhimkol) and incorporated into the PVA-Gelatin blend. The hydrogel films 

showed no toxicity against the BJ normal human foreskin fibroblasts cells. This triad polymeric 

nanocomposite hydrogel was found to accelerate wound healing, efficiently protect the 

wounded skin surface against exudate accumulation/dehydration and prevent bacterial growth 

and infection. All the properties made our PVA-gelatin-AgNPs triad nanocomposite hydrogel 

ideal for wound dressing applications. 
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In conclusion, the thesis contains embodiment of research aimed towards (a) Synthesis, 

optimization and characterization of silver nanoparticles (AgNPs) via the green route using 

‘Bhimkol’ (Musa balbisiana Colla) peel extracts; (b) Study of the phytochemical properties of 

Bhimkol (Musa balbisiana Colla) peels and the antibacterial activities of both bhimkol peel 

extract and green synthesized AgNPs; (c) Synthesis and characterization of Silver Nanoparticle 

via green route using Sechium edule Aqueous Extract, study of their antimicrobial as well as 

catalytic activity; (d) Characterization and development of polystyrene nanocomposites (PS-

AgNPs) from waste thermocol and green synthesized AgNPs for water disinfection application 

and (e) Characterization and development of PVA/gelatin/AgNPs based polymer 

nanocomposite hydrogel for wound dressing application.  

The thesis opens up the opportunity to search for other waste materials of indigenous 

availability and utilise them as bioreductant for the large scale synthesis of nanomaterials of 

wide applications. The focus of the thesis is, though, limited to AgNPs, based on the 

phytochemical constituents of the studied banana peels or Chayote squash, we believe that 

other metallic nanoparticles can also be synthesised. Turning waste into value-added product, 

as is shown in Chapter 3, could also be further explored for practical application toward large 

scale production of tanks for storing water without bacterial growth/infection. The final chapter 

devoted to showcase the preparation of triad polymeric nanocomposite hydrogel for wound 

healing applications. Such materials would find immediate application for the production of 

wound healing bandages, which might be efficient and cost-effective. Finally, with the 

available facilities and limitations, the works presented in the thesis would find an opportunity 

for further exploration towards designing strategies, chemistry, and engineering models to 

develop efficient materials of clinical importance.  
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