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ABSTRACT 

Chitosan, a biopolymer derived from a component found in crustacean shells called 

chitin, is extensively fording use in medicine and medical textiles for drug delivery 

and other applications because of its biocompatibility, biodegradability and inherent 

antimicrobial properties due to its polycationic nature. In this study, an attempt has 

been made to synthesize chitosan in the form of nanoparticles which is expected to 

have an enhanced antibacterial activity over bulk chitosan. Ionotropic cross-linking 

using sodium tripolyphosphate (TPP) was the chosen route for synthesis of chitosan 

nanoparticles (CSN). It has been investigated and found that ionic gelation of cationic 

chitosan macromolecules offers a flexible and easily controllable process for 

systematically and predictably manipulating the particle size and surface charge of 

chitosan nano-particles which is an important property for antimicrobial effect. 

Variations in chitosan to TPP weight ratio, pH of chitosan and TPP solution, chitosan 

solution concentration, temperature of chitosan solution and stirring speed during 

nanoparticle formation were examined systematically for their effects on nanoparticle 

size, shape and intensity of surface charge, so as to enable faster synthesis of chitosan 

nanoparticles with desired properties to have optimum antimicrobial property. 

The data on particle size and zeta potential was obtained by dynamic light 

scattering (DLS) and electrophoretic mobility measurement of the chitosan 

nanoparticles respectively. UV-VIS absorption of bacterial suspension was measured 

at 610 nm to evaluate the bacterial reduction. Shake flask method (AATCC-100) was 

also used to quantify the antibacterial efficacy. It was interesting to observe that pH of 

the chitosan and TPP solution has a significant role in controlling the nanoparticle 

shape and size and thus can be fore tuned to achieve optimum antimicrobial activity. 
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Solution pH of both chitosan and TPP was demonstrated to be the most critical factor 

in controlling particle size, surface charge and even shape as revealed by the SEM and 

TEM micrograph. At very strong acidic condition of chitosan solution, cross-linking 

was less resulting in lower conversion of chitosan to chitosan nanoparticles which was 

reaffirmed by colloidal titration of the surface groups of the chitosan nanoparticles 

with a negatively charged polyelectrolytes (poly (vinyl sulfate kalium salt). The study 

demonstrated that best antimicrobial activity against bacteria Staphylococcus aureus 

was achieved when the chitosan nanoparticles were synthesized at chitosan solution 

pH fixed at 6.0 and the TPP solution pH at 8.9. It was found that variation in size and 

surface charge of chitosan nanoparticles could be achieved by changing the process 

parameters during ionotropic gelation synthesis route which resulted in significant 

variation in their antimicrobial activity. 

Silver loaded chitosan nanoparticles (CSN-Ag) were obtained by adding a 

solution of silver nitrate (AgNO3) to the chitosan nanoparticle suspension during 

chitosan nanoparticle synthesis. Silver loaded chitosan nanoparticles have 

comparatively higher average size (165 nm) with higher polydispersity index (PDI). 

Different concentrations of AgNO3 were used for preparation of CSN-Ag to optimize 

the loading of silver on chitosan nanoparticle. The conversion of some of the silver 

ion to silver nanoparticles was confirmed by the presence of broad Plasmon resonance 

peak in the UV-VIS spectra. 

The antimicrobial activity of chitosan gets much enhanced in nanoparticle form, 

as indicated by reduction in minimum inhibitory concentration (MIC) value. MIC 

value was determined by using shake flask method (AATCC-100) against 
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staphylococcus aureus bacteria. MIC value of CSN is 10 times lower than bulk 

chitosan in suspension form and 50 times lower in powder form. Silver loaded 

chitosan nanoparticle shows 50 times less MIC when it is in suspension form and 500 

times less when it is in powder form. These particles additionally show a release 

mechanism as evident from a clear zone of inhibition. The antibacterial mechanism of 

CSN on Escherichia coli was confirmed by AFM images of nanoparticle treated 

bacteria at different interval of treatment time. 

The physical, chemical and thermal characterization of synthesized chitosan 

nanoparticles (CSN) and silver loaded chitosan nanoparticles (Ag-CSN) vis-a-vis bulk 

chitosan has been done. The structure of CSN and Ag-CSN was studied by FTIR, 

XRD, DSC, and TGA analysis. FTIR analysis confirms the cross-linking of chitosan 

with TPP. X-ray diffraction pattern reveals the amorphous characteristics of chitosan 

and silver loaded chitosan nanoparticle. The synthesized nanoparticles were found 

thermally more stable than bulk chitosan. The introduction of silver ion in chitosan 

backbone has enhanced the thermal stability of the chitosan nanoparticle which was 

confirmed by the TGA studies. The other morphological characteristics of the 

chitosan—TPP nanoparticles were examined using the TEM technique. 

