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ABSTRACT 

Chitosan is a naturally derived polymer, which represents one of the most 

technologically important classes of active materials with applications in a variety of 

industrial and biomedical fields. Polymeric materials can be regarded as promising 

candidates for next generation devices due to their low energy payback time. These 

devices can be fabricated by high-throughput processing methodologies, such as spin 

coating, inkjet printing, gravure and flexographic printing onto flexible substrates. 

However, the extensive applications of polymeric films are still limited because of 

disadvantages such as poor electromechanical properties, high brittleness with a low 

strain at break, and sensitivity to water. For certain critical applications the need for 

modification of physical, mechanical and electrical properties of the polymer is essential.  

When blends of polymer films with other materials are used, as is commonly the case, 

device performance directly depends on the nanoscale morphology and phase separation 

of the blend components. To prepare nanocomposite thin films with the desired 

functional properties, both the film composition and microstructure have to be thoroughly 

characterized and controlled.   

Chitosan reinforced bio-nanocomposite films with varying concentrations of gold 

nanoparticles were prepared through a solution casting method. Gold nanoparticles (~ 32 

nm diameter) were synthesized via a citrate reduction method from chloroauric acid and 

incorporated in the prepared Chitosan solution. Uniform distribution of gold 

nanoparticles was achieved throughout the chitosan matrix and was confirmed by SEM 

images. Synthesis outcomes and prepared nanocomposites were characterized using 

TEM, SAED, SEM, EDX, XRD, UV-Vis, particle size analysis, zeta potential and FT-IR 
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for their physical, morphological and structural properties. Nanoscale mechanical 

properties of the nanocomposite films were characterized at room temperature, human 

body temperatures and higher temperatures using instrumented indentation techniques. 

The obtained films were confirmed to be biocompatible by their ability to support the 

growth and proliferation of human tissue cells in vitro. Statistical analysis on mechanical 

properties and biocompatibility results, were conducted.  Results revealed significant 

enhancement on both the mechanical properties and cell adherence and proliferation. The 

results will enhance our understanding of the effect of nanostructures reinforcement on 

these important functional polymeric thin films for potential biomedical applications. 
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Chapter 1. Introduction 

1.1 Problem Description 

Ever increasing world population creates a real need for technological 

development in the medical field to improve human welfare and quality of life. Research 

in medical science, instrumentation technologies, physical therapies and biomedical 

engineering is of high importance when it comes to wellbeing of the human population. 

In the past few decades, biomedical science and engineering using bio-inspired materials 

and biomaterials is one of the rapidly growing branches in the medical field.  

A biomaterial is a synthetic or natural material that is used to replace or restore 

function to a body tissue and is continuously or intermittently in contact with body fluids. 

Biomaterials are derived from natural organisms and plants and are biocompatible, 

biodegradable and renewable. While there is a need for a prominent approach towards 

development of biocompatible, biodegradable and renewable materials, chitosan opens 

numerous opportunities in biomedical and commercial applications. Chitosan is 

commercially obtained by deacetylation of chitin; which is a structural component of 

shell-fish crust [1]. Other sources of chitin include mollusks, squid back-bones, insect 

cuticles, algae (marine diatoms), protozoa and cell walls of various fungal spices [1, 2]. 

After cellulose chitosan, which is a polysaccharide, stands at the prime position for its 

abundance in nature.  Being biocompatible, chitosan could be used in many applications 

areas such as implants, biomedicines, dental materials, bone substitute materials, wound 

healing, tissue engineering, absorbable sutures, drug delivery [3-5] as well as food 

packaging [6], water treatment, reverse osmosis [7], cosmetics [8] and many more. Chitin 
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and chitosan derivatives demonstrate excellent performance while being used in artificial 

organs in the areas of skin [9, 10], bones, nerves, cartilage and blood vessels [9]. 

Chitosan also has potential to be used as a primary material for implantable biosensors. 

Implantable biosensors are widely used in various applications such as blood glucose and 

uric acid monitoring. Some functions of these biosensors such as pressure and force 

measurement, when used in load bearing applications, require certain mechanical stability 

over a prolonged period of time. For example, compressive stress sensor probes have 

been implanted in the annulus of intervertebral discs [11]. Components of such 

biosensors are often subjected to various stresses under different environmental 

conditions.  

Chitosan films and membranes are often subjected to different mechanical, 

thermal and frictional stresses while in service.  For instance, Chitosan film applied for a 

skin grafting or a wound healing gets exposed to mechanical stresses such as stretching, 

compression and twists. Chitosan, when used in bioactive coatings in orthopedic and 

dental implants [12] experiences different physical and mechanical stresses. For such 

films, both electrical and mechanical characteristics should be well understood to achieve 

optimum performance.  

For certain critical applications, the need for modification of physical and 

mechanical properties of biomedical material is essential. Incorporation of nano-scaled 

materials in chitosan improves both their electromechanical and physical properties [5, 6, 

13-18]. Gold is a widely known biocompatible material that can be used in implants, 

nerve repairs, bio-sensors and other bio-medical applications. Chitosan reinforced with 

gold nanoparticles has proven to be a biocompatible and mechanically stronger 
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(compared to pure chitosan) material when used for sciatic nerve repair [19]. Not only 

mechanical stability, but also the biocompatibility could be improved by reinforcing 

implant polymers with gold nanoparticles. Chitosan embedded with gold nanoparticles is 

an excellent material as a signal transmitting device in a physio-chemical condition 

monitoring sensors [20]. Gold-chitosan nanocomposites yield promising results in 

sensors for determining polyphenol index in wine [21], glucose [22, 23] , as a bio-

adhesive for advanced tissue repair and wound dressing applications [24] and also as an 

implant for a  peripheral nerve repair for physical injury [19]. 

To achieve optimum performance of materials used in biomedical engineering, 

understanding their physical, morphological, and electromechanical properties is very 

important. To use chitosan as a material for wound healing, its mechanical properties 

should be comparable to that of the wound and surrounding tissues to avoid any physical 

mismatch, and to prevent failures in treatment. Limited emphasis has been given to 

mechanical properties characterization of chitosan based nanocomposites for bio-medical 

applications compared to their reliability and biocompatibility characterization partly due 

to lack of appropriate characterization techniques.  

1.2 Objectives 

Cell-tissue interactions occur at nano and micro scales. As a result, in tissue 

engineering and wound healing applications, it is important to understand physical and 

mechanical properties of the engineered biomaterials and target tissues at nano-scales. In 

most cases of tissue engineering, mechanical properties of grafted scaffolds are often 

compared with that of the target tissues. With such conditions, in-depth understanding of 
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the nanomechanical properties of the bio-engineering materials is essential. It is also 

desired to develop the method to fine-tune the nanomechanical properties of the bio-

engineering materials for targeted application areas. To the best of my knowledge, not 

enough attention has been given to the development of nanocomposites with controllable 

nanomechanical properties with the use of crystalline gold nanoparticles within the 

chitosan matrix for biomedical applications. 

The objectives of the dissertation are: 

1. Synthesize crystalline gold nanoparticles and process chitosan polymer matrix 

2. Fabricate thin films of the bio-nanocomposites from as-prepared gold 

nanoparticles and chitosan polymer with different concentration of the 

nanoparticles 

3. Characterize morphological, chemical and microstructural properties of the 

nanocomposites solutions and the solid films through transmission electron 

microscopy, scanning electron microscopy, X-ray diffraction analysis, UV-Vis 

spectroscopy, energy dispersive X-ray spectroscopy, selected area electron 

diffraction analysis, zeta potential measurements and dynamic light scattering 

techniques 

4. Quantitatively determine mechanical properties such as elastic, visco-elastic and 

elasto-plastic characteristics at nanoscale as a function of temperatures 

comprising room temperature and human body temperature 

5. Determine biocompatibility by observing the cell proliferation capabilities of the 

bio-nanocomposite films through in-vitro cell culture studies 
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It is hypothesized that the mechanical properties of the chitosan films will be 

enhanced by incorporation of more crystalline metallic phase of the gold element. 

Because of the dimensional stability of the nanoparticles, efficient metal-polymer 

adhesion and accurate control over the concentration of the gold nanoparticles, 

mechanical properties of the nanocomposites are expected to be fine-tunable, which is 

essential for the certain biomedical applications. It is also expected that the 

biocompatibility of the chitosan will not be affected by the addition of gold because of its 

non-corrosive, non-toxic and biocompatible nature.  

1.3 Dissertation Organization 

From this point in this work, first background and literature review on chitosan 

based materials used in biomedical engineering is given in Chapter 2. After which, 

processing and fabrication of the nanomaterials, polymers, and polymer reinforced 

nanocomposites, and methods to characterize their physical, microstructural, 

morphological, nanoscale mechanical properties, and their biological nature are discussed 

in Chapter 3. Along with experimental procedures, operating principles and theories 

behind the characterization methods are also discussed in detail in Chapter 3. In Chapter 

4, the results are shown and discussion based on critical analysis of the outcomes is 

presented. In Chapter 5, summery of the work and concluding remarks are discussed 

based on the results obtained and presented in Chapter 4. Finally, Chapter 6 (the last 

chapter) shows future opportunities regarding development of the material, and methods 

to explore various other properties with advanced characterization techniques. Challenges 

associated with the future opportunities and possibilities of potential solutions are also 

discussed in the last chapter.   
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Chapter 2. Background and Literature Review 

2.1 Biomedical Engineering 

Biomedical engineering or bioengineering is the application of engineering 

principles in making improvements in the biological and medical fields for development 

of the well-being of human beings. The field seeks to close the gap between medicine and 

engineering fields. Biomedical engineering has had a great impact on life expectancy and 

better health in the past century. As indicated in Table 2.1, in the USA alone, millions of 

patients suffer and die as a result of tissue and organ deficiencies. Biomedical 

engineering field has proven great success in improving lives of people with medical 

impairment. In-effective and inefficient human organs have been effectively replaced 

with artificial replacements with high-tech engineering approaches in recent years [25-

27]. Functions of certain devices, instruments and materials used in the fields of 

biomechanics, bio-molecular engineering, bioinstrumentation, bio-imaging and 

biomaterials can be fine-tuned with advanced engineering approaches to improve their 

efficiency for targeted applications. There was a time when lives of human beings were 

threatened even with minor injuries or impairments. With the advancement in the area of 

biomedical engineering, it is now possible to heal wounds, cuts, burns, bumps and scars, 

repair bone fractures, deliver drugs to heal affected tissues, fill dental cavities, repair 

internal and external tissue injuries, improve vision and do much more. More critical 

surgeries such as replacing damaged heart values with the artificial valves and synthetic 

blood vessels have also become possible.   

Biomedical engineering is relatively new field compared to other classical 

engineering disciplines. Because of that, bioengineering field requires expertise from 
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other disciplines such as electrical, mechanical, materials and chemical engineering as 

well as physical and biological sciences to solve potential healthcare problems.  

Table 2.1 Data for organ and tissue deficiencies [28] (b) approximately 150,000 from 

these are hospitalize and 10,000 of them die annually 

 

Indicator Procedures or Patients per Year

Skin

     Burns (b) 2,150,000

     Pressure sores 150,000

     Venous stasis ulcers 500,000

     Diabetic ulcers 600,000

Neuromuscular disorders 200,000

Spinal cord and nerves 40,000

Bone

     Joint replacement 558,200

     Bone graft 275,000

     Internal fixation 480,000

     Facial reconstruction 30,000

Cartilage

     Patella resurfacing 216,000

     Chondromalacia patellae 103,400

     Meniscal repair 250,000

     Arthritis (knee) 149,900

     Arthritis (hip) 219,300

     Fingers and small joints 179,000

     Osteochondritis dissecans 14,500

Tendon repair 33,000

Ligament repair 90,000

Blood vessels

     Heart 754,000

     Large and small vessels 606,000

Liver

     Metabolic disorders 5,000

     Liver cirrhosis 175,000

     Liver cancer 25,000

Pancreas (diabetes) 728,000

Intestine 100,000

Kidney 600,000

Bladder 57,200

Ureter 30,000

Urethra 51,900

Hernia 290,000

Breast 261,000

Blood Transfusions 18,000,000

     Dental 10,000,000
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2.2 Materials for Bioengineering  

Biomaterials are the materials used in the medical field. In other words, these are 

materials that are chemically, physically and structurally considered compatible with 

natural biological tissues and organs. To be a successful biomaterial, it has to meet 

certain factors such as physical properties, cytotoxicity, biocompatibility and design. 

Major application areas of biomaterials in biomedical engineering include, but not limited 

to, drug delivery, tissue engineering, prosthetics, biosensors and wound healing (Figure 

2.1). 

  

 
Figure 2.1 Application areas of biomaterials in biomedical engineering 

 

Biomaterials are generally classified in four broad categories: 1.) polymers, 2.) 

metals, 3.) ceramics, and 4.) composites. Each of these materials has its own application 

potentials, advantages and drawbacks. For example, devices made of polymers can be 

fabricated by high-throughput processing methodologies such as spin coating, inkjet 

printing, gravure and flexographic printing onto flexible substrates. They also 

demonstrate excellent resilience and flexibility. Certain polymers can be used in 
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replacing soft tissues such as skin, nose, ear, blood vessels, hip sockets and sutures. 

However, the potential problem with polymers is their disadvantages such as poor 

electromechanical properties, high brittleness with a low strain at break, and sensitivity to 

water. They also demonstrate time dependent performance strength, i.e. their shape and 

strength change with time. Also, most polymers easily degrade physically and chemically 

with aging.  

Metals such as stainless steel, titanium, gold, silver and platinum have excellent 

strength. Their toughness and ductility can also be fine-tuned with various compositions 

of different elements (by making alloys).  High strength metals are used to replace 

damaged bones and joints, making screws for the implant attachment with connecting 

bones, dental root implants and wires for various implantable instrumentations.  

However, the density and specific weight become major issues when considering such 

materials for certain biomedical applications. For example, plates, rods or balls made of 

steel may cause physical imbalance when used as a substitute for replaced bone material. 

With metals, chances of corrosion and erosion in the long run are also possible. They also 

involve costly manufacturing processes.  

Bio-inert ceramics such as calcium phosphates (bone cements), aluminum oxide 

and carbon are non-reactive with high level of biocompatibility. Additionally they exhibit 

high load bearing capacity with compressive stresses. They are widely used in orthopedic 

and dental implants where the organs are continuously subjected to repeat compressive 

loading. The disadvantage of using ceramics in implants is their low resilience and hence 

extremely brittle nature which make them prone to sudden cracking and rupture. To make 

use of positive characteristics of certain materials while avoiding their drawbacks, 
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development in composite materials can be potentially rewarding. Carbon fiber 

reinforced epoxy, wire or fiber reinforced bone cement, nano-filler reinforced polymer 

sheeting and thin films are a few examples of composite materials which can be very 

useful in serving various functions in biomedical field. Composite materials can be used 

in applications such as joint implants, heart valves and tissue repair, to name a few. The 

challenges associated with composite materials are their complex design, difficult 

processing and costly production. It is also important to model the materials response to 

understand and predict its lifetime and service performance.  

2.3 Chitosan source, processing, structure and properties 

Environmental concerns have driven the attention towards developing bio-based 

polymers to overcome environmental sustainability drawbacks of synthetic polymers. 

Considering increasing need of special purpose materials and rising environmental 

concerns, more emphasis on modifying biopolymers with advanced technology is needed. 

The perspective of sustainable development has directed materials research towards 

modification of new materials for targeted end applications. Natural polymers need such 

attention to tailor their inherent properties which qualify them for certain end use.  

Nature has evolved a wide range of materials for specific functions in animals, 

plants, and marine-life organisms from which, cellulose and chitin are with the most 

abundance in nature. Chitin and chitosan are polysaccharides commonly available from 

exoskeletons of various crustaceans such as shrimps and crabs, insects and mushrooms 

(Figure 2.2). Other sources of chitin include mollusks, squid back-bones, insect cuticles, 

algae (marine diatoms), protozoa and cell walls of various fungal spices [1, 2]. In the past 
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decade, processing, chemistry, microstructure and properties of chitosan have been 

thoroughly studied. The primary functions of chitin and chitosan in shrimp and crabs is to 

provide sufficient strength and protection to survive in various environmental conditions. 

