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ABSTRACT 

Title of the Thesis 

 

Novel designing of Chitosan based nanocomposites for tissue engineering 

and drug-delivery applications 

 

Chitosan (CS), a natural polymer obtained by alkaline deacetylation of chitin, is non-

toxic, biocompatible, biodegradable, having multiple functional groups and soluble in 

aqueous system. These properties make CS a good candidate with unlimited potential 

in biomaterials science, food packaging, bone substitute and novel drug delivery 

systems. However, its mechanical properties and high surface energy limits its wide 

range of applications. Incorporation of various inorganic fillers is an effective approach 

for improving the physio/ chemical properties of CS. CS based nanocomposites have 

been prepared by incorporating various inorganic fillers like nano-clay, carbon nano-

tubes, layered double hydroxides, gold-silver nanoparticles etc.  

Thus, the present research work is aimed to refocus or revisit the possibilities of 

utilization of CS for various applications esp. as a drug carrier for sustained release and 

as a scaffold in tissue engineering and other biomedical applications. Chapter 1 gives 

an introduction and literature background on this area. Chapter 2 reveals the scope, 

objectives, and approaches of the present study. The present study has been divided 

into three parts. Chapter 3 is focused on the Preparation and characterization of 

novel hybrid of chitosan grafted lactic acid and montmorillonite: Physical 

property improvement of smooth films. Preparation of nanocomposites of chitosan 

has also been performed by intercalating chitosan into Na+-MMT (sodium 

montmorillonite) through cationic exchange and hydrogen boding processes, with 

interesting structural and functional properties. Nanocomposites were prepared by 

dissolving chitosan and dispersing Na+-MMT in aqueous solution of L- lactic acid with 

subsequent heating and film casting. The films have shown enhanced hydrophilicity as 

compared to PLA.  Issues on the interactions of polycationic chitosan with clay are also 

discussed. It is observed that nanocomposites are exhibiting better thermal and physical 
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properties than Chitosan-g-LA and PLA. The lamellar host, in this study is layered 

silicates, which are composed of thin lamellae that are combined with rather weak 

interaction such as Vander walls force and H- bond. They can accommodate various 

organic molecules in the interlayer space to form intercalated compounds. In addition, 

the drug is also cationic which facilitates easy drug loading into the lumen of layered 

silicates posing a very demanding challenge to achieve adequate sustained release 

property due to the anticipated high diffusion gradient produced.  

Chapter 4 discusses the Preparation and characterization of novel hybrid of 

chitosan grafted with PDMS and sodium montmorillonite: Sorption and protein 

adsorption studies. Although the properties of CS seem favorable to use CS as a 

wound dressing material, its solubility only in aqueous acidic solutions, high 

crystallinity and rigid structure has limited its use for wide-range biomedical 

applications. Polydimethyl siloxane (PDMS) is a high performance polymer with 

unique physical and chemical properties. Another advantage of adding PDMS into CS 

is to improve their mechanical properties. Because hardness and brittleness are major 

drawbacks of CS which limit their use as wound healing material, incorporation of 

elastomeric PDMS should somewhat soften the material hydrogen boding processes, 

with interesting structural and functional properties. Therefore, in this chapter, studies 

were carried out to prepare CS-g-PDMS nanocomposites by introducing PDMS onto 

CS-montmorillonite nanocomposites via photo induced grafting. The grafting of PDMS 

imparts the hydrophilicity and swelling behavior to the CS. The incorporation of clay 

affects the preparation and physio-morphic properties of grafted copolymer.  

Chapter 5 reveals the strategy to prepare Biomineralized Zn-Al Layered Double 

Hydroxides (LDH) using Chitosan as a template: Preparation, drug release and 

Cell-viability studies of prepared nanohybrids. Lamellar LDH commonly called as 

synthetic anionic clays, whose structure is commonly described as edge-sharing 

octahedral sheets in which, by comparison with the Brucite M (OH) 2, some of the 

divalent cations are replaced by trivalent cations to give positively charged sheets. LDH 

is biocompatible and has found pharmaceutical applications as an antacid, which makes 

them promissory hosts for immobilization of NSAIDs aiming to reduce gastric 

irritation side effects. CSI molecules have C=O, -OH and -NH groups on its backbone, 

which can coordinate strongly with the Lewis acidic sites. So, we choose to synthesize 

LDH/CSI hybrids by a co-precipitation route involving the in-situ formation of LDH 

layers. Intercalation of Ibu was done by Ion-Exchange method. Here CSI acts as a 
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templating molecule for LDH crystallization where it acts as a glue to consolidate 

nanosized LDH particles into larger scale aggregates.  

Chapter 6: Biosynthesis of Hydroxyapatite (HAP): A novel enzymatic route 

Synthetic Calcium Hydroxyapatite is a bioactive material that is chemically 

similar to biological apatite, the mineral component of bone. In this chapter, we 

describe the rapid, single step synthesis of crystalline nano-particle HAP hollow 

nanospheres by a wet biological method. Briefly, aqueous solution of calcium chloride 

was mixed with water-solubilized phytase and Phytic acid.  

Chapter 7 is the Ultrasound triggered smart drug release from chitosan-

mesoporous silica (MS) composite: Structural and cell adhesion studies. Recently, 

there has been increased interest in Mesoporous silica (MS) materials for use as carriers 

in controlled drug release, to meet the need for prolonged and better control of drug 

administration. Release systems that are sensitive to external impulses such as 

oscillating magnetic fields, thermal, ultrasound, or electric fields have therefore been 

investigated to achieve on-demand drug regulation. Ultrasound is one of the most 

promising external triggers for pulsatile delivery in which the release rate of the 

incorporated drug can be altered by applying ultrasound irradiation from the external 

environment. In this study, we used Mesoporous silica (MS) as the drug reservoir.  

Chapter 8: Summary: This chapter summarizes the results and describes the salient 

conclusions of the study. Future perspectives for further research are also expressed. 
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CHAPTER I 

 

Introduction of Biomaterials and its Applications in  

Tissue-Engineering 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A biomaterial is a man-made or man-modified viable or non-viable 

material intended to interface with biological systems to evaluate, treat, 

augment, or replace any tissue, organ, or function of the body. 
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1.1 INTRODUCTION 

A biomaterial is essentially a material that is used and adapted for a medical 

application1. Biomaterials can have a benign function, such as being used for a heart 

valve, or may be bioactive and used for a more interactive purpose such as hydroxy-

apatite coated hip implants2-5. Biomaterials are also used every day in dental 

applications, surgery and drug delivery (a construct with impregnated pharmaceutical 

products can be placed into the body, which permits the prolonged release of a drug 

over an extended period of time)6-10. 

The definition of a biomaterial does not just include man-made materials which 

are constructed of metals or ceramics. A biomaterial may also be an autograft or 

allograft or xenograft, used as a transplant material. Table 1.1 shows the applications 

of biomaterials. 

 

Table 1.1 Some applications of biomaterials and modified natural materials in 

medicine. 

Application Types of Materials 

Skeletal system 

     Joint replacements (hip, knee) 

     Bone plate for fracture fixation 

 

Titanium, Ti—Al—V alloy, stainless 

steel, steel, cobalt—chromium alloy 

Bone cement Poly(methyl methacrylate) 

Bony defect repair Hydroxyapatite 

Artificial tendon and ligament Teflon, Dacron 

Dental implant for tooth fixation Titanium, alumina, calcium phosphate 

Cardiovascular system 

     Blood vessel prosthesis 

     Heart valve Reprocessed tissue, 

     Catheter 

 

 

Dacron, Teflon, polyurethane 

stainless steel, carbon 

Silicone rubber, Teflon, polyurethane 

Organs 

     Artificial heart 

     Skin repair template 

     Artificial kidney (hemodialyzer) 

     Heart—Lung machine 

 

Polyurethane 

Silicone-collagen composite, Chitosan 

Cellulose, polyacrylonitrile 

Silicone rubber 
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Due to the aging of world population, the market for engineered biomaterials is 

growing at a rapid rate. Each year, more than 600,000 joint replacements are performed 

in the USA alone with an estimated worldwide cost in excess of 3 billion dollars. Table 

1.2 depicts an overview of health-care market of USA. 

 

Table 1.2 Health-care market and biomaterials usage in USA 

Total US Health Expenditure (2003)1 

          % of GDP2 

          No. of employees2 

$1,678.9 Billion 

15% 

10 Million 

Total Medical Device Market (2006)3 

          No. of employees4 

          Medical and device sales5 

$86 Billion 

441,400 

$44 Billion 

Biocompatible Materials (2007)6 

          Implantable medical devices (2006)6 

          Tissue Replacements (2006)6 

          Skin Repair (2007)7 

          Vascular Grafts (2007)5 

$22.2 Billion 

$7.9 Billion 

$11.7 Billion 

$270 Million 

$650,000 Million 

No. of devices8 

          Intraocular lenses 

          Contact Lenses 

          Heart Valves 

          Artificial Knees 

          Artificial Hips 

 

1,400,000 

4,000,000 

45,000 

816,000 

521,000 

1- Espicom-2006, 2-WHO-2006, 3-Advamed-2006, 4-Medical product 

outsourcing-2006, 5-McMaster University-2006, 6-BCC Research-2006-7, 7- 

International Access corporation-2002, 8-Ratner et al. 

 

There are also functional or structural classifications, such as whether biomaterials are 

hydrogels, injectable, surface modified, capable of drug delivery, by specific 

applications and so on. The wideness of biomaterials used in tissue engineering arises 

from the multiplicity of anatomical locations, tissue-cell types, and specific 

applications that apply. For e.g. relatively strong mechanical properties may be 
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required in situations, where the device may be subjected to weight-loading or strain, or 

where maintenance of a specific cell-architecture is needed. 

The type of material used is also dependent on the anticipated mode of applications 

(open implantation is injection or minimally invasive procedure), the nature of any 

bioactive molecules, that might be released, the need for surface functionalization, the 

need of the cell types of interest in terms of porosity, and other issues. To be successful 

the biomaterial implant should effectively repair the defect where it has been applied 

without causing any adverse tissue reaction while maintaining mechanical and 

biological integrity for a desired time-span, ranging from few weeks to several years. 

 

1.2 EVOLUTIONS OF BIOMATERIALS 

 Recently, tissue-engineering strategies using engineered biomaterials that 

support and promote tissue growth have been proposed for reconstructive surgeries11. 

The purpose of a tissue engineering approach is to repair and regenerate damaged 

human tissue with biomaterials based devices12. To initiate the natural developmental 

events, it requires functional cells that constitute the target tissue, a matrix or scaffold 

supporting those cells, bioactive molecules regulating cellular behavior and the 

compatible integration of this composite in the damaged tissue13. Cells used in tissue 

engineering can be stem cells or tissue specific cells. Bioactive molecules can be 

growth factors, hormones, and other proteins. The matrix may be synthetic or natural, 

coming in the form of fibrils, foams, hydrogels, and capsules. An implant composed of 

a biocompatible and biodegradable scaffolds, the reservoir own cells and biomolecule 

that modulate the cells to form the neotissues would be the foundation for the future 

generation of bio medical engineering14, 15.  

 Such an implant, not only creates a local environment for pre-loaded cell 

proliferation and differentiation in the targeted tissue, but also interacts with the hosts 

own tissue and integrates into it. Ideally, the only foreign part left, the scaffold, will be 

degraded and excreted from the human body. In this manner the implant eventually 

transforms itself into the patient’s own body. The biomolecules and the cells together 

with the intrinsic properties of the chosen biomaterials determine the biocompatibility 

and longevity of the implants.  

Though this strategy is still in its infancy, diverse knowledge has been accumulated 

toward addressing its key elements including cell sources, material properties, scaffold 
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structure and bimolecular recognition16-20. The success of the approach depends on the 

understanding of the impact of these key items. 

 

 

 

1.3 PROPERTIES OF BIOMATERIALS  

1.3.1 FOR TISSUE ENGINEERING: 

The three, main functions of tissue engineering scaffolds are: 

a) Providing temporary mechanical support. 

b) Guiding tissue regeneration and organization. 

c) Promoting tissue formation and subsequent regeneration. 

As the building block of the scaffold or matrix for bone repair, bone-grafting material 

itself must be optimized for biocompatibility, biodegradability and biomedical 

properties. 

1. Biocompatibility: A biomaterial must be immune acceptable. The host immune 

system should recognize the implant as part of the host and not reject it. Further, 

a biomaterial should minimize, if not be free, an inflammatory response21. 