Layer-by-later (L-b-L) technique on textiles is an emerging route to impart 

newer functionalities and properties on textile surfaces without compromising on 

fabric properties such as breathability, texture and handle. The attachment of the first 

layer in L-b-L technique depends solely on the interaction of the polymers with a 

charged textile surface. Thus, for strong gradual build-up of multilayer of 

nanoparticles, initial few bi-layers were made up of linear polyelectrolytes. To 
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achieve the strong base layer formation, an attempt has been made to evaluate the 

effect of different process parameters on the amount of polyelectrolyte adsorbed on a 

cationized cotton textile substrate via sequential adsorption of negatively charged poly 

(styrene sulphonate) (PSS) and positively charged poly (allyl amine hydrochloride) 

(PAH) using layer-by-layer (L-b-L) self-assembly coating process. A considerably 

different polymer adsorption behavior was observed from thick adsorbed layers to 

thin adsorbed layer with different degree of layer penetration and ionic pair formation 

over the pH range (2.5 — 9.0) studied. The amount of polyelectrolyte adsorption on 

cotton fabric was evaluated by measuring the colour value (K/S) of methylene blue (a 

cationic dye) absorbed cotton surface. Contact angle measurement revealed that the 

extent of binding of the oppositely charged polyions on the fabric depends on the pH 

of the polyelectrolyte solution; `zipped-up' structure with more ion pair formation 

was observed at the pH range 4.5 — 6.5. At higher temperature amount of 

polyelectrolyte adsorbed within the multilayers was higher. An increased deposition 

of PSS and PAH was observed with increase in electrolyte (NaCl) concentration. The 

amount of PSS and PAH adsorption increases with increase in concentration up to 

0.03 (M) of PSS and 0.01 (M) of PAH concentrations, respectively. A dipping time of 

5 min was sufficient to have a maximum deposition of the polyelectrolyte multilayers. 

These optimized conditions were then used for base layer formation on a cationized 

cotton surface followed by deposition of body layers via L-b-L technique. The body 

layer is formed of positively charged chitosan nanoparticles (CSN) /silver loaded 

chitosan nanoparticle (CSN-Ag) and negatively charged PSS polyelectrolytes which 

impart the antimicrobial property. 
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PSS and CSN have been used as anionic and cationic agents, respectively for L-

b-L multilayer formation (body layer) on cationized cotton surface already coated 

with base layer of PSS and PAH. The presence of `N' on the cationized cotton was 

confirmed by XPS analysis. Concentration of CSN and number of bi-layers on cotton 

substrate was varied and tested for effect on bacterial reduction. Bi-layer formation of 

PSS and CSN was confirmed by XPS measurement of elemental sulphur (PSS) and 

nitrogen (CSN) of each individual layer of the multilayer coating and also by dyeing 

method by using negatively charged acid dye. The presence of coating material and 

the thickness of coating on individual fibre surface was observed under SEM by 

imaging the fibre cross-section. The results by both parallel streak method (AATCC-

147) and colony counting method (AATCC-100) show enhanced antibacterial activity 

of chitosan nanoparticle coated fabrics when compared with the bulk chitosan (CS) 

coated fabrics at same concentration. Dyeing with negatively charged acid dyes was 

carried out to evaluate the difference between the available cationically charged 

surface active group of cotton surface coated with both the bulk chitosan and its 

nanoparticles. 

The cotton fabric was subsequently coated by L-b-L technique with alternative 

layers of PSS and CSN-Ag. Different concentration of CSN-Ag with different number 

of bi-layer has been studied on cotton substrate. XPS measurement technique was 

used to assess the presence of silver on L-b-L coated cotton surface. Sustained release 

behaviour of Ag+  in `solution A' from CSN-Ag coated fabric was evaluated by atomic 

absorption spectroscopy. The release of Ag+  is further substantiated by antibacterial 

testing which shows a clear zone of inhibition against both Gram-positive and Gram-

negative bacteria. Scanning electron microscopy (SEM) shows the deposition of 
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CSN/CSN-Ag on L-b-L coated fabric surface. SEM micrographs also show the 

bactericidal action of CSN and CSN-Ag on multilayered cotton surface against both 

Gram-positive and Gram-negative bacteria. 