Being natural polymers, chitin and chitosan are biodegradable and nontoxic materials. 

Because of such fundamental natural properties, they open wide range of applications in 

the biomedical field which will be discussed later in this chapter.  

 

Figure 2.2 Various sources of Chitin - a primary source of chitosan (1) 

Cicada with exoskeleton (2) shrimp shells (3) mushroom (4) crab, and (5) 

squid 

 

 Chitosan is derived from chitin by deacetylation. Deacetylation is the process of 

removing acetyl group from the molecules of chitin under harsh environment of 

concentrated sodium hydroxide (NaOH). The process leaves behind the amine (–NH2) 

groups of the chain with the final chitosan. Care is taken to avoid any undesirable effects 

such as de-polymerization and/or formation of reactive groups. To shield the process 
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from such undesirable effects, deacetylation of chitin is normally conducted in nitrogen 

purged environment or by adding sodium borohydride in NaOH solution. [29] Step-by-

step procedure to extract chitosan from their natural sources is shown in Figure 2.3. A 

schematic illustration of molecular chemical structure of chitin and chitosan is shown in 

Figure 2.4. As shown in Figure 2.4, chitin chain consists of repeat units of N-

acetylglucosamine. In natural form of the polymer, — NH2 (primary amine) group is 

protected with acetyl group which makes chitin least soluble in water, and least reactive 

which limits its applications. Because of that, it is important to free amine groups from 

acetyl group. The degree of deacetylation is the extent at which these acetyl groups are 

removed from the polymer in its natural form. The higher the degree of deacetylation, the 

more soluble and reactive the chains will be. Upon deacetylation, chitin takes the form of 

chitosan (Figure 2.4). In this work, chitosan with degree of deacytylation of 75-85% was 

used. In nanocomposite technology, gold-amine [30] and gold-thiol [31, 32] interaction 

chemistry is well established. As seen in Figure 2.4, deacetylation frees the amine groups 

from the acetyl groups. These free — NH2 groups present on chitosan chains have great 

potential to bind easily (without any binding reagent) with gold nanoparticles. 
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Figure 2.3 Schematic illustration showing procedure to extract chitin and chitosan 

from crustaceans [33]  

 

 

Figure 2.4 Molecular structure of chitin [top] and chitosan [bottom] 
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2.4 Applications of chitosan 

Chitosan is a bio-based natural polymer that exhibits properties such as film-

forming abilities, antimicrobial nature, binding capacity and strength comparable with 

various synthetic polymers. Chitosan has potential for applications in wide range of fields 

such as agriculture [34], cosmetics [35], biotechnology [36], food [37], water treatment 

[38], pulp & paper [39], medical [40] and membranes [41]. In agriculture, chitosan is 

used in seed and leaf coating [42] and in controlled agro-chemical release technology. In 

food processing industries, chitosan is used as a color stabilizer, preservatives, dye and 

acid removal and as an additive for animal foods. In membrane technology for solvent 

separation and permeability control, chitosan can be used with certain chemical and 

physical modifications [43]. In paper industries, chitosan is used for surface treatments, 

for making carbon-less copy papers and photographic papers. In water treatment, to 

remove proteins, metal ions, dyes, amino acids and filtering certain impurities, chitosan 

has been proven to be a material of interest. Chitosan has potential applications in the 

field of biotechnology in the areas such as chromatography [44], protein separation [45-

47], enzyme [48] and cell [49] immobilization and glucose sensor electrodes [50]. 

Compared to other areas, chitosan can be most rewarding if used in biomedical 

engineering because of its biocompatible nature, mechanical stability and excellent 

biodegradability. In medical field, chitosan can be used in bandages, artificial blood 

vessels and valves, blood cholesterol control, wound healing, skin grafting, tissue 

engineering, contact lenses, drug-delivery, implants and implant coatings, bio-sensors, 

tumor inhibition and artificial body fluids, to name a few. In this chapter, applications of 

chitosan in the field of biomedical engineering are emphasized. In following sections, 
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few of the major applications of chitosan in biomedical field such as tissue engineering 

and wound healing are discussed.  

2.4.1 Tissue Engineering 

Tissue engineering is a technique used to develop, modify and optimize methods 

to repair and/or replace damaged or anomalous body tissues. Repair or replacement of 

tissues is done by growing cells onto scaffolds, in vivo or in vitro. With increasing world 

population and hence, increasing need to develop advanced technology to survive from 

deficiencies in structural components of organs, much attention is being given towards 

advancement in tissue engineering. [51] The combination of artificial organs, scaffolds, 

biomaterials and differentiation cells need improvement in standards and quality to avoid 

major tissue and organ damage.  Porous biodegradable polymer matrix is an excellent 

material to seed and grow living cells on its surface and within its structure. More 

recently, there has been much interest in modifying chitosan to improve its solubility  and 

change its physio-chemical properties by introducing various type of side chains to make 

it fit for a wide range of applications [52-57]. Ding et al. [58] discussed potential 

applications graft polymerized chitosan on to Poly-L-Lactic Acid (PLLA) surface in 

tissue engineering field. Tissues of skin, bones, nerves and ligaments can be successfully 

repaired by using appropriate technique with tissue engineering. When used in such 

applications where living human cells need to attach and grow onto the surface and 

interfaces, it is of high importance to bear properties such as biocompatibility, 

mechanical strength and durability for the material. In a recent study [59], composites 

made of chitosan, PVA and inorganic bioactive glass were developed for their use in 

bone tissue engineering as a mechanically stable scaffold. In order to enhance cell 
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growth, tissue scaffolds must exhibit proper attachment with the host tissues, be capable 

to transport enough nutrients throughout the cross-section and accelerate cell growth to 

achieve specific mechanical strength, stability and desired biological performance. For 

such inevitable functions, it is highly desirable for the replacement tissues to have some 

level of porosity to facilitate transportation of cells and other body fluids. In this regard, 

chitosan is an excellent material to perform certain functions with desired efficiency. 

Figure 2.5 shows microstructure of chitosan film with porous structure and in Figure 

2.6, regeneration of skin tissues using chitosan is shown.  

 

Figure 2.5 Porous microstructure of pure chitosan [60]  

2.4.2 Wound healing 

Similar to tissue regeneration, chitosan delivers great benefits in healing wounds, 

cuts and burns. In a study by Harkins et al. [61] it has been shown that because of its 

antimicrobial activity, blood absorption ability and excellent biocompatibility, chitosan 

combined with cellulose can be primarily used in would healing materials. Khan et al. 

[62] found that chitosan processed with certain chemical treatments makes flexible, soft, 

non-toxic and non-allergic material for would dressing that is comparable with existing 
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Figure 2.6 Chitosan acetate films for skin tissue regeneration (a) The film set up, (b) 

The film after the application, (c) The third day evolution, (d) The sixth day 

evolution, (e) and (f) Fourteenth day of evolution [10] 

commercial product Omiderm® used for would healing. Chitosan acetate is an 

antimicrobial material and main constituent used in the making of HemCon® bandages. 

Figure 2.7 illustrates functions such as bleeding control, adhesion, and would healing 

performed by HemCon® bandages made of chitosan. Burkatovskayaa et al. [63] 

demonstrated the benefits of using chitosan in would healing applications by performing 

experiments on mice skins. Figure 2.8 shows improvement in relieving wounds of mice 

using chitosan and alginate made bandages. 
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Figure 2.7 illustration of functions performed by a HemCon® bandage made of 

chitosan ©MediVisuals, Inc. 2008 [64] 

 

 

Figure 2. 8 Chitosan and alginate used in healing wound in mice [63] 
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Polymers used in biomedical applications are often subjected to various kinds of 

physical and mechanical stresses. For certain critical applications, it is desired that the 

materials is reliable throughout its life span. Failure of such materials could result in 

devastating situations. For example, chitosan used in heart valves [65] is continuously 

subjected to cyclic forces as a results of expansion-contraction cycles of the blood vessels 

near the heart regions. In such applications of chitosan films, the importance of 

mechanical stability is second to none. To predict how long the material will last under 

certain cyclic loading, it is desired to perform time dependent viscoelastic properties 

characterization.  
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Chapter 3. Materials and Experimental Methods 

3.1 GNP-Chitosan nanocomposites preparation 

3.1.1 Materials 

Low molecular weight Chitosan (Mw = 50-190 KDa; ~85% of deacetylation), 

acetic acid (≥99.0%), chloroauric acid (HAuCl4:3H2O) and sodium citrate tribasic 

dehydrate (≥ 99.0%) were purchased from Sigma Aldrich (St. Louis, MO). Ultra high 

purity water (resistivity 18.3 – 18.5 MΩ.cm at 25 °C) was obtained using a Milli-Q 

Element® water purification system (EMD Millipore, Billerica, MA). All experiments 

were performed using Milli-Q water. All glassware and stir bars were first cleaned with a 

soap solution and rinsed with deionized water followed by bath washing in a freshly 

prepared aquaregia (HCl:HNO3 3:1). After which, they were thoroughly rinsed with 

deionized water, drained and dried in an oven at 50 °C. 

 

3.1.2 Preparation of gold nanoparticles and gold-chitosan bionanocomposite films 

Gold nanoparticle suspension in aqueous solution was obtained via a citrate 

reduction method. Figure 3.1 shows the color of the suspension changing from pale 

yellow to dark greyish and finally wine red. It shows that citrate ions have reduced gold 

chloride to pure gold nanoparticles with citrate ligands on the nanoparticles surface. With 

the use of high speed ultra-centrifuge, the obtained suspension was washed three times 

with ultra-pure Milli-Q water to remove any possible side products and finally stored in 

an amber bottle at room temperature for later use. 
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Figure 3.1 Gold nanoparticle formation from gold chloride solution 

 

Gold nanoparticles were obtained via the classical Terkovich et al. [66] method 

with slight modifications. 100 ml of HAuCl4 (2.54 mM) solution was vigorously stirred 

at 50 °C on a hot plate stirrer for 10 minutes. 2 ml of freshly prepared sodium citrate 

(10% w/w) was quickly added to the aqueous solution of HAuCl4. The solution was 

brought to room temperature after 3 hours and continually stirred for next 12 hours. 

Obtained gold nanoparticles were washed with DI water and subsequently centrifuged at 

7000 rpm (~3500 x g) for 10 min to remove unreacted salts. Finally washed Au nano-

dispersion in DI water was kept in sealed glass vials for embedding them into the 

chitosan matrix. Synthesized gold nanoparticles were characterized using SEM, TEM, 

UV-Vis, particle size analyzer and zeta potential to evaluate their stability and size 

distributions before being dispersed in chitosan/acetic acid solution for preparing 

bionanocomposite films. 
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Low molecular weight Chitosan (2 % w/w) was mixed with 150 ml solution of 

diluted acetic acid (1 % w/w). The mixture was stirred at room temperature for 24 hours 

until it turned transparent showing that chitosan had been dissolved completely. After 

that, the solution was filtered with a small pore sized (5 µm) filter paper and stored at 4 

°C in  amber vials for the later procedures. Gold nanoparticle reinforced chitosan 

nanocomposites were prepared by adding gold nanoparticle suspensions of different 

concentrations drop wise into the vigorously stirring chitosan solutions. The mixtures 

were stirred for 12 hours to ensure uniform dispersion of gold nanoparticles in the 

chitosan matrix. The composite solutions were again characterized using SEM, UV-Vis 

and zeta potential for the gold particle dispersion, entrapment efficiency and to study the 

aggregation of gold-nanoparticles in the chitosan matrix. Nanocomposite films were 

prepared via a solution evaporation method. [18] Gold-chitosan nanocomposite solutions 

were kept in petri dishes and degassed in vacuum to remove entrapped air. The degassed 

composite solutions were kept at room temperature for drying. After which, the dried 

films were carefully removed from the petri dishes and put in a vacuum desiccator to 

remove moisture. Finally, the as obtained films were carefully stored in a desiccator for 

subsequent studies. Figure 3.2 shows the procedure used to fabricate gold-chitosan 

nanocomposites in this work. Au-chitosan nanocomposite films with gold nanoparticles 

concentration (w/v) of 0 mg/ml (pure chitosan), 0.10 mg/ml, 0.15 mg/ml, 0.20 mg/ml and 

0.25 mg/ml in chitosan solution are referred to here as Film 1, Film 2, Film 3, Film 4 and 

Film 5, respectively. 
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Figure 3.2 Schematic representation of the procedure used to make gold 

nanoparticle reinforced chitosan nanocomposites 
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3.2 Materials Characterization 

After several chemical processes and fabrication of the material, its physical, chemical, 

morphological, microstructural, mechanical and biological properties were characterized. In this 

section, operating principles and methodologies of the characterization techniques such 

as UV-Vis, transmission electron microscopy, selected area diffraction spectroscopy, 

particle size analysis, scanning electron microscopy, electron diffraction spectroscopy, 

dynamic and quasi static nanoindentation and in-vitro cytocompatibility testing are 

discussed. 

3.2.1 Microstructural and Morphological Characterization 

Nanocomposites are prone to develop microstructural defects and discontinuities 

as a result of forces developed at molecular level, unwanted contamination, inclusion of 

foreign material and various processing conditions such as temperature and pressure. 

Such irregularities in the materials structure could significantly affect its performance 

adversely. Also, it is important to understand materials chemistry and its physiochemical 

mechanism. For example, studying the interfacial condition of the nano-fillers with the 

surrounding bonded matrix helps in predicting its mechanical performance enhancement. 

Characterizing the materials toxicity and biocompatibility helps in predicting its 

reliability for the targeted application.  

3.2.1.1 UV-Vis (ultraviolet-visible) spectroscopy 

UV-Vis spectroscopy is an important tool for qualitative and quantitative 

determination of gold nanoparticles and gold nanoparticle-reinforced chitosan 
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nanocomposites solutions. The working principle of the technique is described briefly 

below.  

When a certain electronic transition matches the energy of a certain band of UV, 

it is absorbed and the remaining radiations pass through the sample. Using this residual 

radiation, a spectrum is obtained with “gaps” at these discrete energies which is called an 

Absorption Spectrum. A simple schematic diagram that can describe most modern UV 

spectrometers is shown in Figure 3.3. Two sources are required to scan the entire UV-

Vis band: 1) Deuterium lamp – covers the UV- 200-330 nm wavelengths. 2) Tungsten 

lamp – covers 330-700 nm wavelengths. The lamps illuminate the entire band of UV or 

visible light and the monochromator (grating or prism) gradually changes the small bands 

of radiation, and sends it to the beam splitter. After that, the beam splitter sends a 

separate band to a cell containing the sample solution and a reference solution. The 

detector measures the difference between the transmitted light through the sample (I) 

versus the incident light (Io) and sends this information to the recorder.  

In this work, UV-Visible spectrophotometer (Lambda 50 by Perkin Elmer, 

Waltham, MA) was used for characterizing the nanoparticles and nanocomposites 

suspensions. Chitosan solution containing gold nanoparticles with concentration of 0.10 

mg/ml, 0.15 mg/ml, 0.20 mg/ml and 0.25 mg/ml were analyzed by reducing their 

concentration to 50 % of the original solution. Serial dilution was performed with the 

synthesized gold solution with known concentration to calculate the actual concentration 

of the gold in the chitosan matrix. The procedure to determine actual gold concentration 

in the chitosan matrix using UV-Vis spectroscopy is discussed in Chapter 4. 
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Figure 3.3 Picture of the UV-Vis equipment used in this study (Top), and schematic 

of the operation explained in the text (Bottom)  

3.2.1.2 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) is a vital characterization tool for 

directly imaging nanomaterials and nanocomposites to obtain a qualitative measure of 

particles size, distribution, and morphology. Since performance of materials such as 

mechanical and chemical stability for certain applications strongly depend on their 

microstructural conditions, it is very important to explore the material’s microstructure 

with such techniques. Following is a brief discussion on the operating principles and 

analytical procedure of TEM. 
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In TEM, the sample is irradiated with a beam of high energy electrons. When the 

beam passes through the sample, one can get a transmitted as well as diffracted beam. 