Biocompatibility is not an intrinsic property of a material, but depends on the 

biological environment and the leeway that exists with respect to tissue 

reaction. For e.g. a formulation, that is biocompatible in subcutaneous tissue 

might not be so in nerve or in the peritoneum. 

2. Biodegradability: The implanted foreign material should be degraded and 

expelled from the host’s physiological system. In those cases the implants are 

required to provide mechanical support, the degradation rate must be engineered 

to comply with the growth rate of new tissue. Ideally, the entire scaffold would 

be degraded when the damaged tissue is totally regenerated22. 

3. Biomechanical Properties: Our primary purpose about biomaterials is that they 

exists to repair, correct, or improve a physiological defect or deformation by 

their implantation. In most cases, implanted biomaterials must have certain 

mechanical strength to maintain tissue growth and integration, or at least 

survive the hydrostatic pressure and other mechanical conditions at the 

damaged tissue site23. Repair of certain tissues, bone for instance, often 

demands a structural immobilization at an early stage. In a more complicated 

manner, mechanical properties of an implant may affect the growth and 
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integration of new tissue by influencing cell attachment and behavior through a 

process known as mechano-transduction24. A successfully designed device has 

to fir the mechanical requirements of the implant location. For e.g. tendon and 

soft tissue implants must be strong enough to withstand everyday forces applied 

to them by the patient.   

4. Surface Chemistry: The surface chemistry is the main factor to cellular 

adhesion25. Cellular adhesion at the cell-material interface is mediated by 

proteins adsorbed from the surrounding medium onto the substratum26, 27. The 

material ions modify the adsorption and orientation of proteins on the surface, 

and thus also affect the subsequent cell binding. Cells are sensitive to the 

environment in which they exist. It is though that a poorly adhesive surface on 

which weak cell adhesion occurs, no traction and no net movement can be 

observed. However, a highly adhesive surface allowing for a strong cell 

adhesion may also result in cell immobilization28. Although the common 

synthetic polymeric scaffolds have great advantages in terms of their 

degradability and other properties, they lack desirable surface properties. One 

approach to providing them is by modifying their surfaces, by physical 

adsorption of compounds or by chemical modification. This approach can also 

be used to increase polymer hydrophilicity to repel proteins and perhaps reduce 

the tendency towards adhesion.  

5. Micro topography:  

Surface texture or micro topography plays an important role in the 

cellular response and adhesion29. On smooth surfaces, the cells are able to 

spread, perhaps forming greater number of hemi-desmosomes as anchors to the 

substrate. In contrast, on rougher surfaces, the cells appear to form local 

contacts that allow the cells to span across the space between surfaces. Such 

modifications in attachment numbers and even distribution on a cell surface can 

result in new gene transcription, and new protein synthesis, ultimately affecting 

phenotypic expression. 

6. Porosity, pore size: 

The microstructure of scaffolding material should be highly porous with 

interconnected pore network. In such scaffolds, the large void volume facilitates 

anchorage-dependent cell seeding; maximize attachment, migration and growth, 
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extracellular matrix production, fluid circulation, and vascularization within the 

pore space throughout the scaffold structure30. 

 

1.3.2 FOR DRUG DELIVERY: 

There are two ways to give a patient a dose of drug: in a single dose or with a drug 

release system. When the patient takes one dose, the concentration of drug in his blood 

will increase fast but then it will also fast decrease (Figure 1.1). To maintain an 

effective concentration of drug in the blood, the patient must take other doses at 

interval.  The aim of a controlled drug delivery system is to maintain the concentration 

of drug in the blood within several days with a single dose. If we consider the evolution 

of drug concentration in the blood according to time we have the following graph: 

 

 

Figure 1.1: Plot of Drug concentration versus time of drug release. 

We see that it is very interesting and safer for the patient to have a drug release system, 

which delivers drug on a long time. So the goal of the controlled drug release device is 

to maintain a constant amount of drug with just a single dose and this kind of delivery 

preserves medications that are rapidly destroyed by the body and improve patient 

comfort. One classification of drug delivery system is based on the mechanism that 

controls the release of the substance. The main mechanism is the diffusion, and two 

types of diffusion-controlled systems have been developed:  

TIME

DRUG
CONCENTRATION

one dose
drug release



Chitosan Based Nanocomposites for Biomedical Applications 
 

   8 

 The reservoir device, in which the drug forms a reservoir surrounded by a 

diffusion barrier, it consists of regroups membranes, capsules, and liposomes. 

 The monolithic device, in which the drug is dispersed or dissolved (depending if 

its concentration is above or below its solubility limit), in a polymer. 

In these two systems, the release is directly linked to the choice of polymer and its 

properties.  

Another delivery system, is the chemically controlled system, where three types of 

release can occurs, as shown in Figure 1.2: 

 With Biodegradable polymer, the drug is dispersed in a biodegradable polymer 

(like in monolithic device) and this polymer is degraded which allows drug to 

be released. 

 With pendant chains where drug is bound to polymer by covalent bonds which 

are destroyed by a chemical mechanism. 

 The solvent controlled system where drug is dispersed in a polymer that swell in 

the fluid where it is used, thus the glass transition of polymer is decreased and 

drug can diffuse in the polymer and be released. 

The different types of drug delivery systems: 

 

Figure 1.2: Various drug delivery systems. 

re s e rv o i r d ev i ce

m o n o l ith i c d ev ic e

b io d eg r ad ab le d e liv e r y
sy s tem

d r u g
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In this context, “drug” means essentially any bioactive molecule, from small molecules 

to proteins and nucleic acids. There has been a natural emphasis on the delivery of 

growth factors. While the construct is incubated in vitro, it is often sufficient to add the 

drug to the ambient medium, provided that the compound is capable of diffusing 

throughout. However, it may be desirable to maintain exposure to that drug after the 

construct is implanted in vivo. Biomaterials play a key role in achieving this in tissue 

engineering, drawing on experiences in the broader field of drug delivery. Many of the 

examples below are drawn from that experience, rather than the narrower field of tissue 

engineering. A number of drug delivery approaches and polymers have been used. 

Many investigators have incorporated drugs into constructs; both polymeric and 

hydrogel-based systems have been used, although the former are often better at 

controlling drug release kinetics36. The drugs can be incorporated directly into the 

scaffolds, i.e., distributed throughout the polymeric matrix during casting, as is the case 

with many micro- and nanoparticulate drug delivery systems and hydrogels37-39.  

The goals of drug delivery are:  

(1) To overcome the inherent limitations associated with biomacromolecular 

therapeutics, which include a short plasma half-life, poor stability and potential 

immunogenicity, and (2) to maximize the therapeutic activity while minimizing the 

toxic side effects of drugs.  Current drug-delivery systems are effective at releasing 

drugs in a controlled fashion to produce a high local concentration; however, the scope 

is limited to targeting tissues rather than individual cells. At the expense of lower drug 

loading capacity, the nanometer size range enhances the ability of drug-delivery 

carriers to cross cell membranes, reduces the risk of undesired clearance from the body 

through the liver or spleen and minimizes their uptake by the endothelial system. 

Smaller particles have greater surface area-to-volume ratios, which increase the 

particles’ dissolution rate, enabling them to overcome solubility-limited bioavailability. 

Particle size is extremely important to the biological properties and, hence, functions, 

of nano-scale drug-delivery systems. Nano-scale drug-delivery systems take advantage 

of the fact that nano-scaled materials (10−9 to 10−7 m) can exhibit distinctive physical 

properties, electrical, mechanical and optical, that differ from those observed in the 

macroscopic and atomic realms. Through rational design, nano-scale drug-delivery 

systems can be manufactured to combine desirable modules, both biological and 

synthetic, for various applications, including implantable, inhalable, injectable, oral, 

topical, and transdermal drug delivery. Many properties of nano-scale drug-delivery 
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systems can be tailored for specific applications: solubility (inherent hydrophilicity of 

the material, addition of solubilizing moiety); biodistribution (molecular weight, 

addition of targeting group); biocompatibility (electrical charge, addition of bioinert 

functionality); biodegradability (backbone, spacer); drug release (physical interaction 

between drug and carrier, chemical cleavage of covalent spacer); drug encapsulation 

(physical interaction between drug and carrier); and shape (materials and chemistry 

employed). 

Drugs can also be reversibly conjugated to the matrix covalently or by other 

means40. However, other methods of providing drug delivery to scaffold-type systems 

have arisen that might provide greater flexibility in the types and quantities of drugs 

that can be delivered. All these approaches have pros and cons, particularly in terms of 

the stability of the drug payload during and after device manufacture. In the case of 

growth factors, the rationale is particularly compelling in that most tissues are 

composed of more than one cell type, and sometimes, two factors work better than one. 

For example, polymeric scaffolds have been developed that simultaneously release 

vascular epithelial growth factor and platelet derived growth factor41. Many of the 

methodologies described above could be suitable for achieving multiple drug release 

(e.g., particles containing different drugs dispersed in a matrix). It is also possible to 

encapsulate many compounds within one particulate system42. Temporal control of 

drug release within constructs is important, either to deliver drugs in a pulsatile manner 

or different drugs at different times. This could be achieved in a number of ways. For 

example, drugs could be entrapped within or beneath polymer layers of differing 

thicknesses or with differing degradation rates. They could be entrapped within 

separate populations of particles with differing release kinetics. Drugs could be 

contained within chip-like implantable devices that are programmed to release defined 

payloads in response to electrical stimuli or polymer degradation43-45. There is also an 

increasing literature on polymeric drug-releasing systems that respond to externally 

applied energy or forces, such as ultrasound, pH, magnetism, and heat, or electricity46-

50.  

Controlled-Release Drug Delivery Systems: 

 It covers a wide range of products, including “delayed release”; “extended 

release”, “site-specific targeting” and “receptor targeting” dosage forms. Delayed-

release systems are those in which drug release is delayed for a finite “lag time”, after 

which release is unhindered (e.g. enteric coated oral tablets). Extended-release (or 
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prolonged-release) dosage forms include any system in which the drug is made 

available over an extended period of time after administration. Site-specific and 

receptor targeting systems are those that deliver the active substance at the desired 

biological site, e.g. the diseased organ or tissue (site-specific targeting), or the 

particular drug receptor within an organ or tissue (receptor targeting). Systems 

providing some actual therapeutic temporal and/or spatial controls of drug release are 

considered “controlled delivery” systems, so, “controlled release” cannot be considered 

equivalent to “extended release”. Controlled-release drug delivery systems are 

summarized in Table 1.3, according to the classification proposed by Chien and Lin51.  

Table 1.3 Types of Controlled-Release Drug Delivery systems. 

Group Drug Delivery System Drug Release 
Control 
Mechanism 

Example 

Rate-
programmed 
systems 

Polymer Membranes, 
Permeation systems, Polymer 
Matrix/Hybrid Systems.  
Micro-reservoir partition 
systems.  

Diffusion Ocusert, 
Transderm-
Nitro, 
Norplant 
 
Nitrodisc, 
Syncromate-
C. 

Activation-
Modulated 
Systems 

Osmotic-Hydrodynamic 
Pressure,  
 
Vapor-pressure activated 
systems 
Mechanical-force activated 
systems 
 
Hydration-activated systems 
Magnetic, Sonophoresis, pH, 
Ion, Hydrolytic, Temperature, 
Enzyme. 

Modulation of the 
activation input 

Alzet 
osmotic 
pump, 
Acutrim 
tablet, 
 Infusaid,  
Nasal 
metered 
dose 
nebulisers. 
Syncro-
Male-B, 
Valrelease 
tablet, 
Lapron-
Depot, 
Zoladex. 

Feed-back 
regulated 
systems 

Bio-erosion and Bio-responsive 
regulated systems, Self-
Regulating systems. 

Concentration of the 
activating substance 
in the body. 

 

Site-specific 
systems 
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On the basis of the technological approach applied, four main groups have been 

distinguished: rate-pre-programmed- systems (those controlling molecular diffusion of 

drug molecules in and/or across a polymer barrier), activation-modulated systems (in 

which drug release is activated and then modulated by some physical, chemical or 

biochemical input), feedback-regulated systems (in which drug release is activated in 

the body via some feedback mechanisms) and site-targeting drug delivery systems. 

Most of these strategies assume a new concept of “excipient”. Thus, excipients (and 

among them clay minerals) are not only “inert ingredients”, but they can also be used 

by formulators to provide targets of a biopharmaceutical (decreasing or increasing 

dissolution rate, delaying and/or targeting drug release), pharmacological (prevention 

or reduction of side effects), technological (taste masking) or chemical (increasing 

stability) nature. 