CS and CSN was also applied on cotton fabric using conventional pad-dry-cure 

process to compare the difference in bioactivity as compared to the samples produced 

via L-b-L/coating technique at same concentration. CSN coated samples using L-b-L 

technique registered almost 50% higher reduction of Gram-positive bacteria vis-a-vis 

samples produced by pad-dry-cure method at the same concentration. Performance 

properties of both the L-b-L coated and conventional pad-dry-cure finished fabric was 

compared. Both of these types of samples were tested for various fabric properties 

such as air permeability, tensile strength, bending length and whiteness index value 

along with the antibacterial activity after machine wash for a comparative evaluation 

of the two technique of application pad-dry-cure vs. layer-by-layer (L-b-L) coating. 

viii 



TABLE OF CONTENTS 

Page No. 

Acknowledgement i-ii 

Abstract iii-viii 

Contents ix-xviii 

List of Figures xix-xxv 

List of Tables xxvii-xviii 

List of Acronyms xxix-xxx 

1. Chapter 1: Introduction and Objective of the Work 1-13 

1.1. Introduction 1 

1.2. Motivation 8 

1.3. Objective of the Work 10 

1.4. Outline of the Thesis 11 

2. Chapter 2: Literature Survey 	 15-62 

2.1. Introduction 	 15 

2.2. Action of Microorganisms on Textiles 	 16 

2.3. Microorganism on Textile Substrates 	 19 

2.4. Bacteria and their Classification 	 20 

2.5. Structure of Bacteria Cell and their Destruction Mechanism by 

Bioactive Agents 	 23 

2.6. Antimicrobial Finishing of Textiles 	 24 

2.6.1. Requirements of Antimicrobial Finish 	 25 

2.6.2. Antimicrobial Techniques 	 26 

ix 



2.6.3. Antimicrobial Agents for Textile Application 26 

2.6.3.1. Metals and their Salts 27 

2.6.3.2. Triclosan 27 

2.6.3.3. Cationic Agents 28 

2.6.3.4. Polyhexamethylene Biguanide (PHMB) 29 

2.6.3.5. Dyes 30 

2.6.3.6 Regenerable N-halamine and Peroxyacid 30 

2.6.4 Eco-friendly Antimicrobial Agents used in Textiles 31 

2.6.4.1. Chitosan 33 

2.6.4.2. Sericin 35 

2.6.4.3. Neem Extracts 36 

2.6.4.4. Natural Dyes 38 

2.6.4.5. Aloe Vera 40 

2.6.4.6. Tea Tree 42 

2.6.4.7. Eucalyptus Oil 42 

2.6.4.8. Azuki Beans 43 

2.6.4.9. Prickly Chaff Flower 43 

2.6.4.10. Tulsi Leaves 44 

2.6.4.11. Clove Oil 44 

2.6.4.12. Onion Skin and Pulp Extracts 45 

2.6.4.13. Other Herbal Products 45 

2.6.4.14. Present Perspective and Major Challenges of Using 

Natural Products 46 

2.7. Nanotechnology in Antimicrobial Textiles 47 

2.7.1. 	Nanoparticles and their Preparation 48 

x 



2.7.1.1. Inorganic Nanoparticles 	 49 

2.7.1.2. Organic Nanoparticles 	 52 

2.7.1.2.1 Chitosan Nanoparticles 	 52 

2.7.1.2.2 Preparation of Chitosan Nanoparticles 	 53 

2.8. Antimicrobial Finishing Methodologies 	 54 

2.9. Limitations of Existing Technologies for Incorporation of Chitosan 	54 

in Textiles 	 54 

2.10. Nanocoating using Layer-by-layer (L-b-L) Technique 	 55 

2.10.1. Method of Electrostatic Layer-by-layer Self-assembly 

(ESA)Botanical Characteristics 	 56 

2.10.2. Layer-by-layer Self-assembly on Textile Substrates 	 57 

2.11 Test Methods for Evaluation of Antibacterial Effect 	 58 

3. Chapter 3: Synthesis and Characterization of Chitosan & 

Silver Loaded Chitosan Nanoparticles for Optimum 

Antibacterial Activity 	 63-120 

3.0. General 	 63 

3.1. Optimization of Process Parameters in Synthesizing Chitosan (CSN) 

and Silver Loaded Chitosan Nanoparticles (CSN-Ag) 	 64 