The image is formed by the interference between the transmitted and diffracted beam and 

the resultant image can be seen on a fluorescent screen. This permits a very high 

resolution of the order of 2Å. To reach the main fluorescent screen, the electron beam has 

to pass through the sample. Therefore, preparation of high quality samples is a 

prerequisite.  With recent advances in the TEM technologies, it is possible to obtain high 

resolution electronic images directly with the use of computers and software and because 

of that, fluorescent screen technique is obsoleting. Figure 3.4 shows the TEM instrument 

used in this work and schematic representation of the operating principle of TEM. 

 

Figure 3.4 Picture of the TEM equipment used in this study (left), and schematic of 

the operation (right) (source: www.jeol.com) 

 

In the present work, carbon pre-coated copper grids (200 mesh) purchased from 

Ted Pella, Inc. were used. One drop of the sample solution (containing dispersed 

http://www.jeol.com/
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nanoparticles in water and ethanol) was put on the surface of grid and was allowed to dry 

in air at room temperature. Since gold nanoparticles were entrapped in the chitosan 

matrix, negative staining (without the use of any dye) was used. The dried grids were 

examined under the electron microscope (JEM 2010 with EDAX by JEOL, Peabody, 

MA) at a required magnification. 

3.2.1.3 Selected Area Electron Diffraction 

Selected Area Electron Diffraction (SAED) was performed to study the 

crystallinity of the nanoparticles embedded in the chitosan. SAED is 

a crystallographic experimental technique that can be performed inside most transmission 

electron microscopes (TEM). In a TEM, a thin crystalline specimen is subjected to a 

parallel beam of high-energy electrons. In most TEM measurements, thickness of the 

sample is kept below 100 nm to facilitate the flow of electron through. Because of the 

small sample thickness, and energy of the electrons in the range of 100–400 kilo-electron 

volts (keV), the electrons pass through the sample with minimal resistance. In this case, 

electrons are treated as wave-like, rather than particle-like. Because the wavelength of 

high-energy electrons is a few thousandths of a nanometer (for 20kV, 0.008 nm), and the 

spacing between atoms in a solid is about a hundred times larger, the atoms act as 

a diffraction grating to the diffracted electrons. That is, some fraction of electrons will be 

scattered at particular angles, determined by the crystal structure of the sample, while 

others continue to pass through the sample without deflection. As a result, the image on 

the screen of the TEM will be a series of spots which is known as the selected area 

diffraction pattern (SADP). Each spot corresponds to a satisfied diffraction condition of 

the sample's crystal structure. If the sample is tilted, the same crystal will stay under 

http://en.wikipedia.org/wiki/Transmission_electron_microscope
http://en.wikipedia.org/wiki/Transmission_electron_microscope
http://en.wikipedia.org/wiki/Crystal
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illumination, but different diffraction conditions will be activated, and different 

diffraction spots will appear or disappear. 

‘S’ in SAED is referred to as "selected" because the user can easily choose from 

which part of the specimen to obtain the diffraction pattern. Located below the sample 

holder on the TEM column is a selected area aperture, which can be inserted into the 

beam path. This is a thin strip of metal that will block the beam. It contains several 

different sized holes, and can be moved by the user. The effect is to block the entire 

electron beam except for the small fraction passing through one of the holes; by moving 

the aperture hole to the section of the sample the user wishes to examine, this particular 

area is selected by the aperture, and only this section will contribute to the SADP on the 

screen. Figure 3.5 shows the schematic of the SAED technique.  

As a diffraction technique, SAD can be used to identify crystal structures and 

examine crystal defects. It is similar to X-ray diffraction, but unique in a way that areas 

as small as several hundred nanometers in size can be examined, whereas X-ray 

diffraction typically samples areas several centimeters in size. 

 

Figure 3.5 Schematic representation of SAED operating principle 

 

A diffraction pattern is made under broad, parallel electron illumination. An 

aperture in the image plane is used to select the diffracted region of the specimen, giving 
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site-selective diffraction analysis. SAD patterns are a projection of the reciprocal lattice, 

with lattice reflections showing as sharp diffraction spots. In this work, SAED was 

performed in the same TEM instrument in which nanoparticles were characterized for 

their size. 

3.2.1.4 Scanning Electron Microscopy 

 Scanning electron microscopy (SEM) is another tool used to characterize nano-

sized domains of complex materials microstructures. To characterize nano- and micro-

structure of cross-sections of the nanocomposite films, SEM was performed. SEM is a 

type of electron microscope that images the sample surface by scanning it with a high-

energy beam of electrons in a raster scan pattern. The electrons interact with the atoms 

that make up the sample producing signals that contain information about the sample 

surface topography, composition and other properties such as electrical conductivity, etc. 

The electron beam hits the sample and produces secondary electrons from the sample 

surface (Figure 3.6). These electrons are collected by a secondary detector or a 

backscatter detector, converted to a voltage, and then amplified. The amplified voltage is 

applied to the grid of a monitor which causes the intensity of the spot of light on the 

display to change. The image consists of thousands of spots of varying intensity on the 

screen of a monitor that correspond to the topography of the sample. The types of signals 

produced by an SEM include secondary electrons, back-scattered electrons (BSE), 

characteristic X-rays, light (cathode-luminescence), specimen current and transmitted 

electrons. Though secondary electron detectors are common in all SEMs, it is rare that a 

single machine would have detectors for all possible signals. The signals result from 

interactions of the electron beam with atoms at or near the surface of the sample. In the 
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most common or standard detection mode, secondary electron imaging or SEI, SEM can 

produce very high-resolution images of a sample surface revealing details with spatial 

resolution less than 1 nm to 5 nm. 

In the present work, SEM analysis of the samples was done on JSM-7200-F 

(JEOL, Peabody, MA) Field Emission Scanning Electron Microscope (FE-SEM) (Figure 

3.6). Gold-chitosan nanocomposite films were cut and placed vertically underneath the 

electron beam column to observe the gold nanoparticles distribution and size throughout 

the cross-section. 

3.2.1.5 Electron Diffraction Spectroscopy 

Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS), sometimes 

called energy dispersive X-ray analysis (EDXA) or energy dispersive X-ray 

microanalysis (EDXMA), is an analytical technique used for elemental analysis 

or chemical characterization of a sample. It relies on an interaction of some source of X-

ray excitation and a sample. Its characterization capabilities are due in large part to the 

fundamental principle that each element has a unique atomic structure allowing unique 

set of peaks on its X-ray spectrum. To stimulate the emission of characteristic X-rays 

from a specimen, a high-energy beam of charged particles such as electrons or protons, or 

a beam of X-rays, is focused into the sample being studied. At rest, an atom within the 

sample contains ground state (or unexcited) electrons in discrete energy levels or electron 

shells bound to the nucleus. The incident beam may excite an electron in an inner shell, 

ejecting it from the shell while creating an electron hole at the place of electron. 
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Figure 3.6 SEM instrument JEOL JSM-7200-F (top) and a simplified illustration of 

the working mechanism (bottom) [67] 
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An electron from an outer, higher-energy shell then fills the hole, and the 

difference in energy between the higher-energy shell and the lower energy shell may be 

released in the form of an X-ray. The number and energy of the X-rays emitted from a 

specimen can be measured by an energy-dispersive spectrometer. As the energy of the X-

rays is characteristic of the difference in energy between the two shells, and of the atomic 

structure of the element from which they were emitted, this allows the elemental 

composition of the specimen to be measured. Four primary components of the EDS setup 

are: 

1. Excitation source (electron beam or x-ray beam) 

2. X-ray detector 

3. Pulse processor 

4. Analyzer  

Electron beam excitation is used in electron microscopes, scanning electron microscopes (SEM), 

and scanning transmission electron microscopes (STEM). A detector is used to convert X-ray 

energy into voltage signals; this information is sent to a pulse processor, which measures the 

signals and passes them onto an analyzer for data display and analysis. The most common 

detector now is Si (Li) detector cooled to cryogenic temperatures with liquid nitrogen; however 

newer systems are often equipped with silicon drift detectors (SDD) with Peltier cooling systems. 

3.2.1.6 FT-IR 

To identify the functional groups present in a molecule, infrared spectroscopy is a 

very efficient tool for their qualitative analysis.  The technique requires a source that 

generates light across the spectrum of interest and a mono-chromator salt prism (grating) 

which separates the source radiation into its different wavelengths (Figure 3.7). A slit 
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selects the collection of wavelengths that shine through the sample at any given time 

which is collected by detector.  

FT-IR spectra of the samples were recorded using a model Perkin Elmer 

(Waltham, MA) FT-IR system. Spectra were recorded with a Perkin Elmer Spectrum 10 

software in the range 4000-400 cm-1. The KBr pellet technique has been most commonly 

adopted for recording the spectra. However, in this work, the nanocomposite films were 

characterized directly in their free standing state. 

 

Figure 3. 7 FT-IR instrument used in this study (Top), and Schematic of the 

operation (Bottom) (Source: www.riken.jp/.../THz-img/English/annual_gas.htm) 

 

http://www.riken.jp/lab-www/THz-img/English/annual_gas.htm
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3.2.1.7 X-ray Diffraction 

X-ray diffraction is a versatile, non-destructive analytical technique for 

identification and quantitative determination of the various crystalline forms, known as 

‘phases’ of the compounds present in powdered and solid samples. Identification is 

achieved by comparing the X-ray diffraction pattern, or ‘diffractogram’, obtained from an 

unknown sample with an internationally recognized database containing reference 

patterns. Modern computer-controlled diffractometer systems use automatic routines to 

measure, record, and interpret the unique diffractograms produced by individual 

constituent even in highly complex mixtures. When a monochromatic X-Ray beam 

(Figure 3.8) with wavelength  is applied on lattice planes in a crystal at an angle , 

diffraction peaks occurs when the distance travelled by the ray reflected from successive 

planes differ by a complete number (n) of wavelengths. This is described by Bragg's 

Equation 3.1:     

nλ = 2d sinθ ………….……………………….. 3.1 

here, d is the spacing between the lattice planes. By varying the angle “”, Bragg's 

equation is satisfied by different “d” spacing in polycrystalline materials. A 

diffractometer collects intensities over an angular range by measuring 2, the angle 

between the incident and the reflected beam. The resulting plot of the intensity as a 

function of the 2 value is known as a diffractogram and can be used to identify the 

phases (qualitative information), their atomic arrangement (structural information), their 

relative concentration (quantitative information), as well as the possible presence of a 

known crystalline amorphous phase. The widths of the peaks of a particular phase pattern 
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provide an indication of the average crystallite size. Crystalline materials produce sharp 

characteristic peaks, while amorphous materials results in broad humps. Peak broadening 

also occurs by variations in ‘d’ spacing caused by micro-strain. The XRD can be used to 

determine the size of the nanoparticles by using Sherrer's equation as given below 

(Equation 3.2):       

𝑑 =
0.9𝜆

𝐵 cos 𝜃𝐵
 ………….……………….………..3.2   

where, d = Particles diameter 

  = Wavelength of X-ray (Cu-K radiation) 

B = Full width at half maximum (FWHM) 

B = Diffraction angle (2 -1) 

In the present work, X-ray diffraction analysis of the samples were carried out using 

Bruker D8 (Madison, WI) equipped with a 2θ compensating slit, Cu-K radiation 

(1.54Å) at 40 kV, 40 mA passing through Nickel filter with a wavelength of 0.154 nm at 

20 mA and 35 kV. Nanocomposite films were prepared on 1" x 1" glass slides with 

thickness of ~100 nm. Data collection was performed in a continuous scan mode with a 

step size of 0.01° and step time of 1 sec over a 2θ range of 0° to 70°. Data analysis was 

performed with Bruker’s DIFFRAC.SUITE™ Software. 
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FIgure 3.8 Bruker D8 XRD instrument used in this study (Top), and Schematic 

representation of the operation (http://ruppweb.dyndns.org/) 

 

 

http://ruppweb.dyndns.org/
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3.2.1.8 Zeta-Potential 

Zeta potential is a measure of electrical charge associated with the surface of 

particle/molecules in a medium. It has a practical significance in the research of 

suspensions of particles in aqueous or non-aqueous media. The relative instability of a 

suspension, i.e. the tendency of the solid particles to flocculate (aggregate) - or not - is a 

function of zeta potential (ZP). It gives a good measure to estimate the stability of the 

nanoparticles in the suspending media. Depending on the application, the particle’s zeta 

potential needs to be within or out of certain limits. For example, the behavior of particles 

coming together (when ZP is in a range, typically -30mV to +30mV) is considered to be 

required in the area of water purification. Conversely, an oral pharmaceutical formulation 

should maintain its dispersed colloidal state, that is, it should exhibit a high zeta potential 

value, to ensure proper dosing of the active ingredient (a.i.) [68]. Zeta potential is an 

important material property in many other areas of science and technology including, but 

not limited to, fine ceramics, geology and mining, food and beverages, biosciences, 

chemicals and polymers, cosmetics, inks and paper pulp.  

In this work on chitosan reinforced nanocomposites, the stability and good 

dispersion of the gold nanoparticle are desired to get uniform distribution of the 

nanoparticles throughout the chitosan matrix. The Zeta Potential measurements were 

carried out on ZetaPALs (Brookhaven Instruments, Holtsville, NY) employing a nominal 

5 mW He-Ne laser operating at 633 nm wavelength (Figure 3.9). The scattered light was 

detected at 135° angle. The refractive index (1.33) and the viscosity (0.89) of ultrapure 

water were taken at 25 oC for measurements. All the data analyses were performed in 

automatic mode. Measured size range was presented as the average value of 4 runs. 
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Figure 3.9 Zeta potential and particle size analyzer instrument (Top) and schematic 

of the operation (Bottom) 

 

3.2.1.9 Particle size analysis 

 The photon-correlation spectrometer is based on the Photon Correlation 

Spectroscopy (PCS) technique and is designed for the measurements of sub-micron 

particle sizes, diffusion coefficients, viscosities and molecular weights of polymers in 

basic and applied studies. 

 The PCS method consists of determining the velocity distribution of the movement 

of particles by measuring dynamic fluctuations of the intensity of the scattered light. The 

dispersed particles (or macromolecules suspended in a liquid medium) undergo Brownian 
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motion and this causes the fluctuations in the local concentration of the particles, 

resulting in local inhomogeneity of the refractive index. This in turn results in 

fluctuations in the intensity of the scattered light. The line-width of the light scattered 

spectrum Γ  (defined as the half-width at half-maximum) is proportional to the diffusion 

coefficient of the particles D  (Equation 3.3): 

Γ = 𝐷 𝑞2………………..……………………3.3 

where, 

𝑞 =
4𝜋𝑛

𝜆
sin (

𝜃

2
).....................................................3.4 

n  is the refractive index of the medium, λ  laser wavelength of the laser, and θ  the 

scattering angle. With the assumption that the particles are spherical and non-interacting 

in nature, the mean radius can be obtained from the Stokes-Einstein Equation 3.5 

                                                     

Rh =
kbT

6πηD
……………………………….…….3.5 

where, k B  is the Boltzmann constant, T  the temperature in °K and η  the shear viscosity 

of the solvent.  

 In this work, particle size measurements for determining the size distribution of the 

gold nanoparticles were performed using a Brookhaven particle size analyzer (Figure 

3.9) instrument. The gold suspension was diluted to make a translucent medium and then, 

placed in the instruments specimen cuvette holder for the characterization. Five readings 

were taken for the particle size analysis studies. 

3.2.2 Mechanical Characterization 

Mechanical stability is one of the most important aspects of materials used in 

structural applications. Critical functions of the materials in the fields such as biomedical, 
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electronics, water treatment and food packaging rely considerably on the mechanical 

strength and stability of the material. For example, chitosan scaffold for skin grafting 

needs certain mechanical stability and flexibility to be physically compatible with the 

native tissues in wound healing application [69]. Protective layers made of chitosan thin 

films on perishable food need certain strength to withstand forces applied during 

packaging, transportation, handling and storage.  