 

1.4 TYPES OF SCAFFOLD MATERIALS: 

 Four categories of biomaterials have been investigated by numerous groups, 

both in vivo and in vitro as candidates for tissue engineering scaffolds:  

(i) Synthetic organic materials: mainly the polyester family poly (α-hydroxyl 

acids) such as polylactide (PLA), polyglycolide (PGA) and their co-polymer 

(PLGA).  

(ii) Synthetic inorganic materials: mainly hydroxyapatite, tricalcium phosphate, 

glass ceramics;  

(iii) Organic materials of natural origin: collagen, alginate, fibrin glue; and 

chitosan, and 

(iv)  Inorganic material of natural origin: hydroxyapatite. 

1.4.1 Organic materials 

Organic materials are widely used in several different applications, principally 

due to their availability in large variety of compositions and forms (solids, films, gels, 

etc.). They are also attractive because they can be fabricated readily into various shapes 

and structures with desired macro porous features51. All the polymers of natural and 

synthetic origin that have been investigated for use as scaffolds in tissue engineering 

are biodegradable, biocompatible and have their own distinctive characteristics52. 

However, both synthetic and natural biopolymers are mechanically weak, do not have 

good bioactivity, degrade too fast in physiological media loosing their mechanical 
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properties and sterilization processes (autoclave, ethylene oxide, and Co irradiation) 

may alter polymer properties53. 

 

1.4.2 Polymer biomaterials 

1.4.2.1 Synthetic polymers 

Synthetic polymers can be produced in large quantities, and their synthesis allows for 

direct control over chemical composition54. Therefore, depending on the application, a 

desired set of physical specifications can be obtained when modifying the chemical 

structure with specific functional groups55. Synthetic biomaterials are generally 

biologically inert, they have more predictable properties and batch-to-batch uniformity 

and they have the unique advantage having tailored property profiles for specific 

applications, devoid of many of the disadvantages of natural polymers. Hydrolytically 

degradable polymers are generally preferred as implants due to their minimal site-to-

site and patient-to-patient variations compared to enzymatically degradable polymers. 

The successful performance of the first synthetic poly (glycolic acid) based suture 

system during the late 1960s led to the design and development of a new array of 

biodegradable polymers as transient implants for orthopaedic and related medical 

applications. Extensive research has gone since then to custom designing biodegradable 

polymer systems with predictable erosion kinetics as drug/gene delivery vehicles or as 

scaffolds for tissue engineering. For applications that need materials with a certain level 

of biological activity, strategies to incorporate biological motifs onto synthetic 

polymers in the form of hybrid materials have also been developed. A vast majority of 

the research has focus on the synthetic polymers that already have the advantage of 

Food and Drug Administration approval as sutures56. These belong to the aliphatic 

polyester family e.g. poly (α-hydroxyl acids), mainly PLA, PGA, and their copolymer, 

PLGA. They degrade by hydrolysis into non-toxic byproducts that can be metabolized 

and excreted. Also, since PLLA is less crystalline than PGA, and more hydrophobic 

with its additional methyl group, variable rates of hydration and hydrolysis can be 

obtained with different combinations of PLA and PGA57. Synthetic polymers, such as 

biodegradable polyesters, have succeeded to some degree in tissue engineering 

applications, but despite their attractive properties, they are limited by important 

drawbacks58. The general problems with these polymers are their low biocompatibility, 

the generation of acidic degradation by-products, processing difficulties and loss, that is 

too rapid of mechanical integrity while degrading59.  
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1.4.2.2 Natural polymers:  

 The use of naturally occurring biomaterials is an alternate scaffold strategy 

offering distinct advantages60. These polymers may be much more similar to the native 

cellular milieu that has been optimized through evolution. Scaffolding applications 

requires such natural materials, which are expected to have a higher biocompatibility 

and have demonstrated a better and faster healing process61. Natural polymers can be 

considered as the first biodegradable biomaterials used clinically. The rate of in vivo 

degradation of enzymatically degradable polymers however, varies significantly with 

the site of implantation depending on the availability and concentration of the enzymes. 

Chemical modification of these polymers also can significantly affect their rate of 

degradation. Natural polymers possess several inherent advantages such as bioactivity, 

the ability to present receptor-binding ligands to cells, susceptibility to cell-triggered 

proteolytic degradation and natural remodelling. 

Chitosan (CS) is a unique polysaccharide derived from partial de-acetylation of 

chitin, which is, after cellulose, the most abundant natural polysaccharide62. Found in 

arthropod exoskeletons, each year several million tons of chitin is harvested worldwide 

from the shell of shrimp, lobster, crab or krill63. With its chemical nature and biological 

properties, CS biomaterial is highly versatile (Figure 1.3)64. The polymer has reactive 

amino and hydroxyl groups that provide many possibilities for covalent and ionic 

modifications. They can be easily modified with a large variety of groups that can be 

chosen to modify specific functionality such as biological and physical properties65. 

Chitosan intrinsically possesses strong biological activity that has been extensively 

studied in the past 20 years. First, it is biocompatible, biodegradable, bioresorbable and 

has a hydrophilic surface, which facilitates cell adhesion, proliferation and 

differentiation66. Second, with its cationic nature in physiological pH, CS mediates 

non-specific binding interactions with various proteins. Soluble proteins, most of which 

are negatively charge, may also be expected to have varying binding affinities to CS-

based material67. Third, CS is made of glucosamine and N-acetyl-D-glucosamine units 

linked by one to four glycosidic bonds (Figure 1.4). 
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Figure 1.3 Production and various applications of CS 
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The latter moiety is a structural molecule found in glycosaminoglycans68, which is a 

polysaccharide occurring ubiquitously within extra cellular matrix (ECM), including 

the one in bone and cartilage69. Glycosaminoglycans are known to be involved in 

several cell-cell/cell-matrix interactions, including specific bindings to growth factor 

receptors and adhesion proteins, and thus modulate cell morphology, motility, 

differentiation, synthesis, and function70. Table 1.4 shows the various forms, 

applications and properties of CS. 

Table 1.4 Various forms, applications, and properties of CS. 

Form Application Route of delivery/properties 

Beads Drug Delivery Oral 

Microspheres Enzyme Immobilization Oral, Implantable, Injectable 

Coatings Surface Modification, Textile 
Finishes 

CS increases 
mucoadhesiveness of Alginate 
capsules 

Fibers Medical Textiles, Sutures Biodegradable 

Nanofibers Guided Bone Generation,   

Films Wound Care, Dialysis Membranes  

Powder Adsorbent for pharmaceutical and 
medical devices, Surgical glove 
powder,  

 

Sponge Mucosomal Hemostatic dressing, 
Wound Dressing, Enzyme 
Entrapment 

 

Shaped 
Objects 

Orthopedics, Contact Lenses  

Solutions Cosmetics, Bacteriostaic Agents, 
Hemostatic agents, Anticoagulant, 
Anti-tumor agent. 

Moisture Holding, Oral, Nasal 
Complex Formation-Gene 
Delivery 

Gels Delivery Vehicle, Implants, 
Coatings,  

 

Tablets Compressed Diluents, Disintegrating 
Agents 

Oral, Buccal 

Capsules Delivery Vehicle  

 

With its hydrophilic and cationic nature, and its structure analogous to 

glycosaminoglycans, CS is expected to be endowed with related biological activity71-73. 

In fact, CS exhibits interactions with ECM components, immune cells and growth 
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factors such as the fibroblasts growth factors74. Chitosan has a number of other 

desirable properties for a tissue scaffold: it has anticoagulant properties, antibacterial 

and antifungal action75. Moreover, CS has an excellent ability to be processed into 

porous structures and smooth films for use in cell transplantation and in tissue 

regeneration76. Chitosan properties have only been thoroughly studied in the last few 

decades77, starting approximately when the scientific principles for use of the monomer 

N- acetylglucosamine in enhancing wound healing process were reported in 196078. In 

the 1970s, the role of CS in potentiating wound healing was documented for various 

animal models79. Since then, CS material has been widely investigated in a number of 

biomedical applications80-85, from wound dressings, drug or gene delivery systems, and 

nerve regeneration to space filling implant. The utility of CS as a scaffolding material 

to support cell growth and proliferation has also been reported86-88. As biomaterial, CS 

is an exceptional polysaccharide, the most promising of this class of materials. It has 

excellent potential for engineering numerous tissue systems, including bone tissue, by 

serving as a structural base material on which normal tissue architecture is organized. 

However, although pure CS has very attractive properties, it lacks bioactivity and is 

mechanically weak89. These drawbacks limit its biomedical applications. For these 

reasons, it is highly desirable to develop a hybrid material made of CS and appropriate 

inorganic filler, hoping that it can combine the favorable properties of the materials, 

and further enhance tissue regenerative efficacy. Table 1.5 gives the general chemical 

and biological properties of CS, and Figure 1.4 is the structure of CS. 

Table 1.5 General characteristics of CS: 

Chemical Properties Biological Properties 
Cationic Polyamine  Naturally Occurring Polymer 
High charge density Biodegradable 
Adheres to negatively charged surfaces Biocompatible 
High Molecular weight polyelectrolyte Safe and non-toxic 
Reactive –NH2 and –OH group Anti-carcinogen 

Figure 1.4 Structure of Chitosan 
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Figure 1.5 Various applications of CS 

  

 

 

Chitosan 

• Biocompatible

• Biodegradable 

• Biofunctional

• Bioreneawable 

MATERIALS

BIOMEDICAL
SCIENCE

IMMUNOLOGICAL

FOOD/ NUTRITION

MISCELLANEOUS

MICROBIOLOGICAL

•Biological Response 

•Polymeric Scaffolds 
•Gene Therapeutics 
•Immuno Potentiator 

•Biosensors 

•Cosmetics 
•Packaging films/ 
Composite formulations 
•Polymeric membranes 

•Food preservative 
•Biotechnology 
•Dietary Supplement 
•Antioxidants 
•Prebiotics 

•Antibacterial 
•Antifungal 

•Controlled drug release
•Antitumor 
•Anticoagulant 
•Wound healing/dressing
•Sutures/contact lens 
•Oral hygiene 

•Agriculture 
•Degradation Products 
•Polymeric nanoparticles
•Synthetic blends 
•Reverse osmosis 
Membranes 



Chitosan Based Nanocomposites for Biomedical Applications 
 

   19 

Figure 1.5 explains the various applications of CS. Chitosan is much easier to process 

than chitin, but the stability of CS materials is generally lower, owing to their more 

hydrophilic character and, especially, pH sensitivity. To control both their mechanical 

and chemical properties, various techniques are used. First, CS may be crosslinked by 

reagents such as epichlorohydrin90, diisocyanate91 or 1,4-butanediol diglycidyl ether92. 

Specific cross linking was performed on a blend of starch and CS: starch was oxidized 

to produce a polyaldehyde that reacts with the –NH2 group of CS in the presence of a 

reducing agent93. Many CS hydrogels are obtained by treatment with multivalent 

anions: the case of glycerol phosphate is mentioned above94, but oxalic acid has also 

been used95 as well as tripolyphosphate96. Blends and composites have been prepared 

especially by Hirano, in the way mentioned previously for chitin97. Other systems are 

proposed in the literature: chitosan/polyamide 698, chitosan/cellulose fibers99, 

chitosan/cellulose using a common solvent100, chitosan/ polyelthylene glycol101, 

chitosan/polyvinylpyrrolidone and chitosan/polyvinyl alcohol102. 

Recently, reinforcement of CS film with carbon nanotubes was tested; this 

composite exhibits a large increase of the tensile modulus with incorporation of only 

0.8% of multiwalled carbon nanotubes103. The advantage of CS in such materials is not 

only its biodegradability and its antibacterial activity, but also the hydrophilicity 

introduced by addition of the polar groups able to form secondary interactions (–OH 

and –NH2 groups involved in H bonds with other polymers). The most promising 

developments at present are in pharmaceutical and biological areas, and at a lower level 

in cosmetics.  