3.1.1. Introduction 

3.1.2. Materials and Methods 	 64 

3.1.2.1. Materials 	 66 

3.1.2.2. Synthesis of Chitosan nanoparticles (CSN) 	 66 

xi 



3.1.2.3. Synthesis of Silver Loaded Chitosan Nanoparticles 

(CSN-Ag) 67 

3.1.2.4. Colloidal Titration 68 

3.1.2.5. 	Characterization of Particle 	Size, 	Zeta Potential 	& 

Morphology 69 

3.1.2.5.1. Hydrodynamic Size and Zeta Potential of the 

Synthesized Nanoparticles 69 

3.1.2.5.2. Topographical Observation 70 

3.1.2.5.2.1. Scanning Electron Microscope 70 

3.1.2.5.2.2. Transmission Electron Microscope 70 

3.1.2.6. Antimicrobial Activity Assessment 71 

3.1.2.6.1. UV-VIS Absorption 71 

3.1.2.6.2. Shake Flask Method / Colony Counting Method 

(AATCC -100) 71 

3.1.2.7. 	Silver 	Loading 	on 	CSN: 	Atomic 	Absorption 

Spectrometry (AAS) 72 

3.1.3. 	Results and Discussion 72 

3.1.3.1. Synthesis of Chitosan Nanoparticle: Effect of Process 

Parameters on Nanoparticle Size, Size Distribution and 

Zeta Potential and the Antibacterial Activity thereof 72 

3.1.3.1.1. Effect of Chitosan/TPP Weight Ratio 72 

3.1.3.1.2. Effect of Chitosan Concentration 75 

3.1.3.1.3. Effect of pH 77 

3.1.3.1.3.1. 	Effect of pH of chitosan solution on 

nanoparticles 77 

xii 



3.1.3.1.3.2. 	Effect 	of 	pH 	of 	TPP 	solution 	on 

nanoparticles 83 

3.1.3.1.3.3. 	Surface 	morphology 	of 	chitosan 

nanoparticles 	formulated 	at 	varying 

solution pH of chitosan and TPP 86 

3.1.3.1.4. Effect of Temperature 90 

3.1.3.1.5. Effect of Stirring Speed 91 

3.1.3.2. Effect of Molecular Weight of Chitosan on Particle Size, 

Zeta Potential and the Antibacterial Activity thereof 93 

3.1.3.3. Stability Study of Chitosan Nanoparticles Suspension 

with Time 95 

3.1.3.4. Silver Loaded Chitosan Nanoparticle 97 

3.1.3.4.1 .Hydrodynamic 	Size, 	Zeta 	Potential 	and 

Antibacterial Activity 97 

3.1.3.3.2. Optimization of silver loading 100 

3.1.4. Summary 101 

3.2. Characterization of Nanoparticles 103 

3.2.1. Introduction 103 

3.2.2. Methods 103 

3.2.2.1. Evaluation of Antibacterial Activity 103 

3.2.2.1.1. Minimum Inhibitory Concentration: Shake Flask 

Method (AATCC-100) 103 

3.2.2.1.2. Antibacterial Activity: Disc Diffusion Method 

(AATCC-90) 104 

3.2.2.1.3. Antibacterial Action: AFM Study 104 



3.2.2.2. Fourier Transform Infrared (FTIR) Measurements 105 

3.2.2.3. X-ray Diffraction (XRD) Pattern 105 

3.2.2.4. Differential Scanning Calorimetry (DSC) 105 

3.2.2.5. Thermogravimetric Analysis (TGA) 106 

3.2.2.6. Morphology Study of the Nanoparticles 106 

3.2.3. Results and Discussion 106 

3.2.3.1. Antibacterial Activity Assessment of Chitosan (CSN) 

and Silver Loaded Chitosan Nanoparticles (CSN-Ag) 	106 

3.2.3.1.1. Minimum Inhibitory Concentration (MIC) in 

Suspension Form 	 106 

3.2.3.1.2. Minimum Inhibitory Concentration (MIC) in 

Powder Form 	 107 

3.2.3.1.3. Antibacterial activity: disc diffusion method 	109 

3.2.3.1.4. Antibacterial activity: AFM study 	 110 

3.2.3.2. Physical, Chemical and Thermal Characterization of 

Synthesized Chitosan and Silver Loaded Chitosan 

Nanoparticles 	 112 

3.2.3.2.1. Crystallographic Assay 	 112 

3.2.3.2.2. Fourier Transform Infrared (FTIR) Analysis 	114 

3.2.3.2.3. Thermal Properties 	 115 

3.2.3.2.4. Morphology Observation 	 117 

3.2.4 Summary 	 119 

xiv 



4. Chapter 4: Effect of Process Parameters on Base Layer 

Formation in Layer-by-layer (L-b-L) Self-assembly Coating on 