Cell-tissue interactions are initiated at nanoscale when chitosan is used as a 

biomaterial. Macro-scale mechanical properties do not give enough information about the 

structural performance of the material at nanoscale. Nanoindentation is a useful tool to 

qualitatively characterize materials nanomechanical properties with a very high accuracy. 

Moreover, nanoindentation is a quasi-nondestructive test with a very high spatial 

resolution.  In this work, mechanical properties of GNP-Chitosan nanocomposites films 

were characterized using nanoindentation.  

3.2.2.1 Nanoindentation 

For thin-films and small volume systems, nanoindentation is a popular technique 

to pullout important information about the mechanical properties. Nanoindentation 

sometime is also called as depth sensing indentation or instrumented indentation. The 

principle goal is to extract the reduced modulus and hardness by indenting materials with 

known geometry indenters, and recording indentation depth and applied load through 

instrumentation. Normal size of the indents ranges from nano to sub-micron level. 

Because it is almost impossible to visualize the indents with naked eye, nanoindentation 
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is considered as quasi-nondestructive technique. A schematic of nanoindenter is shown in 

Figure 3.10.  

Nanoindenter instrument primarily consists of a heavy load frame to minimize the 

effects of external vibrations by acting as a seismic mass. The loading frame supports 

majority of essential elements of the instrument including specimen holder, transducer 

and indenter shaft. Indenter shaft is typically made of a stiff and lightweight material so 

that the compliance can be reduced, and the resonant frequency of the system is 

maximized [70]. The shaft holding the indenter tip is attached with an electromagnetic 

force motor to apply controlled load to the specimen, and is mounted on the supporting 

springs. For sensing displacement, a two parallel plate capacitive displacement transducer 

is commonly used. The noise errors could be reduced considerably by using large plates 

separated by a small distance. With advanced development in the nanoindentation test 

instrumentation, various experimental techniques such as quasi-static (simple loading and 

unloading), dynamic (cyclic oscillatory force and displacements), creep (prolonged 

loading) and relaxation (prolonged deformation) can be used to evaluate materials 

performance characteristics for various applications.  
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Figure 3.10 Nanoindenter instrument (Top) and Instrument schematic (Bottom) 

  

3.2.2.1.1 Quasi-static nanoindentation 

In quasi-static nanoindentation, materials surface is indented with known load or 

displacement and the resultant displacement or load required is evaluated to deduce 
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material’s mechanical properties. Elastic modulus and hardness are the properties widely 

extracted from the standard quasi-static nanoindentation test. Classical methods of 

indentation tests such as Rockwell, Brinnel, Vickers and Mayer hardness tests involves 

analysis of the indent impression dimensions to calculate hardness of the material. In 

general, nanoindentation tests are carried out by controlled deformation of the specimen 

surface with a known geometry indenter. The indentation impression size is often in the 

scales of several micrometers which makes it very difficult to be evaluated by optical 

techniques, however, that makes the technique quasi non-destructive. In nanoindentation 

experiments, the indentation displacement is recorded as a result of the load applied or 

vice-versa. Since the geometry of the indenter is known, it is easy to calculate area of 

contact of the indenter tip with the sample during the complete indentation period. The 

rate of change of load with respect to displacement is used to calculate the contact 

stiffness. The contact area is determined from a very well calibrated tip-area function. 

From the calculated contact stiffness and known contact area, the elastic modulus of the 

specimen can be determined. The commonly used indenter geometries are flat punch, 

pyramidal and spherical. Pyramidal probes with geometries such as conical, berkovich 

and cube corner are considered sharp probes. The surface region probed with the sharp 

indenters is prone to plastic deformation because of concentrated localized stresses. To 

avoid plastic deformation of the specimen surface during indentation, and to capture the 

response of greater number of GNPs, in this work, a cono-spherical tip with radius of 

curvature 99.56 µm was used.  

Figure 3.11 shows the load function used to perform indent on chitosan 

nanocomposite films. It consists of loading, hold and unloading segments. The loading 
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and unloading rates are 7500 µN/s and hold period is 32 seconds. Figure 3.12 shows the 

resulting load-displacement plot obtained from the indentation test.  In Figure 3.12, Pmax 

is maximum load applied which, in this case, is 7500 µN, hmax is the resulting maximum 

penetration depth as a result of maximum load and holding time, hc is contact depth of the 

indent and hf is the final depth after all the forces are removed from the specimen surface.  

 

Figure 3.11 Quasi-static load function (Indentation Load vs. Time) 

 

Holding time has a great influence on indentation depth especially in case of 

polymers due to creep effect. The creep effect and analysis are discussed in-depth in the 

later sections of this chapter. The slope of the unloading curve from the maximum load is 
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the contact stiffness of the material. Contact depth hc can be determined from Equation 

3.6.  

ℎ𝑐 = ℎ𝑚𝑎𝑥 − 0.75 ×
𝑃𝑚𝑎𝑥

𝑆
…………………….………..3.6 

 

 

Figure 3.12 Indentation load vs. displacement plot 

 

As previously discussed, the known geometry indenters are used in the instrumented 

indentation (nanoindentation) testing, the area of contact at contact depth hc is known. 

For spherical indenters the depth vs. contact area can be expressed as in Equation 3.7. 

𝐴𝑐 = 𝐶0ℎ𝑐
2 + 𝐶1ℎ𝑐……….………………….………..3.7 
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where, Ac is the area of contact at contact depth hc. C0 is a geometric conctant. For 

sperical indenters, C0 is –π i.e. – 3.14 and C1 is 2πR (R is a radius of the tip). With the 

use of contact area Ac and stiffness S, the reduced modulus (Er) of the materials can be 

calculated from Equation 3.8 [71]. 

𝐸𝑟 =
√𝜋

2×√𝐴
× 𝑆……………………………………..3.8 

The reduced modulus is related to the youngs modulus of the material by: 

1

𝐸𝑟
=

(1−𝑣𝑖
2)

𝐸𝑖
+

(1−𝑣𝑠
2)

𝐸𝑠
……….…...........…….………..3.9 

here, Ei and Es represent young’s modulus of the indenter and the sample, respectively. 

Similarly νi and νs are Poisson’s ratios of the indenter-tip material, and the sample, 

respectively. 

3.2.2.1.2 Dynamic Nanoindentation 

The manner in which solid materials resist physical deformation classifies the 

material in three major categories; a) elastic, b) viscous and c) visco-elastic. Elastic 

material deforms under the effects of applied load, stores energy, and upon releasing the 

load, regains its original shape. The stresses developed in the material are proportional to 

the loads applied. Viscous materials on the other hand deform under the influence of 

applied load, dissipate energy in the form of heat, and do not recover their original shapes 

upon removal of the applied load. The stresses developed because of the deformation are 

proportional to the rate of change of deformation. A viscoelastic material behaves like the 

one with combination of viscous and elastic material. Polymers fall under the category of 

viscoelastic materials.  
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More generally, in order to determine viscoelastic material properties, the material 

of interest is often subjected to oscillatory forces and viscoelastic properties derived from 

the material response. Recent development in nanoindentation instrumentation has made 

it possible to characterize viscoelastic properties of the materials at nano and micron 

scales. Dynamic nanoindentation method involves applying oscillatory force (using AC 

current) superimposed onto a quasi-static load (using DC current) on the specimen 

surface, and recording resulting displacement to determine viscoelastic properties [72-

74]. Holding constant load for a period of time and recording resulting displacement 

(creep) and holding constant displacement in to the materials surface and recording 

change in the reaction force (stress relaxation) are other methods of characterizing 

mechanical properties. Indentation creep and stress relaxation will be discussed in the 

later parts of this chapter.  

In dynamic nanoindentation, a simple harmonic oscillation is applied to the 

system by applying load “Pt” and resulting displacement ht and phase φ are measured 

(Figure 3.13).  
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Figure 3.13 Dynamic load, dynamic displacement and phase lag 

The test can be performed by applying a small sinusoidal force superimposed on a 

relatively large static force. The response in terms of amplitude and phase is captured by 

a lock-in amplifier. The dynamic compliance of the system can be determined by the 

Equation 3.10 [74]. 

|
𝑋0

𝐹0
| = {(𝑘𝑖 + 𝑘storage − 𝑚𝜔2)

2
+ (𝜔𝑐𝑖 + 𝑘loss)2}

−
1

2
,………..…..3.10 

Similarly, the phase shift between the applied force amplitude and the resulting 

displacement amplitude can be expressed by, 

tan(ϕ) = −
(𝜔𝑐𝑖+𝑘loss)

(𝑘𝑖+𝑘storage−𝑚𝜔2)
………………….….………..3.11 

here, F0 is the applied force amplitude, X0 is the resultant displacement amplitude, ki is 

the stiffness of the indenter supporting spring (See Figure 3.14), ci is the damping 
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coefficient of the indenter instrumentation, and m is the mass of the indenter. kstorage and 

kloss are the storage and loss stiffness of the specimen respectively.  

Within the limits of linear viscoelasticity, the elastic-viscoelastic correspondence 

principle is used to relate the stiffness of the material to the modulus. From Hertzian [75] 

contact mechanics theory, the storage indentation modulus (𝑀′) is expressed as 

𝑀′ =
𝐸′

1−𝜈2 =
𝑘storage

2
√

𝜋

𝐴𝑐
….………..……….….………..3.12 

and, the loss indentation modulus (𝑀′′) is given by 

𝑀′′ =
𝐸′′

1−𝜈2 =
𝑘loss

2
√

𝜋

𝐴𝑐
 ……………………..….………..3.13 

where, v is the Poisson’s ratio, 𝐴𝑐 is the area of contact between tip and sample, and 

𝐸′and 𝐸′′ are the storage and loss moduli, respectively. 

The loss factor is a useful measure of the relative contributions of the storage and 

loss moduli to the mechanical response which is defined as 

tan(δ) =
𝑘loss

𝑘storage
..………………...………..………..3.14 

Loss factor is a measure of damping in a linear viscoelastic material.  Loss factor value 

higher than the unity (tan (δ) > 1) indicates a predominantly viscous or fluid like behavior 

whereas a value lower than the unity (tan (δ) < 1) indicates a predominantly solid-like 

response. Since the errors associated with the tip-sample contact area cancels out while 

calculating the loss factor, it becomes very advantageous in the analysis of dynamic 

nanoindentation. 
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 Before analyzing dynamic nanoindentation results, the instrument parameters 

such as the mass of the indenter (m), supporting spring stiffness (ki), and system damping 

coefficient (ci) must be known. Instrument parameters can be determined by performing 

systematic calibrations before beginning tests. The standard procedure involves 

oscillating the indenter tip with a wide spectrum on frequencies without any contact with 

the sample, and measuring dynamic compliance (ratio of displacement amplitude by 

force amplitude) (Equation 3.10) and/or phase shift (Equation 3.11) between the load 

amplitude and the displacement amplitude. The system parameter constants can be 

obtained by zeroing sample storage stiffness (kstorage) and loss stiffness (kloss) in Equation 

3.10 and fitting dynamic compliance throughout the frequency sweep. Equation 3.11 for 

phase could also be used with the similar approach to determine the instrument constants. 

The moduli values obtained through the dynamic nanoindentation greatly depend 

on the way contact stiffness expressions are derived from various viscoelastic models. 

The most commonly used viscoelastic model to analyze dynamic nanoindentation results 

is two parameter Kelvin-Voigt model.  

 

3.2.2.1.2.1 Kelvin-Voigt model 

The common way to model the tip-sample viscoelastic contact forces is by 

Kelvin-Voigt model (or Voigt model). With Kalvin-Voigt model, the tip-sample contact 

is represented by a Hookean spring with stiffness “ks” connected in parallel with a 

Newtonian damper with damping coefficient “cs” as shown in the highlighted region in 
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Figure 3.14. ki and ci represent nanoindenter instrument stiffness and damping 

respectively. “m” is the mass of the indenter. 

 

Figure 3.14 Model showing Kelvin-Voigt solid used to model tip sample contact 

forces 

 

The energy stored in spring is proportional to the load exerted as a result of mass “m”, 

and resistance offered by damper is proportional to the rate of deformation of the damper. 

When load is released, the system is restored to its original shape as a result of forces 

exerted by the spring. Time required to relax all the stresses in the system depends on the 

resistance of the damper “cs”. The storage stiffness evaluated from the two parameter 

Kelvin-Voigt model is simply ks, while the loss stiffness is csω, here ω is the frequency of 

oscillation of the indenter.  

3.2.2.1.3 Nanoindentation creep and stress relaxation 

Stress relaxation and creep effect are essential to be analyzed in order to 

investigate the time-dependent viscoelastic properties of polymers. To investigate the 

influence of nanostructure incorporation and nanostructure content on time-dependent 
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performance of the gold-chitosan bionanocomposites, viscoelastic creep and stress 

relaxation experiments are performed using instrumented nanoindentation. The long term 

mechanical stability is a major concern for viscoelastic materials such as chitosan 

bionanocomposites used in biomedical applications.  

3.2.2.1.3.1 Nanoindentation creep tests 

Creep testing is another useful technique to predict time-dependent response of 

the materials under continuous deformation. When a polymeric material is strained under 

the influence of constant load, it deforms continuously and the rate of deformation tends 

to zero as the loading time in increased. This phenomenon is known as creep.  

Indentation depth is not linearly dependent on the load in a viscoelastic material. Time-

dependent properties of viscoelastic materials for applications involving prolonged 

loadings cannot be determined by classical mechanical or nanomechanical testing and 

hence, nanoindentataion creep analysis is desired [76-82]. In nanomechanical testing, the 

magnitude and rate of applied load have significant influence on the manner in which 

material deforms.   

For performing creep tests in this study, the indenter was abruptly loaded to 

11000 µN in 1 second, which was then maintained constant for 30 seconds before 

unloading at the same rate as that of loading. The indenter thereupon moves continually, 

which is called creep. After a sufficient amount of time was experienced, the indentation 

depth and strains in the material were finally stabilized and did change with the hold 

time. This is how creep behavior in viscoelastic materials were observed by holding 

certain magnitude load for a period of time and recording resulting deformation. 
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Systematic approaches based on simple representative spring and dashpot models are 

used to deduce meaningful results through viscoelastic creep experiments on wide range 

of polymers. The most widely used model for analyzing the viscoelastic creep data is 

generalized Kelvin-Voigt model. Figure 3.15 shows load function used to perform creep 

tests on the gold-chitosan nanocomposite specimens and the resulting displacement. 

Figure 3.16 shows an elastic-viscoelastic type of model with multiple Kelvin-Voigt 

solids arranged in series; also known as generalized Kelvin model. Creep behavior is a 

very important property of a viscoelastic composite that controls its dimensional stability, 

especially in applications where the material has to support loads for long periods of 

time. [32]  

 

Figure 3.15 (a) Indentation creep load function, and (b) a typical indentation creep 

curve 
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Figure 3.16 Model of Voigt solids arranged in series for viscoelastic creep analysis 

Such model is used to derive equations used for viscoelastic creep analysis. Ideally, the 

creep curve should be obtained by a step loading of the sample followed by holding of 

the load for extended period of time. However, ideal step loading needs increasing the 

force to its desired maximum value and is not possible to achieve the infinite loading rate 

with any testing instrument. Oyen et al. [80] derived Equations 3.17 and 3.18 by taking 

loading ramp rate in to consideration for viscoelastic creep analysis as: 

ℎ3 2⁄ (𝑡) =
3𝑘

8√𝑅
{𝐶0𝑡 − ∑ 𝐶𝑖𝜏𝑖[1 − exp(− 𝑡 𝜏𝑖⁄ )]}, 𝑤ℎ𝑒𝑛 0 ≤ 𝑡 ≤ 𝑡𝑅 ……..3.17 

ℎ3 2⁄ (𝑡) =
3𝑘

8√𝑅
{𝐶0𝑡𝑅 − ∑ 𝐶𝑖𝜏𝑖 exp(− 𝑡 𝜏𝑖⁄ )[exp (𝑡𝑅/𝜏𝑖) − 1]}, 𝑤ℎ𝑒𝑛 𝑡 ≥ 𝑡𝑅 …3.18 

In Equations 3.17 and 3.18, h(t) is the depth of the indentation at time t, k is the loading 

rate, C0 is compliance of the spring with stiffness K0, Ci is the compliance of the spring, 

and τi is retardation time as a result of dashpot resistance in the ith Kelvin model in the 
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system, (see Figure 3.17). tR is the time required to increase the load to its maximum 

value. The maximum load is given by 

𝑃𝑚𝑎𝑥 = 𝑘𝑡𝑅………….………………..…...……..3.19 

 Equations 3.17 and 3.18 will be used to fit experimental data to deduce creep 

parameters.  