 

1.5 CHEMICAL MODIFICATION OF CHITOSAN 

Among the many mentions of CS derivatives in the literature104-106, one can 

differentiate specific reactions involving the –NH2 group at the C-2 position or 

nonspecific reactions of –OH groups at the C-3 and C-6 positions (especially 

esterification and etherification)107. The –NH2 in the C-2 position is the important point 

of difference between CS and cellulose, where three –OH groups of nearly equal 

reactivity are available. The main reaction is easily performed involving the C-2 

position is the quaternization of the amino group or a reaction in which an aldehydic 

function reacts with –NH2 by reductive amination. This latter reaction can be 

performed in aqueous solution under very mild conditions to obtain randomly 

distributed substituents in a controlled amount along the CS chain. This method has 
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been proposed to introduce different functional groups on CS using acryl reagents in an 

aqueous medium; introduction of N-cyano-ethyl groups is said to produce some cross-

linking through a reaction between the nitrile group and the amine group108. In addition, 

it is important to note that more regular and reproducible derivatives should be obtained 

from highly deacetylated chitin109—assuring control of the quality of the initial material 

that is essential before modification, especially when biological applications are to be 

explored. One of the most explored derivatives is poly (ethylene glycol) - grafted CS, 

which has the advantage of being water soluble, depending on the degree of grafting: 

higher molecular weight PEG at low degree of substitution (DS) gives higher solubility 

than low molecular weight PEG110. PEG can also be introduced by reductive amination 

of CS using PEG-aldehyde111.  Polypeptides have been grafted by reaction with N-

carboxyanhydrides of amino acids with the purpose of developing new biomaterials112, 

but the degree of polymerization of the grafted chains cited in this work remains low 

(DP ¼ 5.9–6.6). Figure 1.6 gives the various chemical modification reactions of CS. 

 

1.5.1 Graft copolymerization 

The possibility of grafting synthetic polymers to CS has attracted worldwide 

attention as a new and exciting way to modify and extend their use against the rapidly 

growing competition from synthetic polymers themselves. Research in this field has 

blossomed quickly and is still an extremely active subject of study. In spite of 

enormous efforts, there is still no large-scale commercial application of CS graft 

copolymers. Graft copolymerization onto CS has not yet been explored extensively; it 

is a rapidly advancing field in polymer modification113. Graft copolymerization reaction 

introduces side chains and makes various molecular designs possible, thus affording 

novel types of tailored hybrid materials composed of natural polysaccharides and 

synthetic polymers. The properties of the graft copolymers may be controlled by 

molecular structure, length and number of side chains attached. It is thus one of the 

most attractive approaches towards constructing versatile molecular environments. 

Grafting behavior is generally discussed in terms of grafting percentage, which is a 

ratio of the weight of introduced side chains to the weight of the main chain. Several 

types of CS-graft-copolymers with acrylic, vinyl, non-vinyl, etc. have been prepared for 

use as flocculants, paper binder-strengthener, slow-release drug carrier, etc. 

Conventionally, such graft co-polymerizations are being carried out using a variety of 
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redox systems, although simultaneous homopolymerization leading to low grafting 

yield is the major constraint. 

 

 

Figure 1.6 Chemical modification reactions of CS. 

 

1.5.2 Grafting onto chitosan 

Graft copolymerization onto CS has been attempted by various methods114, 115, 

but it is performed typically with 2, 2-azo bisisobutyronitrile, Ce(IV), or a redox 

system. Vinyl monomers such as acrylonitrile, methylmethacrylate, methylacrylate and 

vinylacetate were graft copolymerized onto CS with 2, 2-azobisisobutyronitrile in 

aqueous acetic acid solution or in aqueous suspension. The grafting percentages were 

generally low. The CS-g-poly (vinylacetate) was converted into CS-g-

poly(vinylalcohol) by hydrolysis116. Ce(IV) is also a suitable initiator, for graft 

copolymerization of polyacrylamide, poly(acrylic acid), and poly(4-vinylpyridine) with 

chitosan117. In addition to higher yield of grafting, the reaction takes place at much 

lower temperatures. 
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1.4.3 Inorganic materials 

Inorganic bioceramics are known for their good biocompatibility, high 

compression resistance, and have also long been considered for a variety of medical 

applications118. Bioceramics with bioactive potential are of special interest as 

scaffolding materials to tissue engineers since they can form a continuous interface 

with surrounding bone tissue. 

 

1.6 BIO-NANOCOMPOSITE SCAFFOLD 

1.6.1 NANOHYBRIDS BASED ON CS AND INORGANIC FILLERS: 

Bionanocomposites are an emerging class of hybrid materials derived from a 

naturally occurring biopolymer and inorganic solids interacting at the nanometric scale. 

In the last few years, the exploration on these biomaterials has received very important 

attention from researchers with expertise in diverse areas of nanotechnology, 

biomedical engineering and material science. As a combination product of biopolymers 

and inorganic solids at the nanometric level, bio-nanocomposites can be classified as a 

group of these materials. These organic-inorganic hybrids show extraordinary and 

versatile properties, as they could be formed from a large variety of biopolymers and 

also from different inorganic solid particles such as, layered silicates119-125 (clay 

minerals), carbon nanotubes126, 127 (CNT), hydroxyapatite (HAP128), gold-silver 

nanoparticles129, silica and other metallic/non metallic oxides130-132.  

Nanocomposites have an increased number of atoms and crystal grains at their 

surfaces and possesses a higher surface area to volume ratio then conventional 

microscale biomaterials. These differences in surface topography alter the 

corresponding surface energy for protein adsorption. Other possible fields of 

applications are associated to their mechanical, thermal and barrier properties, making 

this class of materials attractive for potential uses in tissue engineering, controlled drug 

and pesticides delivery, membranes for food processing, biosensors, oxygen barrier 

films, food package, and as a non-viral gene delivery vectors. The importance of this 

field is apparent when one considers that for a single type of bio-medical material-drug 

eluting stents-over 2.5 million patients worldwide have benefited, while the market 

reports value of drug delivery systems in the USA alone is predicted to reach $85 

billion by 2010. It should be noted that fundamental studies on the adsorption pathway 

of biopolymers on the surface of soil minerals, have been deeply developed in recent 

decades. Among these minerals the expanding 2:1 type layered silicates, of which 
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montmorillonite (MMT) is the best example, were of particular interest in view of their 

ability to intercalate a huge list of compounds. Nanocomposites are materials that are 

created by introducing nanoparticulates into a macroscopic sample material. 

Bionanocomposites are synthetic or natural material used to replace part of a living 

system or to function in intimate contact with living tissue. So we can say that it 

consists on filler dispersed in a matrix, one of the most used filler is the layered 

silicates. Montmorillonite (MMT) is a hydrated aluminium silicate with two-

dimensional layered structure. Each layer is composed of one Al-octahedral sheet 

sandwiched between two Si-O-tetrahedral sheets with an interlayer space to form T-O-

T unit cell. The space between the two layers is termed the “interlayer space”, that is 

about 12 Å. The space is not enough to insert the Biopolymers due to their 

macromolecular size. We need to expand the interlayer space for Biopolymer 

accommodation. The negative charge of the inter-space resulting from isomorphic 

substitution is balanced by the sorption of exchangeable cations in interlayer sites 

(known as the cation exchange capacity (CEC), and is expressed in meq/100g). In order 

to render these hydrophilic phyllosilicates more organophilic, the hydrated cations of 

the interlayer should be exchanged with cationic surfactants such as alkylammonium. 

The modified clay (or organoclay) should be more organophilic and is more compatible 

with organic materials. 

Layered solids have been extensively used to prepare a large variety of 

functional and structural nanocomposites by intercalation of organic molecules and 

polymers133-135. Belonging to this class of solids, clay minerals of the 2:1 charged 

phyllosilicates family (smectites) are excellent hosts to intercalate molecular and 

macromolecular species136. Moreover, Montmorillonite (MMT), smectite type clay, 

exhibit swelling properties, enhanced gel strength, mucoadhesive capability to cross the 

gastro-intestinal (GI) barrier and adsorb bacterial toxins and metabolic toxins such as 

steroidal metabolites. Considering these advantages in medical applications, it has 

taken the credit to be called as medical clay137. Figure 1.7 is the structure of (a) MMT 

and (b) LDH. 
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Figure 1.7 (a) Structure of MMT (b) Structure of LDH 
In addition, of particular relevance to this study, the drug is also cationic which 

facilitates easy drug loading into the lumen of layered silicates posing a very 

demanding challenge to achieve adequate sustained release property due to the 

anticipated high diffusion gradient produced. Some of these resulting nanocomposites 

have functional properties with potential applications as advanced materials138. A 

representative example of these last compounds are the polymer–clay nanocomposites 

based on the intercalation of poly (ethylene oxide), PEO, which remains strongly 

adsorbed into the interlamellar space by coordination with the exchangeable cations of 

the silicate139. These polymer–clay nanocomposites are the first reported hybrid 

materials with ionic conductivity that can be useful for applications in electrical and 

electrochemical devices140.  

Layered double hydroxides (LDH) are 2-dimensional solids also able to act as 

hosts for intercalations of anionic species including negatively charged polymers such 

as polystyrene sulfonate and polyacrylates141. This is due to the positive electrical 

charge of the LDH layers that can be considered as brucite-like sheets, in which 

isomorphous substitutions of divalent by trivalent cations take place142. Smectites show 

a structural opposite behavior, because the isomorphous substitutions in both 

tetrahedral and octahedral layers deserve a negative charge, which is compensated in 

the interlayer space by extra framework of exchangeable cations143.  
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More specifically, a bio-nanocomposite is developed for three main reasons highlighted 

in the following:  

1. To enhance the mechanical properties of the scaffold. 

2. To improved biological response at the implant site. 

3. To overcome the various effect of undesirable characteristics of each constituents 

when taken separately. 

The above-mentioned findings have shown that CS-based nanocomposites are 

promising candidates for tissue engineering and drug delivery applications. Therefore, 

in our work, by taking advantage of these findings, we have proposed to use inorganic 

clays as nanofillers to develop bionanocomposites with improved physical and 

biological properties.  

Our hypotheses are based on two reasons: The physical properties of the 

scaffold may be enhanced: By being incorporated into CS, clay is expected to act 

simultaneously as particulate reinforcing phase to result in a reinforced structure. Also, 

the toughness and plasticity of the CS phase could be combined to the strength of the 

inorganic phase and enhance its relatively weak mechanical properties144. Moreover, 

the strong biological activity of CS, combined with the excellent biocompatibility and 

the bioactive potential of clays, might promote tissue regeneration and allow for 

potentially better cells delivery and control over their differentiation145. 

 

1.6.2 HYDROXYAPATITE [HAP]  

 Hydroxyapatite (HAP) is a class of calcium phosphate-based bioceramics, 

frequently used as a bone graft substitute owing to its chemical and structural similarity 

with natural bone mineral146. The stoichiometric HAP has a chemical composition of 

Ca10(PO4)6(OH)2 with Ca/P ratio of 1.67. HAP is not only bioactive but also 

osteoconductive, non-toxic, non-immunogenic, and its structure is similar to that of 

bone mineral. On the other hand, it has also been used in dental surgery, bio-molecular 

delivery and drug delivery. HAP has a long history of use as a biomaterial. Table 1.6 

gives the various methods of synthesis of HAP. Daubree147 carried out the first 

synthesis of apatite in 1851 by a process in which phosphorous trichloride vapor was 

passed over the red-hot lime. In 1951, a synthetic HAP was prepared by Ray and 

Ward148, suitable for bone defects. They implanted HAP into surgically created defects 

in the long bones and iliac wings of dogs and the skulls of cats and monkeys and 

obtained affirmative results.  
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Table 1.6 Methods involve in the synthesis of Nano-HAP 

Method Particle 
size 

(nm) 

Remarks 

Solid State 500 In-homogenous, large grain size, irregular shape, 
reaction condition 900-1300 °C 

Wet Chemical 20-200 Nanograin size, irregular crystallinity, homogenous, 
reaction condition: 37-100 °C 

Precipitation/hyd
rothermal 

10-25 Homogenous, ultra-fine particles, low crystallinity, 
reaction condition: 37-100 °C 

Hydrothermal 10-80 Homogenous, Fine crystals, high temperature and high 
pressure atmosphere 

Mechanochemica
l 

<20 Easy production, semi-crystallinity, ultra-fine crystals, 
room temperature process 

pH Shock-Wave 20-100 High-energy dispersing, non-porous monocrystalline 
particles, Ca/P ratio 1.43-1.66 

Microwave 100-300 Uniformity, nanosize particles, time and energy saving 
 

Hydroxyapatite (HAP) is the most stable calcium phosphate salt at normal temperatures 

and pH between 4 and 12. It is a compound of great interest in catalysis, the industry of 

fertilizers and pharmaceutical products, protein chromatography applications; water 

treatment processes, preparation of biocompatible materials, and mostly because it is 

the main inorganic component in calcified hard tissues (e.g., bone and teeth) of 

vertebrates. HAP is also formed pathologically as a result of functional irregularities 

resulting in cartilage arthritis, formation of renal, bladder, and bile stones, and 

calcification of transplanted cardiac valves. In this context, HAP is considered as a 

model compound to study biomineralization phenomena. For this reason there is a 

strong interest for synthetic, extra pure, well-defined HAP crystals for use in detailed 

physicochemical in vitro and in vivo studies, and bio-medical applications. In literature, 

several methods to prepare HAP crystals have been reported, including solid state 

reactions, plasma techniques, crystal growth under hydrothermal conditions, layer 

hydrolysis of other calcium phosphate salts, and sol-gel crystallization149-152. 