Cotton Substrate 	 121-153 

4.0 General 121 

4.1. Introduction 122 

4.2. Materials and Methods 124 

4.2.1. Materials 124 

4.2.2. Method of Fabric Treatment 125 

4.2.2.1. Cationization of Cotton Surface 125 

4.2.2.2. L-b-L Deposition 125 

4.2.3. Test Methods 126 

4.2.3.1. X-ray Photoelectron (XPS) Analysis 126 

4.2.3.2. Spectrophotometric Analysis 126 

4.2.3.3. Contact Angle Measurement 128 

4.2.3.4.Hydrodynamic Size and Zeta Potential of Polyelectrolytes 128 

4.2.3.5. Zeta Potential Measurement of Fabric Surface 129 

4.3. Results and Discussion 130 

4.3.1 X-ray Photoelectron Spectroscopy (XPS) Measurement 130 

4.3.2. Effect of Dipping Solution pH on L-b-L Polyelectrolyte 

Adsorption on Cotton Fabric 132 

4.3.2.1. Deposition of PSS and PAH at Fixed pH 132 

4.3.2.2 Deposition of PSS/PAH Layer at Fixed PSS pH with 

Varying PAH pH 140 

xv 



4.3.2.3. Deposition of PSS/PAH Layer at Fixed PAH pH and 

Varying PSS pH 
	

141 

4.3.3.Effect of Temperature on L-b-L Polyelectrolytes Adsorption 	143 

4.3.4. Effect of Salt on L-b-L Polyelectrolyte Adsorption 	 145 

4.3.5. Concentration of Polyelectrolyte 	 147 

4.3.6 Dipping Time 	 149 

4.4 Summary 	 152 

5. Chapter 5: Application of Chitosan & Silver Loaded Chitosan 

Nanoparticles on Textiles by Layer-by-layer Self-assembly 

Technique 

5.0 General 

5.1. Introduction 

5.2. Materials and Methods 

5.2.1. Materials 

5.2.2. Methods 

5.2.2.1. Deposition of Multilayer Coating on Cotton Fabric using 

L-b-L Process 

5.2.2.2. Pad-Dry-Cure Process 

5.2.2.3. Assessment of L-b-L Deposition 

5.2.2.3.1. Dyeing with Anionic Dye 

5.2.2.3.2. XPS Analysis 

5.2.2.4. SEM Analysis 

155-190 

155 

155 

157 

157 

157 

157 

158 

159 

159 

159 

160 

xvi 



5.2.2.4.1.SEM Sample Preparation for Viewing Bacteria 

Adhesion on the Cotton Surface 160 

5.2.2.5. Dyeing of the CS and CSN Treated Cotton Fabric 161 

5.2.2.6. Antibacterial Activity of Treated Cotton 162 

5.2.2.7. Atomic Absorption Spectroscopy Study 163 

5.2.2.8. Testing of the Performance Properties 163 

5.2.2.8.1. Air-permeability 163 

5.2.2.8.2. Tensile strength 163 

5.2.2.8.3. Bending length 164 

5.2.2.8.4. Wash durability 164 

5.2.2.8.5. Whiteness index 164 

5.3. Results and Discussion 164 

5.3.1. Optimized Concentration of Chitosan Nanoparticle for L-b-L 

Coating 164 

5.3.2. Optimization of Number of L-b-L Bi-layers 166 

5.3.3. Measurement of Bi-layer Deposition 167 

5.3.3.1. Dyeing Method 167 

5.3.3.2. XPS Analysis 169 

5.3.4. SEM Images of the Multilayered Cotton Fibre 171 

5.3.5. L-b-L Coating with CSN-Ag on Cotton Substrate 172 

5.3.5.1. XPS Analysis 172 

5.3.6. Scanning Electron Micrographs 174 

5.3.7. Dyeing of the L-b-L Coated Cotton Fabric 175 

5.3.8. Antibacterial Activity: CS vs CSN L-b-L Coated Cotton 

Substrate 176 

xvii 



5.3.9. Antibacterial Activity: CSN vs CSN-Ag L-b-L Coated Cotton 

Substrate 	 178 

5.3.10. Bacteria Adhesion on Cotton Surface: SEM Analysis 	 181 

5.3.11. Silver Release from (PSS/CSN-Ag)15  Coated Cotton Fabric 	182 

5.3.12. Performance Properties: L-b-L vs Pad-Dry-Cure 	 183 

5.4 Summary 	 188 

6. Chapter 6 : Conclusion and Future Scope of the Work 	191-202 

6.1. Summary 	 191 

6.2. Conclusion 	 198 

6.3 Future Scope of the Work 	 200 

7. References 	 203-217 

List of Publications 

Curriculum Vitae 

xviii 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21