3.2.2.1.3.2 Nanoindentation stress relaxation tests 

Stress relaxation occurs when reorganization of the structure to reach the 

thermodynamic equilibrium after a perturbation happens. It involves structural changes at 

different length scales, and the required time, called relaxation time, is on a wide range of 

time scales. Upon deformation of viscoelastic materials at constant strain, the 

instantaneous stress decays over a period of time. This effect is called viscoelastic 

relaxation. In polymers, viscoelastic relaxation is the result of relaxation and 

rearrangement of molecular chains and segments. Viscoelastic stress relaxation is a very 

useful measure in designing materials for various applications. It represents the stability 

of the materials with respect to deformation over extended period of time under 

continuously applied strain. Traditionally, the load is applied to the material of interest in 

tension, compression or in flexural mode. The load function in Figure 3.17 shows that 

the Chitosan films are subjected to a strain-versus-time profile with the spherical tip and 

the resulting stress- versus-time profile is recorded. The films were indented with a 

displacement of 300 nm ramped in 1 second and the tip was held at the same depth for 30 

seconds before unloading. Equation 3.21 derived by Yuya et al. [83] with the use of 
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generalized Maxwell model (Figure 3.18) were used to evaluate relaxation parameters of 

the chitosan films.  

In Equations 3.20 and 3.21, P(t) and E(t) are the resultant load and relaxation 

modulus, respectively, h0 is the applied constant strain, R is the radius of spherical 

indenter, E∞ is the long term modulus of the material.  

𝑃(𝑡) =
4ℎ0

3 2⁄
√𝑅

3
 × 𝐸(𝑡) …………….……………...….3.20 

where,  𝐸(𝑡) = [𝐸∞ + ∑ 𝐸𝑗  𝑒−𝑡 𝜏𝑗⁄𝑚
𝑗=1 ]…..……….………………..3.21 

 

Figure 3.17 (a) Indentation relaxation load function, and (b) a typical indentation 

relaxation curve  
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Figure 3.18 Generalized Maxwell Model 

 

3.2.2.1.4 Plasticity index determination via nanoindentation 

 When a polymeric material is deformed, it stores and dissipates fractions of 

energy during the phenomena of the total work done. Elastic deformation is a function of 

energy stored and plastic strains are the function of energy lost in the form of heat. The 

plasticity index is the measure of a relative elastic/plastic nature of a solid material when 

it undergoes elastic-viscous-plastic deformations under the influence of external load. 

Nanoindentation can be used to quantitatively determine plasticity index of the 

viscoelastic materials at nano and micro scales. The loading curve represents the load 

required to overcome elastic and plastic resistances of the specimen surface. The 

unloading curve mostly represents the elastic recovery of the materials. Both, loading and 

unloading curves can be analyzed to evaluate materials elastic and plastic response due to 

the applied load or strain.  

Figure 3.19 shows effect of materials nature on quasi-static nanoindentation 

curves. For completely elastic materials, loading and unloading curves fall on the same 

path (Figure 3.19a). In other words, upon unloading the material, it gains its original 

shape. For a perfectly plastic material, loading curve goes to the maximum load value and 
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upon unloading, does not recover its original shape (Figure 3.19b). Materials exhibiting 

both elastic and plastic nature show partial recovery of shape upon unloading (Figure 

3.19c). Most (almost all viscoelastic) materials fall under this category. Energy stored or 

lost can be evaluated by analyzing areas under the loading and unloading curves. For 

example, in Figure 3.19c, area A1 represents the energy lost because of the plasticity of 

the material during the indentation cycle, and area A2 is the function of energy recovered 

because of elastic nature of the material.  

 

Figure 3.19 Representation of (a) elastic, (b) plastic, and (c) elastic-plastic response 

of materials by nanoindentation curves 

In Figure 3.19a and 3.19b, for elastic materials, the complete recovery of the 

energy is shown by the absence of area A1, and similarly, for plastic materials, the 

complete loss of energy is observed by looking at the area A1. Plasticity index (Ψ) can be 

expressed by following Equation 3.22 [84].  

 𝜓 =
A1

A1+A2
   .........……………………………3.22 

The plasticity index (ψ) can vary between 0 and 1, where ψ = 0 indicates the fully-elastic 

behavior and ψ = 1 represents fully-plastic behavior of the material. 
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3.3 Biocompatibility testing 

Even though the main focus of this work on chitosan is to improve its properties 

and widen the application areas in the biomedical filed, it is of prime importance to see 

whether the nanocomposites are able to proliferate human body tissue cells. If the films 

prepared are not biocompatible, there is no use of improving its mechanical stability 

using gold nanoparticle for targeting their potential applications in the biomedical field. 

After preparing chitosan films with different gold concentrations, and with various 

chemical processing, it is desired to confirm their biocompatibility.  

For that, cell culture experiments were performed in a controlled environment. 

Cell culture is the technique to remove cells from complex environment of the body and 

perform desired experiments in a controlled environment to see the nature of the 

materials on living cells. Unlike in vivo and in situ biocompatibility tests, cell culture is 

performed as in vitro studies, that is, examination of cells is not performed in the 

complete organism. The biocompatibility tests of the gold-chitosan nanocomposite films 

were performed using human epithelial cells derived from cervix tissues because of their 

good adhesion efficiency with polymers and ability to form uniform mono-layer. Such 

qualities of the cells derived from human cervix tissues could help in getting higher 

accuracy of the cell count measurements and better reliability of the results in 

biocompatibility testing. For cell culture tests, living tissues are digested using enzymes 

to isolate individual cells from the tissues. Specimen for biocompatibity testing was 

prepared by drying the drops of the bionanocomposite solutions to form thin films on a 

glass substrate (Figure 3.20). To decontaminate the specimen prepared from unwanted 

effects of bacteria, the microscopic slide with the specimen was autoclaved before the 
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tests. After that, the specimen was covered with a solution medium containing the cells. It 

was observed that cells were proliferating on all the chitosan films. For the complete 

duration of the study, cells were fed at regular interval (2-3 days). pH of the solution was 

maintained at 7. When not under observation, the specimen was stored in an incubator. 

The incubator was set at 37 °C and the humidity was controlled to prevent the cell 

medium from evaporating. 5% CO2 was also supplied to the incubator as it reacts with 

the bicarbonate present in the cell solution to keep the pH at 7. 

 

Figure 3.20 Medium containing human cervix tissue cells (left), and gold-chitosan 

nanocomposites specimen prepared on a glass slide for biocompatibility testing 

(right) 

To see the cells response for their ability to adhere and proliferate on the 

nanocomposites materials, phase contrast optical microscopy was used. The counting was 

done at period of 1, 3 and 5 days interval. Readings from 5 different regions on each film 

were recorded at the specified time intervals.  
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Chapter 4. Results and Data Analysis 

4.1 Gold-chitosan nanocomposites preparation  

Figure 4.1 shows the gold nanoparticle – chitosan solution with varying gold 

concentrations and the nanocomposite films formed via a solution evaporation technique. 

The obtained films were carefully peeled off from petri dishes and stored in desiccator for 

later use. The thickness of the films were measured through SEM and found to be 

approximately 100 micrometers. Chemical, morphological, mechanical and biological 

characterization of nanocomposite solutions and films were performed. 

 

Figure 4.1 (a) Gold-chitosan nanocomposite solutions and casted films (b) free 

standing film of gold-chitosan nanocomposite 
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4.2 Materials Characterization 

4.2.1 Microstructural and Morphological Characterization 

4.2.1.1 UV-Vis spectroscopy analysis 

Light absorbance of the samples in the UV and visible ranges were characterized 

using UV-Vis spectroscopy. Figure 4.2a shows UV-Vis spectra obtained for the bare 

gold nanoparticle and gold-chitosan nanocomposite in aqueous medium. In Figure 4.2a, 

the blue curve represents the UV-Vis absorption spectrum of bare gold nanoparticles 

aqueous solution. The absorption maxima (λmax) for the bare gold nanoparticles are 

observed at 528 nm. The λmax at 528 nm represents the characteristic of gold nanoparticles 

with the average diameter of about 30 ± 3 nm. In Figure 4.2a, the green curve shows the 

UV-Vis spectrum of gold-chitosan nanocomposite. In the inset on Figure 4.2a, it is 

observed that the peak from gold-chitosan nanocomposite solution has shifted from 528 

nm to 532 nm. In the chitosan matrix, the gold nanoparticles tend to come closer to each 

other because of the ionic interaction between the functional groups present in the 

chitosan. Thus, there will be a shift in absorbance maxima in the curve for gold 

nanoparticle with chitosan. 
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Figure 4.2 (a) UV-Vis spectra of bare gold nanoparticles and gold-chitosan 

nanocomposites, and (b) UV-Vis spectra (normalized) of gold-chitosan 

nanocomposites with varying concentration of gold 

 

Figure 4.2b shows normalized UV-Vis spectra of the gold-chitosan 

nanocomposites having different gold concentrations. For studying polymer 

nanocomposites, it is essential to determine exact amount of nanoparticles within the 

polymer matrix. For that, first a standard curve showing the relationship between the 

absorption and gold concentration was obtained. Using the standard curve (Figure 4.3), 

quantitative determination of gold nanoparticles dispersed in the chitosan matrix was 

performed. This study was also useful in exploring possibilities of any agglomeration and 

leaching effects in the chitosan matrix.  

In order to quantitatively determine the concentration of gold nanoparticles in 

chitosan matrix, a standard curve was obtained using the prepared gold nanoparticles 

suspension with known concentration. In the equation obtained with a linear fit in the 

standard curve (Figure 4.3), “y” represents the gold nanoparticle concentration in 

“mg/ml” while “x” is the maximum absorption recorded on the UV-Vis spectrum. Once 
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the standard curve with equation is obtained, it is very straight forward to determine the 

concentration of gold nanoparticles successfully incorporated in the chitosan matrix. 

Absorbance spectra obtained from 50% diluted solutions of gold chitosan 

nanocomposites are shown in Figure 4.4. Table 4.1 shows the efficient incorporation of 

the gold nanoparticles in the polymer matrix. Films containing 0 mg/ml (pure chitosan), 

10 mg/ml, 15 mg/ml, 20 mg/ml, and 25 mg/ml gold nanoparticles concentration are 

referred as Film 1, Film 2, Film 3, Film 4 and Film 5, respectively. 

 

Figure 4.3. UV-Vis standard curve (Absorbance vs. Gold Concentration) 
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Figure 4.4. UV-Vis spectra of gold-chitosan nanocomposites with varying 

concentration of gold 

 

Table 4.1 Gold concentration (w/v) calculated through standard curve technique 

Absorbance Max x 2 (as the solutions were 50% diluted) Concentration (mg/ml) 

5.22 0.10 

3.68 0.15 

2.55 0.20 

1.80 0.25 

4.2.1.2 TEM, SAED and Particle size analysis 

Figure 4.5a shows the TEM image of the gold nanoparticles in the polymeric 

mesh. Gold nanoparticles dispersed in the chitosan matrix exhibit spherical geometry. In 

the high resolution TEM image (Figure 4.5b), the interface of gold nanoparticle with 

chitosan matrix appears to be efficiently bonded. In other words, there is no trace of 

polymer aggregation visible on to the surface of the nanoparticles. This is a very 



67 
 

important aspect for nanocomposites in order to get maximum advantage of incorporating 

nano-fillers in polymer matrices. More evidence on quality of wetting and adhesion of 

chitosan on gold nanoparticles surfaces are shown in later sections. In TEM image 

(Figure 4.5a), particles are fairly mono-dispersed with respect to their size which is 

approximately 30 nm. The size distribution histogram (Figure 4.5c) obtained through 

particle size analysis tests for gold nanoparticles also revealed mean diameter of 32.4 ± 2 

nm. The narrow size distribution and absence of agglomerates prove that chitosan matrix 

prevents agglomeration of the gold nanoparticles. Stability of gold nanoparticles in the 

chitosan matrix can be explained as the formation of a three dimensional net involving 

chitosan and gold nanoparticles since CH2 group of chitosan also participates in the 

stabilization of nanoparticles (Figure 4.6). 

  

Figure 4.5 (a) TEM image of gold nanoparticles (b) close up (high magnification) 

image of a gold nanoparticle (c) size distribution histogram of gold nanoparticles 
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Figure 4.6 Cartoon representation of the interface bonding between gold 

nanoparticle and chitosan matrix 

 

Figure 4.7 shows the SAED patters. Visible diffraction patterns as bright spots 

proves crystallinity of the gold nanoparticles, however, since the nanoparticles are 

embedded in the amorphous polymer matrix, the distinct diffraction line pattern is not 

clearly visible. 

 

Figure 4.7 SAED image of gold nanoparticle in chitosan matrix 

 

4.2.1.3 Scanning Electron Microscopy 

 Figure 4.8 shows the FE-SEM images of pure chitosan and gold-chitosan 

nanocomposites with different Au-NP concentration. The images clearly show increasing 
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concentration of Au-NPs within the chitosan-Au composites. Moreover, there are no obvious 

discontinuities observed at the nanoparticle-matrix interface or throughout the film cross-sections. 

With the use of same SEM equipment, EDX tests were performed on the specimens for the 

elemental analysis. Results in Figure 4.9 show that Au in the gold-chitosan nanocomposites is in 

pure elemental form. No other metal impurities are present in the composites. 

 

Figure 4.8 SEM micrographs of the cross sectioned pure chitosan and gold-chitosan 

nanocomposite films with varying gold concentrations 
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Figure 4.9 EDX spectra of gold nanoparticles in chitosan matrix 
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4.2.1.4 FT-IR 

To analyze the nanocomposites structure and identify the molecular groups in 

interaction with gold nanoparticles, Fourier transform infrared (FT-IR) measurements 

were carried out. FT-IR spectroscopy was used to identify molecular structures that are 

present in the films based on their respective absorption bands in the infrared spectrum. 

Figure 4.10 represents the overlaid FT-IR spectra of the nanocomposite films with 

varying gold nanoparticles concentration. Most of chitosan characteristic bands at 1650 

cm-1 (amide I band characteristic to C=O stretching of N-acetyl group), 1410 cm-1 

(bending vibration of OH group), 1376 cm-1 (symmetric deformation vibration mode of 

CH3), 1323 cm-1 (CH2 wagging vibration mode in primary alcohol) and 1259 cm-1 (the 

amide III vibration mode due to combination of N-H deformation and C-N stretching) are 

insensitive to the presence of metal surface (Table 4.2). However the most prominent 

band at 1553 cm-1 assigned to amino group in pure chitosan film shifts to a higher 

wavenumber (1557 cm-1) in the presence of gold nanoparticles. It is quite evident that the 

primary amino groups are in interaction with the metal surface. The amino groups act as 

capping sites for the gold nanoparticles stabilization.  
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Figure 4.10 FT-IR spectra of gold-chitosan nanocomposite films at varying 

concentration of gold 

 

Table 4.2 Characteristic absorption values of different functional groups present in the 

nanocomposites interaction with Gold nanoparticles 

Functional Group Type of Vibration Characteristic Absorptions (cm-1) 

Amide C=O stretching 1650 

-NH2 stretching 1553 

-OH bending 1410 

-CH3 symmetric vibration 1376 

-CH2 wagging 1316 

-CN and -NH Stretching and deformation 1259 

 

4.2.1.5 XRD 

X-Ray diffraction was used to determine information regarding the crystalline 

structure of the nanocomposite films. The gold chitosan nanocomposites obtained with 
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various Au-concentrations had noticeably different XRD patterns (see Figure 4.11). The 

ratio between the intensities of the {111} and {200} reflections increased from Film 1 to 

Film 5 (Table 4.3). An increasing {1,1,1}/{2,0,0} intensity ratio indicates a more 

pronounced long range lattice order along preferential crystal orientations due to 

increasing gold nanoparticles concentration.  