Essentially, the synthesis of HAP crystals from supersaturated aqueous solutions is 

advantageous due to low cost and simplicity, but most of the synthetic procedures 

followed until now led to the formation of nonstoichiometric products. Deviation from 

the stoichiometry of HAP is due to the presence in the crystal lattice of vacancies and 
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ion substitutes such as carbonates, hydrogen phosphates, potassium, sodium, nitrates, 

and chloride, which are usually introduced into the precipitating system with the 

reactants. 

Contamination of HAP with these ions or formation of deficient HAP suffer 

from significant changes in their crystallographic characteristics and have different 

crystal morphology as compared to the stoichiometric. Difficulties encountered in 

preparing synthetic HAP crystals from aqueous solutions are mainly caused by the high 

chemical affinity of the material to some ions, the complex nature of the calcium 

phosphates system, and the role of kinetic parameters, which, depending on the 

experimental conditions, prevail over the thermodynamics. Recently, nanoscale HAP 

(10–100 nm) has received much attention owing to its superior functional properties 

over its microscale counterpart, particularly surface reactivity and ultra-fine structure, 

which are the most imperative properties for tissue–graft interaction upon implantation. 

It has also been proven that the nano- HAP, compared to conventional micro HAP, 

promotes osteoblast adhesion, differentiation and proliferation, osteointegration, and 

deposition of calcium-containing minerals on its surface, which leads to enhanced 

formation of new bone tissue within a short period153. HAP has a unique capability of 

binding to the natural bone through biochemical bonding, which promotes the 

interaction between host bone and grafted material. Although nano-HAP is an excellent 

bone graft material, its inherent low fracture toughness has limited its use in certain 

orthopedic applications, in particular heavy load-bearing implantation154.  

 

1.7 CHARACTERIZATION TECHNIQUES OF NANOHYBRIDS 

1.7.1 X-ray Diffraction (XRD)  

X-ray diffraction (XRD) is a non-destructive analytical technique for 

identification and quantitative determination of long-range order in various crystalline 

compounds. XRD uses the “fingerprint” of crystalline material to allow identification 

and quantification of unknown phases in a mixture. X-rays are electromagnetic 

radiation generated when an electron beam accelerated through a high voltage field hits 

a metal, which acts as an anode. The wavelength of x-ray is comparable to the size of 

atoms; therefore they can be effectively used to measure the structural arrangement of 

atoms in materials. When x-rays collide with electrons, some x-rays from the incident 

beam are deflected away from the incident direction. If the wavelengths of these 

scattered x-rays remain unchanged, the process is called an elastic scattering 
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(Thompson Scattering) in that only momentum is transferred during collision. These 

are the x-rays that are measured in diffraction experiments. They carry information 

about the electron distribution in materials. On the other hand, during inelastic collision 

(Compton Scattering), x-rays transfer some of their energy to the electrons and so the 

scattered x-rays will have different wavelength than the incident x-rays. X-rays 

diffracted from different atoms interfere with each other. If the atoms are arranged in a 

periodic fashion, as in the case of crystals, the peaks in the interference pattern will 

correspond to the distribution of atoms. The peaks in an x-ray diffraction pattern are 

directly related to the atomic distances by Bragg’s law:  

     n λ = 2d sin θ 

where, λ is the wavelength of x-ray, is the inter-planar distance, dθ is the scattering 

angle and n an integer representing the order of the diffraction peak. 

 

1.7.2 Transmission Electron Microscopy (TEM)  

 A transmission electron microscope (TEM) is used to observe the fine scale 

structure. A TEM functions exactly as its optical counterpart except that it uses a 

focused beam of electrons instead of visible light to "image" the specimen and gain 

insight about the structure and composition. The four basic operations involved are: 1) 

A stream of electrons is formed and accelerated towards the specimen using a positive 

electrical potential, 2) This stream is confined and focused using a metal aperture and 

magnetic lenses into a thin, monochromatic beam, (magnetic lenses are circular electro-

magnets capable of projecting a precise circular magnetic field in a specified region) 3) 

The focused beam is impinged on the sample by a magnetic lens, 4) The energetic 

electrons then interact with the irradiated sample. These interactions and effects are 

detected and transformed into an image.  

 

1.7.3 Fourier Transform Infra-Red (FT-IR) Spectroscopy  

 In FT-IR spectroscopy, IR radiation is passed through the sample. Some of the 

IR radiations are absorbed by the sample and some of it passed through it (transmitted). 

The resulting spectrum represents the molecular absorption and transmission, creating 

the molecular fingerprint of the sample (Figure 1.8).  
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Figure 1.8 Experimental set-up of FT-IR. 

 

1.7.4 Atomic Force Microscopy [AFM] 

 The AFM works by measuring a local property-such as height, with a probe or 

tip placed very close to the sample. The small probe-sample separation makes it 

possible to take measurements over a small area. To acquire an image the microscope 

scans the probe over the sample while measuring the local property in question. The 

resulting image resembles an image that both consist of many rows or lines of 

information placed one above the other. 

AFM operates by measuring attractive or repulsive forces between a tip and the sample. 

In its repulsive contact mode, the instrument lightly touches a tip at the end of a leaf 

spring or cantilever to the sample. As a raster-scan drags the tip over the sample, some 

sort of the detection apparatus measure the vertical deflection of the cantilever, which 

indicates the local sample height. Thus in contact mode the AFM measures hard-sphere 

repulsion forces between the tip and sample. In non contact mode, the AFM devices 

topographic images from measurements of attractive forces; the tip does not touch the 

sample. 

1.7.5 Scanning Electron Microscopy [SEM] 

 This technique is essentially employed when high resolution three- dimensional 

images of the surface morphology are desired. When an electron beam impinges on a 

sample, back scattered electrons and X-rays are produced. A scintillation detector 

detects secondary electrons, which are emitted from a surface with low energy 50 eV. 
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They are primarily produced within the top few nanometers of the sample. Back 

scattered electrons are high energy and come from the depth of μm or more. 

If the system is equipped with an X-ray detector, which measures either the wavelength 

or the energy of the X-rays, elemental analysis can also be performed. The primary 

electron beam can be focused down to nanometer scale. High energy electrons are used 

to increase surface details. To attain a conducting surface and to minimize the beam 

damage, polymer samples are usually coated with metal such as gold. 

 

1.8 CONCLUSION 

 Any biomaterial implanted into the body has to interface well with the 

existing tissue while performing its function. The obvious implication of that statement 

is that the body receiving the implant should not reject it physiologically. The more 

subtle, but equally significant implication is that the mechanical properties of the 

implant should be appropriate for the location in which it is implanted. This entails 

insuring the correct anisotropy is maintained and the material responds appropriately to 

mechanical stimuli. Sometimes empirical evidence through simple burst or biaxial tests 

is all that is needed for confirmation. Other times, it is necessary and convenient to find 

the natural biomaterial’s properties and model using finite element analysis, expanding 

the limits of what experiments and conditions can be tested. Just as a structural 

engineer is able to determine if a high rise building will withstand the forces of strong 

winds when it is full erected before construction ever begins, a biomedical engineer can 

use these data to determine if an implant will fail mechanically when subjected to the 

wear and tear of daily living inside a person.  

Further understanding of the natural tissues and advancement of the composite 

science are necessary in order to achieve this goal. Experimental and clinical studies 

are needed to test new candidate materials or composites having the required qualities 

for biomaterial. We have come a long way from the beginnings of natural biomaterial 

implantation and we are at a point when the available technology intersects with the 

desire for knowledge. All of today’s available tools can yield valuable and accurate 

information. It only depends on the researcher to choose how much information they 

need and how best to use it. 

 

The work underlying this thesis is to answer the fundamental questions: 
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1. CS can be modified to obtain better thermal and mechanical properties and the 

formulation with montmorillonite could be useful for a controlled drug release 

carrier. (Chapter 3). 

2. Can modified CS with PDMS films prove as a better alternate in selective 

surface protein adsorption (Chapter 4)? 

3.  CS can be used to mineralize layered double hydroxide (LDH) on its surface 

and the resulting nanohybrids can be used as a sustained release carrier and as 

an effective antacid (Chapter 5). 

4. Can CS act as a biocompatible matrix for preparation of CS-Mesoporous silica 

composite for stimulated drug release (Chapter 7)?  

  Following the proof-of-concept answer to each question, conclusion on 

the feasibility of using CS as a biomaterial for tissue engineering and drug delivery 

application will be drawn for the future outlook of the biomaterials in this regard 

will be discussed. 
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CHAPTER II 

 

Scope, Objectives and Approaches 
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2.1 INTRODUCTION AND OBJECTIVES 

 Bionanocomposites are an emerging class of hybrid materials derived from a 

naturally occurring biopolymer and inorganic solids interacting at the nanometric 

scale1, 2. In the last few years the exploration on these bio-materials has received very 

important attention from researchers with expertise in diverse areas of 

nanotechnology3-4, biomedical engineering5 and material science. As a combination 

product of biopolymers and inorganic solids at the nanometric level, bio-

nanocomposites can be classified as a group of these materials. These organic-

inorganic hybrids show extraordinary and versatile properties, as they could be formed 

from a large variety of biopolymers and also from different inorganic solid particles 

such as, layered silicates (clay minerals)6, carbon nanotubes (CNT)7, hydroxyapatite 

(HAP)8, gold-silver nanoparticles9, silica and other metallic/non metallic oxides10. Of 

particular relevance from applications point of view of bionanocomposites, it should be 

taken into consideration that biopolymers are biocompatible and biodegradable 

compounds and, therefore, their composites are of interest for advanced biomaterials, 

as for instance tissue engineering, artificial bones or gene therapy, for better healthcare 

products and bio-medical materials. 

 Chitosan (CS), a biopolymer, is the deacetylated product of chitin. Due to its 

biodegradability, biocompatibility and avirulence, CS has been used in many 

biomedical applications. The high mechanical strength, hydrophilicity, good adhesion 

and non-toxicity of CS, offer it as food additive, anticoagulant and wound healing 

accelerator. Though CS has the ability to form films, yet the tensile properties of 

pristine CS film are poor (due to its crystallinity). Thus, the modification (chemical 

modification, blending and graft copolymerization) of CS has gained its importance for 

tailoring the desired mechanical properties11-13. Since CS is alkaline in nature, by 

combining it (as graft copolymer or blend) with the biodegradable polymers like 

polylactic acid, which generate acidic by-products, the local toxicity at the implant site 

can be reduced14-18. So, the primary objective of the present study is to design novel 

nanohybrids based on CS and layered clays like montmorillonite and layered double 

hydroxides. In this study, CS has been grafted with lactic acid and PDMS to improve 

its surface properties.  

 CS has been widely used in tissue engineering as a scaffold19, orthopedic 

implants20 and in drug delivery applications21. Generally, drug release kinetics of 

polymeric drug delivery systems is usually characterized by membrane permeability 
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and diffusion coefficient, which are employed to describe the release behavior of the 

membrane reservoir system and the diffusion mechanism of the release system22. 

Furthermore, both indexes in polymer-based materials are strongly dependent on 

crystallinity, plasticization, and swelling behavior of the biopolymer drug delivery 

vehicle, which are also affected by the type and presence of the nanofillers23-25. So, the 

secondary objective of the proposed work is to evaluate the effect of the nanofillers on 

the controlled drug release from the nanohybrids.  

 

2.2 APPROACHES 

2.2.1 CS intercalated with Montmorillonite (MMT) and grafted with lactic acid 

 2.2.1.1 Intercalation of CS into MMT. 

 2.2.1.2 Grafting of lactic acid onto CS. 

 2.2.1.3 Structural analysis by XRD, TEM, SEM, POM, and AFM techniques. 

 2.2.1.4 Swelling-deswelling properties of smooth films and porous scaffolds. 

 2.2.1.5 Loading of Ibu drug and controlled release studies. 

 2.2.1.6 Biocompatibility studies by in-vitro cell-culture testing. 

2.2.2 CS intercalated with MMT and grafted with poly dimethyl Siloxane (PDMS) 

 2.2.2.1 Grafting of PDMS onto CS intercalated into MMT. 

 2.2.2.2 Structural change analysis by using XRD, FT-IR, and AFM. 

 2.2.2.3 Surface properties testing by Protein Adsorption and in-vitro cell-growth 

studies. 

2.2.3 Role of CS in Biomineralization of Layered Double Hydroxides (LDH). 

 2.2.3.1 Preparation of Biomineralized LDH onto CS. 

 2.2.3.2 Structural studies by XRD, TEM, AFM, and SEM. 

 2.2.3.4 In-vitro buffer capability studies of the prepared nanohybrids. 

2.2.4 Biomimetic synthesis of Hydroxyapatite (HAP) and its polymorphs 

 2.2.4.1 Biosynthesis of HAP and its polymorphs by Phytase Enzyme. 

 2.2.4.2 Structural analysis by XRD, HR-TEM, SAED, FT-IR, and NMR. 

 2.2.4.3 Reaction conditions like enzyme concentration, temperature, and time. 

 2.2.4.4 Physiological stability evaluation of HAP. 

 2.2.4.5 Osteoblasts culture studies on HAP. 

2.2.5 Effect of Ultrasound (US) on smart drug release from a CS-Mesoporous silica 

(MS) composite 

 2.2.5.1 Preparation of MS and drug- loaded MS and CS-MS system. 
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 2.2.5.2 Structural analysis by XRD, TEM, FT-IR, and NMR. 

  2.2.5.3 Temperature and pH-stimulated drug release studies. 

 2.2.5.4 Effect of US on smart release of Ibuprofen. 

 2.2.5.6 In-vitro cell-culture studies.   
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CHAPTER III 

 

A: Preparation and Characterization of Novel Hybrid of 

Chitosan-g-Lactic acid and Montmorillonite* 
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3.1 INTRODUCTION 

Polylactic acid (PLA) is biocompatible polymer and undergoes scission in the 

body to monomeric units of lactic acid, which is a natural intermediate in carbohydrate 

metabolism. Owing to their biodegradability, homopolymers and copolymers of lactic 

acid, have been widely used in biomedical applications like, resorbable sutures, as a 

carrier for controlled release of drugs and as implants for orthopedic surgery or blood 

vessels which will be eventually replaced by tissues in the body1,2. Recently research 

efforts have been made on using this polymer as screws in the femur of sheep and 

rabbits and as disposable products (syringes, blood bag), adhesive, and sealant, 

prostheses for tissue engineering and artificial organs for temporary or permanent 

assist3,4. However, it was also found that as scaffold materials, PLA exhibits few 

drawbacks such as (1) The inherent hydrophilicity, (2) generation of acidic species, 

resulting in decrease in local pH which potentially may cause tissue inflammation 

surrounding implant and initiate enzyme hydrolysis, and (3) Self acceleration of 

degradation. A decrease in local pH (acidic environment) catalyzes the hydrolytic 

degradation of ester bonds of the polymer. Copolymerization of PLA with poly 

(glycolic acid) (PGA) is a possible approach to enhance the fast degradation rate by 

destroying the crystalline domains of PLA backbone, but the hydrophobic nature of 

PLGA limits its applicability in drug delivery and biomedical applications. Moreover, 

the accumulation of acidic degradation products formed by PLA degradation results in 

poorer soft-tissue compatibility. 

Another biopolymer, Chitosan (CS), [poly-β(1, 4)-2-amino-2-deoxy-D-

glucose], is the deacetylated product of chitin, poly (N-acetyl-D-glucoseamine), a 

natural polymer found in the cell wall of fungi and microorganisms. Due to its 

biocompatibility, biodegradability and avirulence, CS has been used in many 

biomedical applications5-10. According to recent studies, combining (as copolymer, 

blends) CS with biodegradable polymer whose degradation products are acidic, may 

reduce the local toxicity due to the acid by-products can be alleviated11.   Because of its 

properties, such as high mechanical strength, hydrophilicity, good adhesion and non-

toxicity, it is usually applied as food additive and as anticoagulant or wound healing 

accelerator12. It is well known that wound-dressing materials should be durable, stress 

resistant, flexible, pliable and elastic with reasonable tensile properties, which could 

bear the stresses exerted by different parts of the body having varying contours. The 
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increase in flexibility could improve the contact between the film and the tissue, hence 

promoting penetration of the polymeric chains into the tissue to form a strong bonding, 

leading to an increase in the adhesion strength. The dressing must be an absolute barrier 

to bacteria ingress and could prevent egress of wound organisms to the surface of 

dressing. Furthermore, the dressing is preferably permeable to water vapor to some 

extent that moist exudates under the dressing are maintained without pooling13. The 

ability of CS to form films may permit its extensive use in the formulation of film 

dosage forms14 or as drug delivery systems15. Furthermore, CS has antimicrobial 

activities, so it can be used as antimicrobial packaging, which is a promising form of 

active food packaging. Interests on tailoring the CS for desired properties has also 

being grown in different ways e.g. graft copolymerization. The development of 

organic-inorganic hybrids has also been another field of research in preparing 

biocomposite / biomimetic materials. In most of the cases, the synthesis involves either 

melt-direct polymer intercalation by using a conventional polymer extrusion process or 

intercalation by a suitable monomer and then exfoliating the layered host into their 

nanoscale elements. It has been found that the reinforcement of layered silicates 

improves the optical, physical, thermal, rheological and mechanical properties of the 

obtained composites with very low amount of loading of nano-clay because of their 

nanoscale distribution with high aspect ratio16-17. Recently Nanocomposites of 

polylactic acid with layered silicates have also been prepared by different methods18. 

Asira19 had a preliminary study about chitosan-clay nanocomposites and 

reported a markedly improved tensile property but inferior thermal property of 

composites to that of pure chitosan. Ruiz-Hitzky20 and his co-workers synthesized 

functional CS/ montmorillonite nanocomposites, which can effectively act as active 

phase for an electrochemical sensor in the detection of different anions. All of them 

prepared nanocomposites by exfoliation-adsorption method, which used diluted acetic 

acid solvent for dispersing and dissolving clay and CS. However, there are few reports 

about the effect of grafting with Poly-lactic acid onto CS, and the effect of hydrogen 

bond between CS and MMT, which may be the key driving force to make the MMT 

layers assemble to form flocculated structure in CS matrix. Thus, it will be worthwhile 

to develop a new biocomposite materials based on lactic acid grafted onto CS with 

improved mechanical, thermal, optical properties. So far, very limited work has been 

reported on the approach of copolymerization of LA onto CS. In connection to this, 
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Yao et al.12, reported the in-vitro fibroblast static cultivation on a biocompatible poly 

(chitosan-g-L-lactic acid) film and the cell growth rate on the copolymer film was 

found to be much faster than that of the pristine CS film. In another interesting work, 

Liu et. al21, have reported the synthesis of a brush like copolymer of polylactide grafted 

onto CS. Later, Wu et al.10 studied the amphiphilic properties of a graft copolymer of 

water soluble CS and polylactide prepared by using triethyl amine as catalyst. The first 

attempt to synthesize a pH-sensitive physically cross linked hydrogel by grafting D, L-

lactic acid onto amino groups in chitosan without using a catalyst was reported by 

Albertsson et al22. 

We have been interested to prepare macromolecular organic-inorganic hybrids 

of layered silicates and CS-g-LA. It involves grafting of lactic acid on CS in the 

presence of layered silicates without using any catalyst and using lactic acid itself as 

solvent. It is also expected that grafted poly-(lactic acid) chains may act as internal 

plasticizers to reduce the brittleness of CS films / to obtain more soft and elastic film 

and this will introduce side chains and thus make various molecular designs possible, 

affording novel types of tailored hybrid materials composed of natural polysaccharide 

and grafted polymer. Apart from that, controlled salvation and degradation could be 

achieved by controlling the ration of CS: LA in the graft copolymers to obtain an 

optimum hydrophilic: hydrophobic balance. 

 

3.2 EXPERIMENTAL  

3.2.1 Materials 

CS of low molecular weight (Mv 1.5x105, degree of deacetylation was 85%) 

was obtained from Aldrich. L-Lactic acid (purity 92%) was purchased from 

Spectrochem and was used as such for graft copolymerization. Montmorrilonite Na+-

MMT, with Cation Exchange Capacity of 76.4-meqv/100 g was received from M/s. 

Southern Clay Inc.USA. 

  

3.2.2 Preparation of nanocomposites and graft copolymerization 

Preparation involves aqueous dispersion of clay, suspension of CS in L-lactic 

acid, mixing them, drying and dehydration. The nanocomposites were prepared keeping 

CS: clay (Na+-MMT) ratios as 100:0, 95:5, 90:10 and 80:20.  First CS was dispersed in 

L-lactic acid and clay was dispersed in deionized water (30ml) overnight at room 
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temperature. They were mixed and mixture was again dissolved in L- lactic acid and 

the resulting solution was heated up to 100°C with continuous degassing for 30 –45 

minutes. They were casted on a glass plate and dried at 60°C for 8 hrs. Then, the films 

were again dried at 60°C in vacuum oven for 8 hrs to promote dehydration of the CS 

copolymer with formation of the corresponding amide linkages. To remove the 

unreacted L-Lactic Acid, and oligomers of L-Lactic acid, the samples were extracted 

with methanol in a soxhlet apparatus for 48 hrs. The thickness of the resulting films 

were measured and found to be about ≈0.10mm. The composition of the prepared 

nanocomposites is compiled in Table 3.1.  

Table 3.1 The composition of the prepared nanohybrids.  

S. No Chitosan 

(g) 

Lactic acid 

(ml) 

Na+-MMT 

(g) 

 

Sample code 

1.  1 1 0.0 CLA-1 

2.  1 1 0.05 CLA-2 

3.  1 1 0.10 CLA-3 

4.  1 1 0.20 CLA-4 

5.  2 1 0.05 CLA-5 

 

3.3 Characterization of Nanocomposites 

3.3.1 X-Ray Diffraction  

The Wide Angle X-ray Diffractometer patterns of the samples were obtained by 

Rigaku (Japan) X-Ray diffractometer with Cu-Kα radiation at 50kV between the scan 

ranges of 2θ from 2-30 degree by the scan rate of 2 degree/min. The system consists of 

a rotating anode generator with a Cu target and a wide angle powder goniometer having 

a diffracted beam graphite monochromator. The generator was operated at 40 kV and 

150 mA. All the experiments were performed in the reflection mode. The d- spacing 

was calculated by Bragg’s formula where the λ was 0.154nm.  

3.3.2 Microscopic measurements 

The supermolecular structure was examined by means of Polar Optical 

Microscopy (Olympus B201). All optical micrographs presented in this paper were 

taken under cross-polarized light. To clarify the nanoscale structure, TEM image was 

obtained by TEM 2000 EX-II instrument (JEOL, Tokyo, Japan) operated at an 



Chitosan Based Nanocomposites for Biomedical Applications 
 

   49 

accelerating voltage of 100 kV to observe the nanoscale morphology. All the ultrathin 

sections were microtomed using a Super NOVA instrument (M/s. Leica, Switerzerland) 

with a diamond knife and then subjected to TEM without staining.  

3.3.3 Thermo gravimetric analysis  

The thermal gravimetric analysis (TGA) was conducted on a Perkin-Elmer 

TGA 7 – thermal analyzer from 50°C to 900°C with a heating rate of 10°C min-1 under 

nitrogen with flow rate 20ml min-1. 

3.3.4 FTIR- Spectroscopy 

The Fourier-transform infrared (FTIR) spectra were obtained from the sample 

under ATR mode on a Perkin-Elmer Spectrum GX.  

3.3.5 Water Absorption measurements 

According to ASTM D570 the clean, dried film samples of known weights were 

immersed in distilled water at 25°C for one day (24 h). The films were removed, 

blotted quickly with absorbent paper and then weighed. The absorption percentage of 

these samples was calculated using the equation X (%) = (W1-W0) / W0, Where W0 and 

W1 are the weight of dry and swollen samples, respectively. 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 Graft copolymerization of CS and L-lactic acid. 