 

Figure 4.11 X-ray diffraction of gold-chitosan nanocomposites 

 

Table 4.3 The ratio between the intensities of the {111} and {200} reflections of different 

chitosan-Au composites 

Gold-chitosan nanocomposites Film 1 Film 2 Film 3 Film 4 Film 5 

Intensity ratio {111}/{200} 0.00 1.32 1.39 2.17 2.80 
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4.2.1.6 Zeta-Potential analysis 

Stability of nanoparticles in composite solution is essential in the process of making 

nanocomposites. Stability of colloidal dispersions of aqueous solutions can be studied by 

checking its zeta potential. For charged particles with optimum zeta potential (" > 30 

mV), particle aggregation is usually less likely to occur as a result of electrostatic 

repulsions. Figure 4.12 and 4.13 show the zeta potential of bare gold nanoparticles and 

chitosan matrix respectively. Because of the opposite nature of charges of both 

constituents of the composite, it is very likely that they will be attracted as a result of 

electrostatic interactions. In Table 4.4, the zeta potential values of nanocomposite films 

synthesized using varying concentrations of gold nanoparticles with chitosan are shown. 

The zeta potential measurements revealed that increasing the concentration of gold 

nanoparticles in the composite do not contribute much effect. The sufficient positive 

charge (> +60 mV) due to coating/ wrapping of the gold nanoparticles with the cationic 

chitosan is rendered making them electrostatically stable.  

 

Figure 4.12 Zeta potential curve of bare gold nanoparticles 
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Figure 4.13 Zeta potential curve of chitosan solution 

 

Table 4.4 Zeta potential values of the gold-chitosan nanocomposites 

  

Au Concentration in 

Chitosan 

0.10 mg/ml 0.15 mg/ml 0.20 mg/ml 0.25 mg/ml 

Mean Zeta Potential (mV) 66.87 70.09 62.74 62.99 

S.D. 1.3 0.32 0.38 1.01 

 

4.2.2 Mechanical characterization 

Following is the summary about the previous studies on mechanical properties of 

chitosan based composites for biomedical applications. Jayasuriya et al. [85] observed 

positive effects on nano- and micro-hardness as the ratio of ZnO nanoparticles is 

increased in Chitosan matrix. Garcia et al. [86] obtained more elastic and less hard zein-

chitosan composite films as zein concentration was increased in the material. In a study 

of structural and mechanical properties of halloysite-chitosan bionanocomposites for 

tissue engineering, Liu et al. [87] achieved improvements in tensile and viscoelastic 

properties as halloysite concentration is increased. From a study on chitosan- 
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nanohydroxyapatite (nHA) nanocomposites for bone tissue engineering, Maganti et al. 

[60] reported positive effect of nHA concentration on mechanical properties without 

affecting other essential properties exhibited by the pure chitosan films. Graphene oxide-

chitosan nanocomposites developed for bio- and electro-chemical applications showed 

significant increase in tensile strength and young’s modulus upon introducing minute 

amount of graphane oxide reinforcement [13]. In a study on graphane reinforced chitosan 

nanocomposites for tissue engineering, reduced modulus and hardness increased 

considerably with a small amount of graphene addition [18]. Positive effects of gold 

nanoparticle reinforcement on both mechanical stability and cellular response was 

observed when gold nanoparticle reinforced chitosan nanocomposites was studies as a 

material used for peripheral nerve regeneration [19]. Wang et al. achieved significant 

improvement in indentation hardness, tensile modulus and tensile strength of chitosan 

film upon reinforcement with carbon nanotubes [17]. However, approach towards in-

depth understanding of the nano-scale mechanical properties lacks attention of the 

researchers. Following sections describe quantitative analysis performed for 

nanomechanical properties of the gold-chitosan nanocomposites films in this work. 

4.2.2.1 Quasi-static nanoindentation 

Quasi-static nanoindentation tests were performed to determine reduced modulus 

of the gold-chitosan bionanocomposite films. Figure 4.14 shows representative load vs. 

displacement curves obtained from Film 1, Film 2, and Film 3. It is clearly observed that 

for the same constant load of 7500 µN, indentation depth reached at the end of the 

loading segment is considerably lower as the gold concentration is increased in the 
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chitosan matrix. In other words, hardness increases as more gold nanoparticles are added 

in the chitosan matrix.  

 

Figure 4.14 Representative load-displacement curves of gold-chitosan 

nanocomposite films (Film 1, Film 3 and Film 5) 

When material is loaded under constant force, it exhibits continuous deformation 

as a result of creep effects. Creep effect is observed in the load-displacement curves as a 

flat region on top and in between loading and unloading curves. In the Figure, it is hard to 

evaluate the intensity of creep effects, however, the difference between the maximum 

depths of penetration in the creep segment is lower in case of Film 5 than it is in Film 1. 

The results indicate material creeping is lower with higher concentration of gold 

nanoparticles in the chitosan matrix. In-depth creep analysis will be discussed in later 

sections of this chapter. Reduced modulus is calculated from the slope of the unloading 

curve. In Figure 4.14, slope at the beginning of unloading curves is stiffness of the 
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material. It is evident that the stiffness increases as more gold nanoparticles are added to 

the chitosan matrix. Reduced modulus is calculated from stiffness and indenter contact 

area using Equation 3.8 in Chapter 3, and is directly proportional to stiffness of the 

material. In this work, for the same nanocomposite film, since there was no significant 

difference observed in the stiffness values from the unloading curves of quasi-static and 

dynamic nanoindentation experiments, results obtained from unloading curves of the 

dynamic experiments are presented in this chapter. Figure 4.15 shows the bar plots of 

reduced modulus of the gold-chitosan nanocompsite films. In Figure 4.15a the effect of 

the reinforcement of chitosan with gold nanoparticles is very clear. As the gold 

nanoparticle content is increased, significant improvement in reduced modulus is 

achieved. For Film 1 (pure chitosan), the average reduced modulus for at least 8 indents 

is ~ 3 GPa. The same for Film 5 is ~ 5.5 GPa. In other words, ~ 83% improvement in 

reduced modulus of chitosan film is achieved by incorporating gold nanoparticles with 

0.25 mg/ml concentration. All other concentrations in between Film 1 and Film 5 show 

the expected trend i.e. with increasing gold nanoparticle concentration, the reduced 

modulus is higher.  
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Figure 4.15 Bar plots of reduced moduli (a) effect of concentration, and (b) effect of 

temperature 

 

Temperature also has great influence on mechanical properties of polymers. 

Generally, bonding strength of the polymeric chain becomes weaker and the material 

becomes more flexible under the influence of higher temperatures. As a representation, 

Figure 4.15b shows the reduced modulus values of Film 4 at temperatures of 25 °C, 37 

°C, 60 °C and 80 °C. It is clear from the bar plot that the chitosan film loses its stiffness 

(and hence reduced modulus) with increase in temperature. It is interesting to know that 

even when we go from room temperature (25 °C) to the human body temperature (37 

°C), there is a significant drop in reduced modulus of the gold-chitosan nanocomposites. 

In designing the material in tissue engineering and other application where it is in direct 

contact with the human body, such studies are really useful. Reduced modulus values get 

even lower at higher temperatures.  

Figure 4.16 is a three dimensional representation of reduced modulus of the gold 

chitosan as a function of gold concentration and as a function of temperature. It is clear 
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that for the material having higher stiffness, more gold concentration is required. All 

films show similar trend of reduced modulus with increase in temperature i.e. as the 

temperature is higher, reduced modulus gets lower. In the 3D plot, for Film 3 and Film 5, 

at 37 °C there is a sudden drop in reduced modulus. This could be the result of significant 

relaxation of residual stresses in the film with increase in temperature above its 

processing (film curing) temperature. However, in the films other than Film 3 and Film 5, 

this effect is not observed.  

 

Figure 4.16 Three dimensional surface representation of reduced modulus vs. gold 

concentration vs. temperature 

4.2.2.2 Dynamic nanoindentation 

Dynamic nanoindentation was performed by indenting the gold chitosan 

nanocomposite films up-to a certain depth and oscillating the indenter tip with a range of 

frequencies (10 Hz to 200 Hz). The response of the nanocomposite films was used to 

characterize viscoelastic properties of the materials. Viscoelastic properties such as 
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storage modulus, loss modulus, and loss tangent (tan delta) were determined and 

analyzed for the entire frequency sweep. This section describes the viscoelastic properties 

results of the films.  

Figures 4.17 to 4.21 show 3D surface plots of storage moduli of the gold chitosan 

nanocomposite films. They show the storage modulus as a function of temperature and as 

a function of frequency. In all cases, it is observed that the storage modulus is lower at 

higher temperatures, and as the temperature is increased, the materials lose their energy 

storing capacities. For instance, the storage modulus of film 3 at 10 Hz drops from 9 GPa 

to below 6.5 GPa as the temperature is increased from 25 °C to 80 °C. Also, as the gold 

nanoparticle concentration is increased, the storage modulus is also increased. For 

example, at 25 °C and a frequency of 10 Hz, the storage moduli for Films 1, 2, 3, 4, and 5 

are approximately 6.5 GPa, 7.5 GPa, 9 GPa, 10.3 GPa and 12.1 GPa, respectively. In 

viscoelastic materials, the force required to deform the material is proportional to the rate 

of deformation. In other words, viscoelastic materials behave like the ones with higher 

stiffness (more solid like) if they are deformed at higher loading rates. Because of that, it 

is evident from Figures 4.17 to 4.21 that at higher frequencies, the storage modulus is 

increased as the deformation rate is increased. For example, in case of Film 3, at 25 °C, 

the storage modulus is 9 GPa at 10 Hz frequency. At the same temperature, when the 

loading frequency is increased to 200 Hz, the reduced modulus is recorded to be ~ 10 

GPa.  
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Figure 4.17 Storage modulus vs. temperature vs. frequency of Film 1 

 

Figure 4.18 Storage modulus vs. temperature vs. frequency of Film 2 
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Figure 4.19 Storage modulus vs. temperature vs. frequency of Film 3 

 

 

Figure 4.20 Storage modulus vs. temperature vs. frequency of Film 4 
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Figure 4.21 Storage modulus vs. temperature vs. frequency of Film 5 

 

 

Figure 4.22 Three dimensional surface representation of storage modulus (at 50 Hz) 

vs. gold concentration vs. temperature 

 

To summarize the effect of gold concentration and temperature on storage 

modulus of the nanocomposite films, a frequency of 50 Hz was chosen and the storage 

modulus was plotted vs. temperature and vs. nanocomposite type (Figure 4.22). The 
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surface plot is similar to the surface plot of reduced modulus vs. temperature vs. gold 

concentration (Figure 4.16). The highest storage modulus is observed with the highest 

gold concentration film (Film 5) at the lowest temperature (bluish region). The lowest 

reduced modulus is seen at the red region which is the least gold concentration film (pure 

chitosan, Film 1) at highest temperature. Like reduced modulus, the sudden drop in 

storage modulus at 37 °C is observed in the case of Film 5. 

The trend of loss modulus vs. temperature is also similar to storage modulus i.e. 

the loss modulus of the films drops down as the temperature is increased and rises as the 

gold concentration is increased (Figures 4.23 to 4.27). Similar trend is observed for the 

loss tangent (tan delta) values (Figures 4.28 to 4.32). 

 

 

Figure 4.23 Loss modulus vs. temperature vs. frequency of Film 1 
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Figure 4.24 Loss modulus vs. temperature vs. frequency of Film 2 

 

Figure 4.25 Loss modulus vs. temperature vs. frequency of Film 3 
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Figure 4.26 Loss modulus vs. temperature vs. frequency of Film 4 

 

 

Figure 4.27 Loss modulus vs. temperature vs. frequency of Film 5 
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Figure 4.28 Loss tangent vs. temperature vs. frequency of Film 1 

 

Figure 4.29 Loss tengent vs. temperature vs. frequency of Film 2 
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Figure 4.30 Loss tangent vs. temperature vs. frequency of Film 3 

 

Figure 4.31 Loss tangent vs. temperature vs. frequency of Film 4 
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Figure 4.32 Loss tangent vs. temperature vs. frequency of Film 5 

 

Figure 4.33 summarizes the results of frequency sweep experiments to show the 

effect of gold concentration in the chitosan matrix on viscoelastic properties. It shows 

that the storage modulus increases with increase in gold concentration and loss modulus 

shows similar trend with increase in gold concentration. However, the loss factor tan 

delta (loss tangent) is higher as the chitosan is used in more pure form. That means, the 

materials is exhibits less solid-like nature when it is used with least gold concentration. 

Yi-Lo et al. [19] reported storage modulus values for gold-chitosan nanocomposites with 

increasing gold concentration in the range of 2.8 GPa to 3.5 GPa by performing dynamic 

mechanical analysis at 37 °C. Marino et al. [14] also performed dynamic mechanical 

analysis on chitosan and chitosan based nanocomposites, and determined storage moduli 

in the range of 4 to 9 GPa. Shear modulus of chitosan with different concentration of - 
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Figure 4.33 Three dimensional plots of (a) storage modulus, (b) loss modulus, and 

(c) loss tangent vs. gold concentration vs. frequency 
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tripolyphosphate complexes was determined to be around 1 GPa in a study by Ji et al. 

[88]. In a study of mechanical properties of Chitosan/halloysite nanotubes 

bionanocomposites [87], the storage modulus of chitosan film was determined around 1.8 

GPa at 60 °C. 

4.2.2.3 Nanoindentation creep analysis 

Figure 4.34 shows nanoindentation creep curves for Film 1, Film 3 and Film 5. In 

the figure, indentation depth is plotted vs. holding time, when the material is deformed 

under the influence of constant load (here 11 mN) over a period of time. As is seen in the 

figure, as soon as the ramp loading is applied to the material, it initially deforms at faster 

rate and as time increases, the deformation rate slows down. Such creep effect can be 

quantitatively evaluated to characterize important time dependent viscoelastic properties. 

 

Figure 4.34 Representative curves of creep effects in gold-chitosan nanocomposites 

(Film 1, Film 3 and Film 5) 
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By fitting experimental indentation depth over a period of time (t) with the expression of 

Equation 3.18 in Chapter 3, stiffness and damping coefficients parameters in Figure 

3.17 are obtained. Figure 4.35 shows curve fitting of creep segment in Figure 4.34 with 

the use of Equation 3.18. Through curve fitting, the constants such as J0, J1, τ1, J2, and τ2 

are obtained. The obtained constants are summarized in Table 4.5. 

 

Figure 4.35 Fittings of experimental creep data (dots) with the creep function’s 

expression (line) in Equation 3.18  
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Table 4.5 Shear moduli, creep compliance and retardation time constants obtained 

from curve fitting 

   
  

G (Pa) C0 (m/N) C1 (m/N) τ1 (sec) C2 (m/N) τ2 (sec) 
Film 1 Average 8.64E+08 7.12E-10 2.33E-11 0.240674 1.1E-10 12.60622 

 
± SD 10213262 8.23E-12 3.86E-11 0.007448 3.76E-11 0.396344 

        Film 2 Average 1.04E+09 5.99E-10 2.8E-11 0.277132 9.23E-11 11.76729 

 
± SD 18630719 8.53E-12 3.52E-11 0.012532 3.4E-11 0.513012 

        Film 3 Average 1.08E+09 5.51E-10 9.7E-12 0.298432 7.59E-11 11.79891 

 
± SD 17192684 1.05E-11 2.29E-12 0.045026 1.93E-12 0.754708 

        Film 4 Average 1.24E+09 4.88E-10 2.78E-11 2.982356 6.5E-11 11.23709 

 
± SD 20673351 5.86E-12 3.25E-11 4.736979 2.51E-11 0.279298 

        Film 5 Average 1.3E+09 4.57E-10 7.65E-12 0.28252 6.43E-11 10.70223 

 
± SD 29226570 8.59E-12 2.45E-12 0.073279 3.61E-12 0.90058 

 

 Using Equation 4.1 [80], shear modulus ‘G’ of the materials can also be determined.  