Scheme 3.1 Schematic illustration of the intercalation of CS into MMT and grafting of 
LA onto CS. 
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Scheme 3.1 shows the expected reaction mechanism for the preparation of 

nanocomposites of CS-g-LA and montmorillonite. CS was dissolved in aqueous lactic 

acid solution to give a homogenous viscous polyelectrolyte solution. The protonation of 

amino groups of CS will result in CS amino lactate salt. It is expected that the 

dehydration of the salt will occur to form amide groups between the chitosan and L-

lactic acid by heating the solution and simultaneously L-lactic acid will undergo 

polycondensation.  The polyesterification of LA follows the well-known acid catalyzed 

reaction involving protonation of the carboxylic group, followed by reaction of the 

protonated species with the hydroxyl functional group to yield the ester linkage.  

The freshly prepared semitransparent films are brittle, but upon exposure to air, 

they easily absorb moisture and become sticky and soft. This may be due to the 

presence of unreacted LA, oligomeric LA, amide and ammonium salt in the ‘as-

prepared’ product during the removal of water from the solid state in the amide forming 

dehydration step. Chloroform or methanol could dissolve the unreacted monomers and 

oligomers. So these copolymer films were extracted with methanol in soxhlet 

apparatus. During the heating process, the formation of amide links and the 

polycondensation reaction of LA took place at the same time. So the content of the 

oligomer and the unreacted LA in the crude product enhanced when raising the amount 

of LA added. The results of the yield values and Degree of polymerization (DP) of side 

chains are given in Table 3.2.  

Table 3.2: Yield (%) and Degree of polymerization (DP) of the grafted samples 
 
CS (g) LA (g) LA/NH2 

(mol/mol) 
Yield (g) DP* of side 

chains 

1.0 0.5 1.2 1.44 1.39 

1.0 1.0 2.5 1.86 1.77 

1.0 2.0 4.38 3.91 3.78 
1.0 3.0 6.86 4.68 4.81 

1.0 4.0 7.6 5.27 5.31 

 
*- DPPLA determined by 1H-NMR from the integration ratio of the –CH3 groups within 

PLA blocks versus those of the hydroxylated lactyl end units. 

Both the amidation and polycondensation reactions occurred in solid state i.e. during 

the film casting, so the specific surface area or the film thickness would have an impact 

on the extent of reaction. The prepared nanocomposites were purified by soxhlet 
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extraction using methanol as solvent. The results of elemental analysis of the samples 

are shown in Table 3.3. 

Table 3.3 Results from the elemental analysis of the nanohybrids. 

Elemental Analysis Sample 

C H N 

CLA-1 38.20 6.18 7.59 

CLA-2 37.14 6.51 6.91 

CLA-3 36.52 6.30 6.54 

CLA-4 38.19 6.06 6.33 

CLA-5 39.91 6.20 6.35 

 

3.4.2 CHARACTERIZATION 

3.4.2.1 Morphology and Structure. 

The bright field TEM image of the CS-g-L.A./ Na+-MMT is given in Figure 3.1 

(a). It shows the characteristic platelets of the montmorillonite tactoids, in which the 

dark entities are the cross section of intercalated Na+-MMT layers and bright areas are 

the biopolymer matrix. For nanocomposite preparation, aqueous suspension of Na+-

MMT was treated with CS dispersed in L-lactic acid, adjusting the pH ≈ 5.0 to avoid 

any structural alteration of the phyllosilicate. On the other hand, acidic pH is necessary 

for the formation of –NH3
+ groups in the CS structure. In such conditions, the 

adsorption process is mainly controlled by a cationic exchange mechanism due to the 

columbic interactions between the positive –NH3
+ groups of the biopolymer and the 

negative sites in the clay structure.  

The WAXD patterns of neat Na+ -MMT and its nanocomposites with CS-g-LA 

are shown in Figure 3.1 (b). It was reported23, 24 that CS has an orthorhombic unit cell 

with a = 8.24 Å, b = 10.39 Å, and c = 16.48 Å. The peaks appearing at around 2θ = 10° 

are assigned to (001) and (100), while the peaks around 2 θ = 20° are assigned to (020) 

and (200). The reflection at (020) is associated with the highly ordered domains formed 

through intra-molecular hydrogen bonding between acetamido groups, which further 

facilitates the incorporation of water molecules forming a hydrated crystal. The 

measured d001- spacing of Na+-MMT was 12.26 A° (2θ = 7.2°).  It can be observed that 

d001-spacing of the nanocomposite (CLA-2) was increased to 15.88 A° (2θ = 5.56°). 
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This decrease in 2θ value or increase in d-spacing confirms the intercalation of 

biopolymer in the clay interlayer. 

 

 

Figure 3.1 (a) TEM image of CLA-2, and (b) WAXD of the prepared nanohybrids.  

 

This may be attributed to the cation exchange between the Na+ of clay layers and –

NH3
+ groups of CS.  This is in agreement with the d001 value of 3.8 A° measured from 

the XRD pattern of a CS film, which represents the thickness of a sheet of 

polysaccharide chains. The d-spacing of other nanocomposites were also observed to 

increase depending on the composition while CLA-5 was observed to be exfoliated 

nanocomposite.  

The higher d001 value obtained for the nanocomposites with the highest amount of CS is 

attributed to the intercalation of the CS i.e. corresponding to the thickness of layers of 

CS together with thickness of the acetate anion. The second layer of chitosan may be 

adsorbed by means of a hydrogen bonding mechanism, since the –NH3
+ groups of the 

first layer have already balanced the cation exchange capacity of the clay.  

Thus, the –NH3
+ groups of the second layer interact electrostatically with the 

acetate anions which are available from the starting CS solution for anionic exchange 

as shown in scheme 1. This was supported by Darder et.al.20 that when CS amount 

relative to clay exceeds 75%, a second layer of chitosan would get adsorbed onto the 
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first layer of the already adsorbed CS onto clay. In addition, the grafted polymer chains 

may further increase the d001-spacing of clay to give exfoliated nanocomposites where 

CS amount was higher (CLA-5). The peak around 2θ = 20° which is assigned for 

orthorhombic cell unit of CS was not observed for CLA-1 and nanocomposites CLA-2, 

CLA-3 and CLA-4 where the CS amount was same. This peak was observed for CLA-5 

where the CS amount was higher. It is inferred that the graft-polymerized samples 

whose ratio of LA/CS was same, became almost amorphous (2θ = 20°). Since LA 

reacts with CS in a homogeneous solution, the grafting by PLA will take place at 

random along the chain, giving rise to a random copolymer. This will efficiently 

destroy the regularity of the packing of the original CS chains, which results in the 

formation of almost amorphous copolymers. On the other hand, in CLA-5 where the 

CS amount was higher thought the availability of reaction centers is more; some 

crystalline domains of CS were not completely destroyed. The adsorption of CS on the 

montmorillonite (MMT) via cationic exchange mechanism is also supported by EDX 

results. The electrostatic interaction of –NH3
+ groups of CS with the negatively charged 

sites of the clay substrate exchange the existing Na+ ions in the MMT. It can be 

observed in Figure 3.2 (a), which represents the Na/Si ratio as a function of the 

adsorbed CS amount that the Na+ ions decrease significantly with the increase of CS 

amount. The successful incorporation of CS onto the nanoscale silicate layers was also 

demonstrated by with energy-dispersive spectroscopy (EDX). As shown in Figure 3.2 

(b), the incorporation of CS moieties was directly observed from the presence of the 

carbon absorption peak. Moreover, peaks assignable to oxygen and nitrogen also 

appeared in the EDX spectrum of CS-g-LA nanocomposite. In acidic solutions, CS 

shows an extended structure that may facilitate the biopolymer intercalation in the clay 

interlayer space in opposition to analogous polysaccharide with coiled or helicoidal 

structures that are only adsorbed in the external surface of clays20. The good stability of 

this material towards CS desorption is inferred from NaCl salt solution treatment. The 

treatment of the CS-g-LA/ Na+-MMT nanocomposite (CLA-2) with 1.0 M NaCl for a 

period of 30 days treatment did not release any component of the adsorbed biopolymer 

from the clay interface, as confirmed by TG analysis and further confirmed from XRD, 

as there was no difference in d-spacing was found. 
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Figure 3.2 (a) Na/Si ratio of CLA-1, and (b) EDAX analysis of CLA-1.  

 

3.4.2.1 FTIR Spectroscopy. 

Figure 3.3 (a) shows the IR spectra of samples where peak at 1560 cm-1 which 

is attributed to the deformation vibration (δNH3
+) of the protonated amine group, is 

shifted towards lower frequency, confirming the interaction i.e. grafting of LA onto 

NH3
+ group.  

 

Figure 3.3 (a) FT-IR Spectra of the prepared 
nanohybrids 

(b) 1H-NMR Spectrum of CLA-2 
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In addition to CS, the peak at 1652 cm-1 of –NH2, a new peak assigned to amide group 

at 1578 cm-1 appears which confirms the conversion of –NH2 to –NH-CO. The band at 

1721 cm-1 may be attributed to the νCO stretching band of acetate ions associated with 

the second layer of CS. The peak at 1655 cm-1 indicates the amide formation by 

reaction of CS with lactic acid. No peak corresponding to ether group (if -OH groups of 

CS and of L.A. undergo cross-linking) was found, so it can be supposed that chemical 

cross-linking does not occur. Besides the vibrational band characteristics of the silicate 

(νOH of Al, Mg (OH) ~ 3635 cm-1; νOH of H2O~ 3430 and 3250 cm-1 is diminished due 

to the electrostatic interaction of polycationic CS, the bands attributed to the 

intercalated CS and grafted copolymers are also observed. The peaks at 897 and 1152 

cm-1 in CS are assigned to the saccharine structures and a strong peak at 1597 cm-1 due 

to strong amino group characteristic. In rest of the samples this peak is diminished. It 

means that –NH group is protonated and it lost its integrity.  

The peaks at 2920, 2880, 1430, 1320 and 1215 cm-1 attributed to the 

symmetric/asymmetric CH stretching vibrations of pyranose rings. The peak at 1730 

cm-1 is due to carbonyl group vibration. A new peak is arising at 1743, and 1733 cm-1, 

corresponding to the carboxylic group of OLLA existing as freedom of side chains. An 

obvious shift to a lower wave number in comparison with PLLA can be observed and is 

attributed to the formation of H- bonds between the ester groups of OLLA and amino 

or –OH groups of CS. The peak at 3440 cm-1 appeared in CLA-5, so we may predict 

that in this case the biopolymer was not sufficient to cover the entire clay surface. 

Methanol-extracted samples could not dissolve in water, while chloroform-extracted 

samples free of oligomers but containing salt-bound side chains could swell in water 

after several days of continuous stirring.  

Figure 3.3 (b) is the 1H-NMR spectrum of methanol-extracted sample. The 

graft copolymers showed the characteristic peak of CS at δ 7.2 (s, 2H, -NH2). Along 

with this, two peaks at δ 4.2 and 5.4 were also observed, which can be ascribed to the 

terminal methine protons of the branched PLA and its repeat units in the chain, 

respectively. The resonance of methyl protons in lactyl units arising from amide and 

salt linked main chains units (1.4-1.3 ppm) can be seen. The existence of peak at 1.3-

1.2 ppm is due to hydroxylated lactyl units. These results indicate that the CS-g-LA 

copolymers contained PLA side chains.  
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3.4.2.2 Thermal Properties 

The thermal decomposition profile exhibit two main decomposition stages, with 

one starting at around 100°C and another at 230°C as shown in Figure 3.4. The first 

stage may be attributed to the water evaporation. The amount of weight loss at this 

temperature range decreased with increasing clay content of the samples. This implies 

that the formation of a CS-silica complex would decrease the water absorbability of the 

films, i.e., decrease the hydrophilicity of the films. 