𝐺 =
1

2( 𝐶0−∑ 𝐶𝑖)
 ……………………….……………..4.1 

In Table 4.5, the shear modulus values are increasing as the gold concentration is 

increased in the chitosan matrix.  

4.2.2.4 Nanoindentation stress relaxation analysis 

Figure 4.36 shows relaxation behaviour of the gold chitoan nanocomposite films. 

The plots show load vs. indentation time as a results of deformation of the specimen at 

constant depth (here, 300 nanometers). As it is seen in the figure, after the loading ramp 

to the maximum load required to panetrate 300 namometers, the load seem to lower at 

higher rate in the initial part (up to 10 seconds). After that, the rate of load drop is lower 
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as time increases. It can also be observed that for reaching and maintaining the same 

indentation depth, Film 5 needs higher load (i.e. offers greater resistance) compared to 

Film 3 and Film 1.  

 

Figure 4. 36 Representative curves of relaxation effects in gold-chitosan 

nanocomposites (Film 1, Film 3 and Film 5) 

In creep tests, load is kept constant and indentation depth increases while in 

relaxation tests, depth is kept constant  and the required load to keep the depth constant 

lowers. Studying relaxation behaviour also proves useful in understading time dependent 

properties of viscoelastic materials. 

For relaxation analysis, the generalized maxwell model was used. Equation 3.21 

was used to fit relaxation modulus data to determine relaxation constants of the mateials. 
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Figure 4.37 shows the fits of relaxation modulus vs. time and the obtained relaxation 

modulus constants are summerized in Table 4.6. 

 

Figure 4.37 Fittings of experimental (dots) relaxation effects with the relaxation 

modulis’ expression (line) in Equation 3.21 
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Table 4.6 Relaxation moduli and retardation time constants obtained through curve 

fitting 

      

    E0 (Pa) E∞ (Pa) E1 (Pa) τ1 (s) E2 (Pa) τ2 (s) 
Film 1 Average 3.59E+09 2.76E+09 2.92E+08 1.46E+00 5.32E+08 1.77E+01 
  SD 5.79E+07 5.36E+07 1.75E+07 1.25E-01 1.23E+07 1.58E+00 
                
Film 2 Average 4.23E+09 3.18E+09 4.11E+08 1.32E+00 6.42E+08 1.55E+01 
  SD 7.66E+07 9.05E+07 3.26E+07 2.80E-01 2.10E+07 3.98E+00 
                

Film 3 Average 4.31E+09 3.24E+09 4.15E+08 1.30E+00 6.51E+08 1.59E+01 
  SD 1.14E+08 1.20E+08 2.22E+07 1.59E-01 1.62E+07 2.40E+00 
                

Film 4 Average 4.33E+09 3.26E+09 4.14E+08 1.28E+00 6.49E+08 1.57E+01 
  SD 1.22E+08 1.33E+08 2.08E+07 1.60E-01 1.66E+07 2.31E+00 
                
Film 5 Average 5.25E+09 4.00E+09 4.80E+08 1.19E+00 7.69E+08 1.32E+01 
  SD 2.86E+08 1.85E+08 3.20E+07 4.14E-02 6.91E+07 1.01E+00 
        
 

Where, E0 is E(t) at t = 0 in Equation 3.21. E0 can also be considered as 

instantaneous relaxation modulus of the material. 

4.2.2.5 Plasticity index analysis 

Figure 4.38 shows a representation of nanoindentation area under curve analysis 

with a curve obtained from a pure chitosan film. Here A1 represents area under the 

loading curve and A2 represents the area under the unloading curve. Hold segment (creep 

effects) is not taken into account while calculating the areas. [84, 89] It is important to 

note that the area A1 considered here (Figure 4.38) is different than the one shown for the 

explanation of plasticity index calculations in Chapter 3 in Figure 3.19c. In Figure 4.38, 

area A1 is a whole area occupied under the loading curve regardless of interference of the 

unloading curve. Because of that, there are slight modifications in the equation 
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(Equation 4.2) for calculating the plasticity indices of the gold-chitosan 

bionanocomposite films. 

 

Figure 4.38 Nanoindentation load displacement curve from pure chitosan and 

representation of area A1 and A2 mentioned in Equation 4.2 

 

. ψ =
𝐴1−𝐴2

A1
   …………………............…………..4.2 

As presented in Figure 4.39, there is significant increase in plasticity index of 

chitosan as gold nanoparticle concentration is increased. This could be the reason of 

losses due to friction between two phases; metallic and polymeric, present in the material. 

Table 4.7 summarizes the calculated plasticity indices (mean and standard deviations) of 

the bionanocomposite films. 
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Figure 4.39 Bar plot for plasticity index of the gold-chitosan nanocomposites 

determined through nanoindentation 

 

Table 4.7 Summary of plasticity index of gold-chitosan nanocomposites 

  Film 1 Film 2 Film 3 Film 4 Film 5 

Mean 0.257378 0.267555 0.276653 0.305183 0.332508 

Std.D 0.014497 0.008846 0.010485 0.0056 0.00509 

 

4.3 Biocompatibility testing 

In biomedical applications, chitosan based materials are mainly used as scaffolds 

in tissue engineering, wound healing and implants. As such, it is important that the 

scaffold materials are nontoxic, non-reactive and compatible with the living cells. Such 

properties are important to attach and grow living cells and improve the recovery of 

damaged tissues.  
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 Figure 4.40 shows optical micrographs of the gold-chitosan nanocomposite films 

seeded with human epithelial cells and the cell proliferation over a period of time. It is 

observed that cells adhered well on all the composite films. As we see vertically down, it 

is also clear that the cells proliferate at day 3 and day 5. It is evident that all the 

nanocomposite films are nontoxic and biocompatible to the human epithelial cells. 

 

Figure 4.40 Optical micrographs of the cells attached of the gold-chitosan 

nanocomposites at day 1, day 3 and day 5 

 

 

Table 4.8 Cell count on day 1, day 3 and day 5 attached on the gold-chitosan 

nanocomposite films 

 Film 1 Film 2 Film 3 Film 4 Film 5 

Day 1 58.60 60.60 61.60 65.20 62.60 

 ± 5.13 ± 12.95 ± 8.73 ± 9.42 ± 10.74 

      

Day 3 139.40 136.40 139.60 179.60 149.20 

 ± 20.35 ± 20.53 ± 29.76 ± 38.28 ± 13.33 

      

Day 5 236.60 220.20 263.20 416.00 361.00 

 ± 20.08 ± 9.68 ± 61.73 ± 24.18 ± 26.16 
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Figure 4.41 Bar plots of the numbers of cells attached on gold-chitosan 

nanocomposite films (bar height is the average of five readings and error bar is 

standard deviation) 

Also, from the bar plots in Figure 4.41, adding certain amount of gold 

nanoparticles on to chitosan stimulates the cell proliferation. Possible reason for this 

improvement is an increase in the chitosan film surface area available for cells to adhere 

and proliferate. However, as the concentration increased above the threshold of 0.20 

mg/ml, cell proliferation decreases. These results are consistent with previously published 

work [19, 90] that have also reported a decreasing proliferation effect with higher amount 

of gold concentration in a polymer nanocomposites. Cell count numbers for each film and 

at Day 1, Day 3 and Day 5 are summarized in Table 4.9. 
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4.4 Statistical analysis 

When working with mathematical evaluation of the experimental outcomes, it is 

important to know if any difference in the result is a true response of the factors or it is 

just by chance that the difference is visible. Careful and systematic analysis of the results 

for evaluating statistical significance of the factors such as gold reinforcement, 

temperature, and cell incubation time is necessary. This section shows statistical analysis 

results (two-way ANOVA) from which sound conclusions can be made for the 

performance of the gold chitosan bionanocomposites.  

The primary assumptions for performing ANOVA are … 

1. There are no outliers in any group (or overall). 

2. Each group's data (or residuals) is normally distributed. 

3. Each group's data (or residuals) has equal variance (also called homogeneity of 

variances). 

Figures 4.42 and 4.43, shows histograms of residuals of reduced modulus and 

cell counts, respectively. From the shape of the histogram, it is clear that both the data 

sets are normally distributed. Also, in the tables next to the plots, the P-values obtained 

from the Anderson-Darling normality tests are greater than 0.05. That means, it rejects 

the null hypothesis that the data are from the population that is not normally distributed. 

Hence it is a quantitative indication that the data are normally distributed.  
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Figure 4.42 Histogram of residuals of reduced modulus 

 

Figure 4.43 Histogram of residuals of cell count 

Figures 4.44 and 4.45 show normal probability plots of residuals of reduced 

modulus and cell count respectively. Since most of the residual points fall on the line, the 

data is normally distributed. Also, there are no significant outliers observed on the plots. 
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However, through Levene’s homogeneity test for equal variances, it is found that both of 

the datasets obtained from mechanical characterization and biocompatibility tests fail the 

assumption of homogeneity of variances (p < 0.05 in Tables 4.10 and 4.11). However, 

one could still go with the two-way ANOVA tests by being more conservative with the 

acceptable alpha level. Instead of the alpha level to be 0.05, in this work it is taken as 

0.01 to consider any difference as a significant difference between two effects. This is to 

avoid type 1 error in the statistical analysis of the two-way ANOVA outcomes while the 

assumption of “homogeneity of variances” is voided.  

 

 

Figure 4.44 Normal probability plots of residuals (reduced modulus) 
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Figure 4.45 Normal probability plots of residuals (cell count) 

 

Table 4.9 Levene’s test for homogeneity of variances (reduced modulus) 

 

 Dependent Variable: 

Reduced modulus 

  

F df1 df2 Sig. (p) 

6.661 19 220 .000 

 

Table 4.10 Levene’s test for homogeneity of variances (cell count) 

 

Dependent Variable: Cell Count 

F df1 df2 Sig. (p) 

2.756 14 60 .003 

 

p values in Table 4.12 are less than 0.01. It shows that at least one film from the 

set of five films has significantly different reduced modulus than one from the rest of the 

films. Similarly, for the effect of temperature, it seems that at least one temperature from 
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the selected four temperatures has significant impact on the reduced modulus values. In 

Table 4.12, p value for the interaction between the gold concentration and temperature is 

also less than 0.01. That means, there is an interaction between the two effects namely 

gold concentration and temperature. In other words, reduce modulus of the film with 

certain concentration of gold nanoparticles does depend on the test temperature. 

Table 4.11 two-way ANOVA table for reduced modulus 

Source df Sum of 

Squares 

Mean 

Square 

F p value 

            

Au 

Concentration 

4 52.168 13.042 564.684 .000000000 

Temperature 3 59.417 19.806 857.521 .000000000 

AuConcentration 

* Temperature 

12 14.577 1.215 52.596 .000000000 

Error 220 5.081 .023     

Total 240 2909.929       

 

To perform more accurate analysis in order to build confidence in the effects of gold 

concentration and temperature on reduced modulus, a pairwise comparison with post-hoc 

tests was also performed. Table A2.1 (see appendix) shows Film-by-Film comparison at 

each temperature level. Except the cases with their p value boxes highlighted, all films 

have significantly different reduced modulus than that of the remaining ones in the set. 

Table 4.13 is the ANOVA table for the cell count analysis from the 

biocompatibility studies. p values in Table 4.13 are less than 0.01. It shows that cell 

count on at least one film from the set of the film is different than the cell count on 

remaining films. Similarly, for the time in days, is can be concluded that cell count on at 

least one day is significantly different than the remaining two days. In Table 4.13, the p 
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value for the interaction between the gold concentration and days is also less than 0.01. 

Hence, there is an interaction between the two effects such as gold concentration and 

time in days. In other words, cell count on the film with certain concentration of gold 

nanoparticles does depend on the test temperature. 

Table 4.12 two-way ANOVA table for cell count 

Source df Sum of 

Squares 

Mean Square F P Value 

            

Au_Concentration 4 71768.053 17942.013 28.584 .0000000 

Days 2 722916.587 361458.293 575.846 .0000000 

Au_Concentration 

* Days 

8 79314.347 9914.293 15.795 .0000000 

Error 60 37662.000 627.700     

Total 75 3078821.000       

 

To perform more accurate analysis of the gold concentration and time in days on 

the cell count, a pairwise comparison with post-hoc tests was also performed. Table A2.2 

(see appendix) shows Day-by-Day comparison for each gold concentration level. By 

checking p values, it is obvious that there is a considerable difference between the 

numbers of cells on each day with the remaining days for each case of the films.  
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Chapter 5 Summary and Conclusions 

Considering increasing need of advancement in the field of biomedical 

engineering, this work was focused on development of advanced materials for their 

potential use in biomedical applications.  

In this work, thin solid films of bio-nanocomposite were prepared with the use of 

gold nanoparticles as reinforcement and chitosan (a biopolymer; polysaccharide) as a 

polymer matrix considering their excellent biological properties and film-forming 

capabilities. First, mono-dispersed gold nanoparticles (~ 32 nm diameter) were 

synthesized with slight modifications in the classical Turkevich method while chitosan 

solution was processed with a mild acidic solution. Gold nanoparticles were successfully 

entrapped into the polymer matrix via a straightforward separate synthesis of the 

nanoparticles and the polymer, then mixing them to form a homogeneous mixture 

through mechanical agitations.  

TEM, SEM and particle size analysis studies confirmed size and mono-dispersity 

of the nanoparticles. For purity and crystallinity of the gold nanoparticles; EDX and 

SAED showed positive results and confirmed that there were no inclusions of other 

elements and that gold was in its purest form. Being very important factor to be 

considered in polymer nanocomposites, interfacial wetting and adhesion between the 

gold nanoparticles and the chitosan matrix was found to be efficient through the zeta 

potential measurements, TEM and UV-Vis spectroscopy. UV-Vis spectroscopy also 

confirmed size and dispersion stability of gold nanoparticles in the chitosan matrix for all 

concentrations. SEM observations showed no significant agglomerations of the gold 
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nanoparticles throughout the thin films cross-sections. FT-IR spectroscopy showed 

influence of gold nanoparticles on the molecular structure of the chitosan matrix 

qualitatively. Through XRD analysis, crystallinity of the bionanocomposite films was 

found to be increasing proportionally with addition of gold nanoparticles in the chitosan 

matrix.  

Quasi-static and dynamic nanomechanical characterizations were performed via 

instrumented indentation (nanoindentation). Reinforcing amorphous chitosan polymer 

matrix with crystalline gold nanoparticles was found to be greatly rewarding in 

improving nanomechanical properties of the resulting nanocomposites. Reduced moduli 

of the nanocomposites films are significantly (p < 0.01) increased with addition of gold 

nanoparticles. Improvement in dynamic nanomechanical properties such as indentation 

storage and loss moduli was also confirmed by using gold nanoparticles as a filler 

material in the chitosan matrix. Time dependent nanomechanical properties such as creep 

compliance and relaxation moduli were also improved with reinforcing chitosan matrix 

with the metal nanoparticles. Plasticity index (Ψ) of the gold-chitosan nanocomposite 

films was increased with increase in gold nanoparticle concentration.  

The synthesized bionanocomposite films were found to be non-toxic and 

biocompatible with human cervix tissue cells. The living cells were found to be adhere 

and proliferate on the surfaces of the bionanocomposite films. Significant improvement 

(p < 0.01) in number of cells attached with increase in the amount of gold nanoparticles 

were observed. 
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Chapter 6 Future Opportunities and Challenges 

In this work, gold nanoparticle reinforced chitosan thin films were fabricated and 

characterized to evaluate their performance attributes for biomedical applications. 

Important characteristics such as toxicity, biocompatibility and mechanical properties at 

room temperature, human body temperature and higher temperatures are characterized.  

This work focuses on characterizing chitosan based materials considering their 

potential applications in biomedical fields such as tissue regeneration and wound healing. 

Such applications widely comprise external medical treatments and curing. However, 

chitosan based materials have high potential for their use in in-body applications such as 

coating and scaffold materials for bone tissue regeneration, heart valve materials, blood 

vessels repairs and more. For such applications, while designing the appropriate materials 

and devices, it is of utmost importance that their mechanical properties are similar to that 

of surrounding and target tissues inside the body. In other words, when the materials are 

subjected to the within-body environments with potential fluidic and temperature effects, 

it is desired to design and fabricate the materials to avoid any circumstances of failure in 

the system. When chitosan film is used as a coating material to prevent excessive wear of 

the surfaces, it is important to monitor the onsets of failures. This can be achieved by 

monitoring electrical signals transmitting arrangements in the materials.  

To perform nanomechanical testing in the environment similar to that present in 

the human body, body mimicking fluids (BMF) such as carefully prepared saline buffer 

solution, Hank’s balanced salt solution, Earle’s balanced salt solution and other 

commercially available fluids mixed with amino acids, vitamins and glucose can be used 
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to submerge the chitosan thin films and perform indentations on high temperature stage 

maintained at 37 °C. The major challenge with such testing is to take buoyancy forces 

exerted by the fluid on the tip in to account for calibrations as well as for testing and 

analysis. 

For the material to be capable of transmitting and/or transferring electrical signals, 

it has to be electrically conductive. Gold nanoparticle reinforcement in the polymer 

matrix is quasi-discontinuous and hence, it is difficult to take advantage of high 

conductivity of the crystalline gold. This challenge can be addressed by incorporating 

more continuous type of reinforcement along-with or without gold nanoparticles such as 

graphene sheets and carbon nanotubes. Electrical conductivity of the gold, graphene 

and/or carbon nanotube reinforced chitosan can then be characterized with the use of 

nanomechanical test instruments with Electric Contact Resistance (ECR) tests 

capabilities. Electrical properties could be characterized as a function of reinforcement 

content and as a function of depth into the material. With the use of nanoindenter, nano-

scale abrasion resistance studies such as nano-wear and scratch tests can also be 

performed to yield useful information about material properties required for applications 

with friction and wear. 
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APPENDICES 

A1. Statistical methods 

To check the significance of the effects of the factors such as gold concentration and 

temperature on mechanical propertis and gold concentration and incubation time period 

on cell grouth, two way analysis of variance (two-way ANOVA or factorial ANOVA) 

was performed using SPSS Statistic v22. With two-way ANOVA, the mean difference 

between the groups that are split based on two independent variables (e.g. gold 

concentration and temperature or gold concentration and incubation time) was evaluated. 

The main reason behind using two-way ANOVA to see if there is an interaction between 

two independent variables (factors) on the dependent variable (response). In other words, 

it is useful in understanding the dependency of one independent variable on the level of 

the other independent variable to make significant difference in the dependent variable of 

the response.  

A1.1 Two-way ANOVA methods 

First, the assumptions that need to be confirmed before performing two-way ANOVA 

are… 

1.  There are no outliars in any group or in the whole set of data 

2.   Each group's data (or residuals) are normally distributed. 

3.    Each group's data (or residuals) has equal variance (also known as homogeneity of 

variances). 
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A1.1.1 Hypothesis tests 

Three main hypothesis tests are performed while conducting two-way ANOVA; 

hypotheses for (1) the main effect for the first factor, (2) the main effect for the second 

factor, and (3) the interaction effects between the factors.  

For factor ‘A’: 

The null hypothesis states 

H0A: all group means are equal (i.e. µA1 = µA2 = µA3 = ... = µAm) 

Where m=number of groups or levels of the factor 

and the alternative hypothesis is… 

H1A: at least one group mean is different i.e. H0A proves wrong 

Similarly,  

For factor ‘B’: 

H0B: all group means are equal (i.e. µB1 = µB2 = µB3 = ... = µBm) 

and the alternative hypothesis is… 

H1B: at least one group mean is different i.e. H0B proves wrong 

And, for interection between ‘A‘ and ‘B’ 

H0AB: there is no interection between two factors 

and the alternative hypothesis is… 
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H1AB: there is an interection between the two factors  

A1.1.1.1 two-way ANOVA 

Below is the standard two way ANOVA table 

Table A1 a standard two-way ANOVA table 

 

Tabel shows standard way of presenting different elements of two-way ANOVA 

parameters. ‘a’ represnets number of levels of factor A. Similarly, ‘b’ represents number 

of level of factor ‘b’. ‘n’ represents replicates or repetaions of the tests.  

Now, first the grand total which is a sum of all the observations in study is calculated 

as…  

Y … = ∑ ∑ ∑  𝑌𝑖𝑗𝑘

𝑛

𝑘

𝑏

𝑗

𝑎

𝑖

 

where, ‘i’ and ‘j’ represent the level of factors A and B, respectively. ‘k’ represents given 

case or trial for a particular treatment.  

and, the overall mean is… 

𝑌̿ =  𝑌̅ … =  
∑ ∑ ∑  𝑌𝑖𝑗𝑘

𝑛
𝑘

𝑏
𝑗

𝑎
𝑖

𝑛𝑎𝑏
 

Source Degrees of Freedom Sum of Squares Mean Square F-value Probability

dF SS MS = (SS/dF) F = (MS/MSE) P

Factor A a-1 SSA SSA/(a-1) MSA/MSE

Factor B b-1 SSB SSA/(a-1) MSB/MSE

Interaction A*B (a-1)(b-1) SSAB SSAB/(a-1)(b-1) MSAB/MSE

error ab(n-1) SSE SSE/ab(n-1)

Total nab-1 SST
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Once the grand total and overall mean are calculated, sum of squares for the ANOVA 

table can be calculated as follows. 

𝑆𝑆𝐴 = 𝑛𝑏 ∑(𝑌̅𝑖.. − 𝑌̅ … )2

𝑎

𝑖=1

 

𝑆𝑆𝐵 = 𝑛𝑎 ∑(𝑌̅.𝑗. − 𝑌̅ … )2

𝑏

𝑗=1

 

Where, Yi.. and Y.j. are the total of all observations for the ith factor level of A, and jth 

factor level of B, respectively.   

𝑆𝑆𝐴𝐵 = 𝑛 ∑ ∑(𝑌̅𝑖𝑗. − 𝑌̅𝑖.. − 𝑌̅.𝑗. + 𝑌̅ … )

𝑎

𝑖=1

2𝑏

𝑗=1

 

Where, Yij. is the sum of observations of the treatment corresponding to the ith level of 

factor A and the jth level of factor B.  

𝑆𝑆𝐸 =  ∑ ∑ ∑(𝑌𝑖𝑗𝑘 − 𝑌̅𝑖𝑗.)

𝑛

𝑘=1

2𝑏

𝑗=1

𝑎

𝑖=1

 

and, 

𝑆𝑆𝑇 =  ∑ ∑ ∑(𝑌𝑖𝑗𝑘 − 𝑌̅...)

𝑛

𝑘=1

2𝑏

𝑗=1

𝑎

𝑖=1

 

Once sum of square values are calculated, mean squares (MS) and calculated F-values 

can be deteremined in the ANOVA table.  
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Now depending on the alpha level selected, F-critical values are taken from the F-table. If 

F-critical value is lower than F values calculated in the ANOVA table for the set alpha 

level, the null hypothesis was rejected and the factor was considered to have significant 

effect on the response. A typical F-distribution curve is shown in Figure A1. 

 

Figure A1 a representation of a typical F curve 

 

A2. Pairwise comparison tables 

Table A2.1 Pairwise comparison of reduced modulus 

Temperature 

Mean 
Difference 

(I-J) 
Std. 
Error P values 

95% Confidence 
Interval for 
Difference 

Lower 
Bound 

Upper 
Bound 

25 Film 1 Film 2 -.360* 0.06 .000000 -.482 -.238 

Film 3 -.955* 0.06 .000000 -1.077 -.833 

Film 4 -1.604* 0.06 .000000 -1.726 -1.482 

Film 5 -2.372* 0.06 .000000 -2.494 -2.249 

Film 2 Film 1 .360* 0.06 .000000 .238 .482 

Film 3 -.595* 0.06 .000000 -.717 -.473 

Film 4 -1.244* 0.06 .000000 -1.366 -1.122 

Film 5 -2.012* 0.06 .000000 -2.134 -1.889 

Film 3 Film 1 .955* 0.06 .000000 .833 1.077 

Film 2 .595* 0.06 .000000 .473 .717 
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Film 4 -.649* 0.06 .000000 -.771 -.527 

Film 5 -1.417* 0.06 .000000 -1.539 -1.294 

Film 4 Film 1 1.604* 0.06 .000000 1.482 1.726 

Film 2 1.244* 0.06 .000000 1.122 1.366 

Film 3 .649* 0.06 .000000 .527 .771 

Film 5 -.767* 0.06 .000000 -.890 -.645 

Film 5 Film 1 2.372* 0.06 .000000 2.249 2.494 

Film 2 2.012* 0.06 .000000 1.889 2.134 

Film 3 1.417* 0.06 .000000 1.294 1.539 

Film 4 .767* 0.06 .000000 .645 .890 

37 Film 1 Film 2 -.341* 0.06 .000000 -.463 -.219 

Film 3 -.621* 0.06 .000000 -.743 -.499 

Film 4 -1.232* 0.06 .000000 -1.354 -1.109 

Film 5 -1.037* 0.06 .000000 -1.159 -.914 

Film 2 Film 1 .341* 0.06 .000000 .219 .463 

Film 3 -.280* 0.06 .000010 -.402 -.158 

Film 4 -.891* 0.06 .000000 -1.013 -.769 

Film 5 -.696* 0.06 .000000 -.818 -.574 

Film 3 Film 1 .621* 0.06 .000000 .499 .743 

Film 2 .280* 0.06 .000010 .158 .402 

Film 4 -.611* 0.06 .000000 -.733 -.489 

Film 5 -.416* 0.06 .000000 -.538 -.294 

Film 4 Film 1 1.232* 0.06 .000000 1.109 1.354 

Film 2 .891* 0.06 .000000 .769 1.013 

Film 3 .611* 0.06 .000000 .489 .733 

Film 5 .195* 0.06 .001903 .073 .317 

Film 5 Film 1 1.037* 0.06 .000000 .914 1.159 

Film 2 .696* 0.06 .000000 .574 .818 

Film 3 .416* 0.06 .000000 .294 .538 

Film 4 -.195* 0.06 .001903 -.317 -.073 

60 Film 1 Film 2 -.321* 0.06 .000001 -.443 -.199 

Film 3 -.466* 0.06 .000000 -.588 -.344 

Film 4 -.772* 0.06 .000000 -.894 -.649 

Film 5 -.984* 0.06 .000000 -1.106 -.862 

Film 2 Film 1 .321* 0.06 .000001 .199 .443 

Film 3 -.145* 0.06 .020334 -.267 -.023 

Film 4 -.451* 0.06 .000000 -.573 -.329 

Film 5 -.663* 0.06 .000000 -.786 -.541 

Film 3 Film 1 .466* 0.06 .000000 .344 .588 

Film 2 .145* 0.06 .020334 .023 .267 

Film 4 -.306* 0.06 .000002 -.428 -.184 
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Film 5 -.518* 0.06 .000000 -.641 -.396 

Film 4 Film 1 .772* 0.06 .000000 .649 .894 

Film 2 .451* 0.06 .000000 .329 .573 

Film 3 .306* 0.06 .000002 .184 .428 

Film 5 -.212* 0.06 .000733 -.335 -.090 

Film 5 Film 1 .984* 0.06 .000000 .862 1.106 

Film 2 .663* 0.06 .000000 .541 .786 

Film 3 .518* 0.06 .000000 .396 .641 

Film 4 .212* 0.06 .000733 .090 .335 

80 Film 1 Film 2 -.031 0.06 .619710 -.153 .091 

Film 3 -.270* 0.06 .000021 -.392 -.148 

Film 4 -.457* 0.06 .000000 -.579 -.334 

Film 5 -.669* 0.06 .000000 -.791 -.547 

Film 2 Film 1 .031 0.06 .619710 -.091 .153 

Film 3 -.239* 0.06 .000152 -.361 -.117 

Film 4 -.426* 0.06 .000000 -.548 -.304 

Film 5 -.638* 0.06 .000000 -.761 -.516 

Film 3 Film 1 .270* 0.06 .000021 .148 .392 

Film 2 .239* 0.06 .000152 .117 .361 

Film 4 -.187* 0.06 .002930 -.309 -.064 

Film 5 -.399* 0.06 .000000 -.521 -.277 

Film 4 Film 1 .457* 0.06 .000000 .334 .579 

Film 2 .426* 0.06 .000000 .304 .548 

Film 3 .187* 0.06 .002930 .064 .309 

Film 5 -.212* 0.06 .000733 -.335 -.090 

Film 5 Film 1 .669* 0.06 .000000 .547 .791 

Film 2 .638* 0.06 .000000 .516 .761 

Film 3 .399* 0.06 .000000 .277 .521 

Film 4 .212* 0.06 .000733 .090 .335 
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Table A2.2 Pairwise comparison for cell count 

Au_Concentration 

Mean 
Difference 

(I-J) 
Std. 
Error P Value 

95% Confidence 
Interval for 
Differenceb 

Lower 
Bound 

Upper 
Bound 

Film 1 Day 1 Day 3 -80.800* 15.846 .0000037 -112.496 -49.104 

Day 5 
-178.000* 15.846 .0000000 -209.696 

-
146.304 

Day 3 Day 1 80.800* 15.846 .0000037 49.104 112.496 

Day 5 -97.200* 15.846 .0000001 -128.896 -65.504 

Day 5 Day 1 178.000* 15.846 .0000000 146.304 209.696 

Day 3 97.200* 15.846 .0000001 65.504 128.896 

Film 2 Day 1 Day 3 -75.800* 15.846 .0000116 -107.496 -44.104 

Day 5 
-159.600* 15.846 .0000000 -191.296 

-
127.904 

Day 3 Day 1 75.800* 15.846 .0000116 44.104 107.496 

Day 5 -83.800* 15.846 .0000018 -115.496 -52.104 

Day 5 Day 1 159.600* 15.846 .0000000 127.904 191.296 

Day 3 83.800* 15.846 .0000018 52.104 115.496 

Film 3 Day 1 Day 3 -78.000* 15.846 .0000070 -109.696 -46.304 

Day 5 
-201.600* 15.846 .0000000 -233.296 

-
169.904 

Day 3 Day 1 78.000* 15.846 .0000070 46.304 109.696 

Day 5 -123.600* 15.846 .0000000 -155.296 -91.904 

Day 5 Day 1 201.600* 15.846 .0000000 169.904 233.296 

Day 3 123.600* 15.846 .0000000 91.904 155.296 

Film 4 Day 1 Day 3 -114.400* 15.846 .0000000 -146.096 -82.704 

Day 5 
-350.800* 15.846 .0000000 -382.496 

-
319.104 

Day 3 Day 1 114.400* 15.846 .0000000 82.704 146.096 

Day 5 
-236.400* 15.846 .0000000 -268.096 

-
204.704 

Day 5 Day 1 350.800* 15.846 .0000000 319.104 382.496 

Day 3 236.400* 15.846 .0000000 204.704 268.096 

Film 5 Day 1 Day 3 -86.600* 15.846 .0000009 -118.296 -54.904 

Day 5 
-298.400* 15.846 .0000000 -330.096 

-
266.704 

Day 3 Day 1 86.600* 15.846 .0000009 54.904 118.296 

Day 5 
-211.800* 15.846 .0000000 -243.496 

-
180.104 

Day 5 Day 1 298.400* 15.846 .0000000 266.704 330.096 

Day 3 211.800* 15.846 .0000000 180.104 243.496 

 