 

Figure 3.4 Thermograms of the prepared nanohybrids 

 

This was also confirmed by swelling behavior in section 3.5.  The second stage, where 

the maximum weight loss was observed at around 280-300 ˚C, can be attributed to the 

decomposition of the copolymers. It can be been that weight loss at higher temperature 

was slow / low. It may be attributed to the presence of crosslinked structure, which is 

formed by thermal crosslinking at first stage of decomposition. It appears that at higher 

temperature, the thermal degradation may result into a new cross-linked material, 

which occurs in the first stage of degradation. The maximum decomposition 

temperature was observed to be higher for nanocomposites with clay loading of 5 % 

and 10 % than that with 20 %. The weight loss at> 400 ˚C was not significant in the 

case of nanocomposites and it was attributed to the incorporation of silicate layers with 

high aspect ratio decomposed / charred material on the clay surface act as a 

carbonaceous insulators.  
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The silicate has an excellent barrier property that prevents permeation of various 

degraded gaseous products. The addition of clay enhanced the performance by acting as 

a superior insulator and mass transport barrier to the volatile products generated during 

decomposition. The clay acts as a heat barrier, which could enhance the overall thermal 

stability of the system, as well as assisting in the formation of char during thermal 

decomposition. It is important to mention here that the values of char yields were 

almost coincident with the amounts of the clay in nanocomposites. Therefore, the 

increased char ratios mainly resulted from the nonvolatile silica, and the char formation 

from organic part (grafted chains and CS). Similar results were also reported for other 

polymer-silica hybrid materials25. On the basis of the above result, we may conclude 

that silica in CS might not alter the thermal degradation mechanism of CS. In case of 

20 %clay loaded composite, the incorporation of silicate layers gets more and more 

hindered because of geometrical constraints within the limited space remaining 

available in the polymer matrix and much increased thermal stability was not observed. 

 

3.4.2.3 Water Swelling behavior. 

The behavior of water absorption of CS-g-LA/ Na+-MMT composites was 

investigated, and results were shown in Table 3.3. The water absorption of composite 

films decreases with an increase of clay with CS matrix. This is probably due to the 

formation of a barrier in the form of cross-linking points, which prevents water 

permeation into CS. Pure CS is hydrophilic, but it doesn’t absorb much water. There 

are many –OH and –NH groups in CS, which cause strong intermolecular and 

intramolecular hydrogen bonds; thus the infiltration and diffusion of water, are 

restrained. The water absorption of lactic acid grafted CS is higher than neat CS. It can 

be attributed to the fact that the integrity of molecular structure is broken in grafted CS, 

which can expose more functional groups for water absorption. This swelling extent 

will depend on the osmotic pressure and charge repulsion, the degree of ionization and 

grafting extent also26 which have already been demonstrated by the dependence of 

lactic acid grafted CS on the temperature and pH of solution. In comparison of grafted 

CS, samples of nanocomposites have shown lower water absorption and it decreases 

with increasing content of clay. It can be attributed to the interaction between layered 

silicates and copolymers in which intercalated polymer chains, which are more 

responsible for hydrophilicity, were confined into silicate galleries. Since sodium 

montmorillonite is hydrophilic clay, resulting composites were expected to be 
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hydrophilic. The reduction in water absorption may be due to the fact that the formation 

of nanocomposites occurred through the cation exchange between –NH3
+ and Na+ ions. 

Thus, water absorption to the silicate layers appears to be reduced. In other words, in a 

particular space (size) of composite, cationically modified silicate layers will be as 

immobilized phases. The increasing content of layered silicate increases the 

immobilized phase throughout the matrix. The interaction between the mobilized and 

immobilized phases has shown to reduce the water absorption27 and have already been 

demonstrated by Eisenberg et. al28 in favor of reduction of water absorption. 

In addition, the composites were allowed to swell upto their equilibrium, which was 

reached after 25 hrs. After complete swelling, we dried the films under vacuum oven at 

65°C to investigate the moisture retention capacity of the composite films. We 

observed that the films could hold the moisture for a long time. It shows the high water 

retention capacity of CS. The increasing clay loading decreases the water absorption 

and increases the time for drying upto constant weight i.e. they hold the moisture for 

longer time. It may be due to clay, which may act as a physical barrier for the moisture 

to exude out from the films.  

3.4.2.4 Morphological Investigation  

Figure 3.5 a-e shows the polar optical micrographs of the samples. 

 

Figure 3.5 POM images of the prepared nanohybrids. 

       (a)            ( b )        (c ) 

      (d )        (e ) 
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For the nanocomposites, the small bright regions were seen in the patterns which may 

be due to depolarization and scattering of the polarized light by the nanoclay inclusion. 

These bright regions were not observed in CLA-1. The micrographs of nanocomposites 

have shown the branched crystallite structures. As the films were casted, the solvent 

evaporation may impart this kind of branched structures, which were not observed in 

CLA-1. This might be due to that silicate layers may act as nucleating agents in cooling 

and during drying, solvent may evaporate slowly from inner structure.  The exact 

mechanism of formation of branched like structures is not clear, but we can speculate 

that clay nanoparticles, which were homogenously dispersed, may act as nuclei in the 

formation of those branched like crystal structure.  

 

3.4.2.5 Contact angle measurements 

Contact angle measurement of liquid droplets on substrate surfaces are used to 

characterize surface wettability, surface cleanliness and the hydrophilic/ hydrophobic 

nature of the surface. The contact angle is defined as the angle between the substrate 

support surface and the tangent line at the point of contact of the liquid droplet with the 

substrate. The average value out of eight contact angle measurements of same specimen 

was calculated. The values of various samples are given in Table 3.3, where it can be 

observed that the contact angle value decreases with increasing content of clay. The 

standard deviation reveals the heterogeneity of the film surfaces. The water absorption 

and contact angle measurements have shown the hydrophilicity of the prepared 

nanocomposites.  

 

Table 3.4 Results from water absorption studies and contact angle values of 

nanohybrids. 

Sample Water absorption (%) Contact angle 

PLA - 75 

CLA-1 486 59± 0.9 

CLA-2 250 62± 1 

CLA-3 225 65± 1 

CLA-4 219 66± 1 

CLA-5 255 66± 1 

Neat Chitosan 54 58 
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3.5 CONCLUSION 

The novel inorganic-organic hybrids were prepared from biopolymer and natural 

clay. The intercalation of cationic biopolymer CS into Na+- MMT by a cationic 

exchange process results into nanocomposites with both interesting structural and 

functional properties. The grafting of lactic acid imparts the hydrophilicity and 

optimum swelling behavior to pristine CS. The incorporation of MMT clay affects the 

preparation and properties of grafted copolymers. The grafted lactic acid chains were 

acting as a plasticizer to give flexible films. The increasing content of clay decreases 

the value of water absorption and contact angle, and imparts little branched crystallite 

structure in the film. The swelling behavior and longer water retention properties were 

discussed, which could be applied in biomedical field.  
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B: Cell Proliferation and Controlled Drug Release 

Studies of Nanohybrids Based on CS-g-LA and 

Montmorillonite 
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3.2.1 INTRODUCTION 

The properties such as inherent biodegradability, biocompatibility and tunable 

mechanical properties are essential for the scaffolds in tissue engineering applications. 

The scaffolds should also be durable, stress resistant, flexible, pliable and elastic with 

reasonable tensile properties, which could bear the stresses exerted by different parts of 

the body having varying contours. According to Peppas et. al.1, the increase in 

flexibility of the scaffolds could improve the contact between the scaffold material and 

the tissue; hence it promotes the penetration of the polymeric chains into the tissue to 

form strong adhesion. The surface morphology and structural integrity of the scaffolds 

should also allow the cells to attach and proliferate. In therapeutic applications, the 

efficiency of a drug lies in targeting specific body parts and maintaining a desired 

concentration level for longer period of time. For example, Ibuprofen (Ibu), α-methyl-

4-(2-methyl propyl)-benzene acetic acid, which is a non-steroidal anti-inflammatory 

drug (NSAID), is used for relief of rheumatoid arthritis, osteoarthritis and moderate 

pain. However, its use is limited due to side effects of gastrointestinal tract, central 

nervous system, and other ulcerogenic effects, which are often consequences of high 

plasma levels following the administration of conventional formulations2.  

By designing controlled delivery systems, the desired concentration of the drug can 

be maintained without reaching a higher toxic level or dropping below the minimum 

effective level. For this purpose, the interaction between drug and lamellar host has 

been considered. The idea is to store the drug in the interlayer region of the lamellar 

host and allow the drug release as a consequence of diffusion and / or de-intercalation 

process. The montmorillonite (MMT), clay is composed of thin silicate-layers, which 

are parallelly stacked by rather weak interactions such as van der Walls force and H-

bonding. MMT exhibits enhanced gel strength, mucoadhesive capability to cross the 

gastrointestinal (GI) barrier; adsorb bacterial toxins, and metabolic toxins such as 

steroidal metabolites. Because of these advantages in bio-medical applications, it has 

taken the credit to be called as medical clay3. In addition, of particular relevance, the 

drug (Ibu), which is cationic in nature, can also facilitate drug loading into interlayer 

region of MMT and assist to achieve adequate sustained release property4.  

Though CS has the ability to form films, the tensile properties of pristine CS film 

are poor (due to its crystallinity). Thus, the modification (chemical modification, 

blending and graft copolymerization) of CS has gained its importance for tailoring the 

desired mechanical properties5-7. Since CS is alkaline in nature, by combining it (as 
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graft copolymer or blend) with the biodegradable polymers like polylactic acid, which 

generate acidic by-products, the local toxicity at the implant site can be reduced8-10. In 

the present study, we investigate the effect of MMT on physical properties, such as the 

microstructures, swelling behavior, cell growth, and drug-release behavior of the 

prepared CS-g-LA/MMT hybrids. 

When the low concentration of the drug solution is added to the CSI-MMT 

suspension, the pH of the clay surface would be relatively low (~5.5) and hence the 

strongly electronegative surface has a high binding affinity for the cationic drug. As 

more added drug locates in proximity to the phyllosilicate surface, the accumulation of 

the acidic drug causes the microenvironment around the mineral to become 

increasingly acidic, altering the ionization of the siloxane groups, thereby reducing the 

overall negative charge and hence sites available for drug binding. A second phase 

could arise due to a build-up of a second adsorbed layer due to hydrophilic adsorption 

of unionized drug (approximately 50%, as the pKa of drug is 5.5) to itself or to 

hydrophobic binding sites on the phyllosilicate surface. Greater protonation of free 

amino groups at low pH causes CS molecules in films to uncoil, elongate and become 

more permeable. 

 

3.2.2 EXPERIMENTAL 

3.2.2.1 Materials 

CS of low molecular weight (Mv 1.5x105, degree of deacetylation: 85%) was 

obtained from Aldrich. L-Lactic acid (purity 92%) was purchased from M/s 

Spectrochem and used as such for graft copolymerization. Ibuprofen (Ibu) was 

purchased from Aldrich. Sodium montmorillonite, with cation exchange capacity 

(CEC) of 76.4-meqv/100 g was received from M/s. Southern Clay Inc. USA.  

 

3.2.2.2 Preparation of nanohybrids and drug loading 

It involves aqueous dispersion of clay, suspension of CS in L-lactic acid, 

mixing them, drying and dehydration. First, the suspension of CS was added into 

aqueous dispersion of clay, heated up to 60 °C with continuous degassing for 40–45 

minutes. 

This solution was casted and dried for 8 h at 60 °C under air and subsequently at 60 °C 

in vacuum oven for 8 h to obtain films. For obtaining porous scaffolds, the solution of 
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CS-g-LA/MMT was freeze-dried at -56 °C using 9 well tissue culture plates. The 

dimensions of obtained cylindrical scaffolds are about 20 x 20 mm. The drug-loaded 

CS and CS-g-LA/MMT nanohybrid films and porous scaffolds were prepared by 

following above-mentioned procedure. The dispersion of Ibuprofen (0.1 g), in the 

reaction mixture was done just after degassing and cooling. 

 

Table 3.2.1: Formulations of ibuprofen loaded nanohybrids of chitosan-g-lactic acid 

and sodium montmorillonite.  

S. No. Chitosan 

(g) 

Lactic acid 

(ml) 

MMT 

(g) 

 

Ibu 

(%) 

Drying 

process 

Sample code 

1.  1 1 - - Vacuum NTCS *  

2.  1 1 - - Vacuum CL 

3.  1 1 0.05 - Vacuum CLM 

4.  1 1 - 10 Vacuum CLI 

5.  1 1 0.05 10 Vacuum  CLMI-1 

6.  1 1 0.10 10 Vacuum CLMI-2 

7.  1 1 0.05 - Freeze FCLM 

8.  1 1 - 10 Freeze FCLI 

9.  1 1 0.05 10 Freeze FCLMI-1 

10.  1 1 0.10 10 Freeze FCLMI-2 

* NTCS is neat CS without grafting. 

 

After 24 h of stirring, the Ibu-loaded solution was casted to obtain films and freeze 

dried to obtain porous scaffolds. The formulations are given in Table 3.2.1.  

 

3.2.3 CHARACTERIZATION 

3.2.3.1 X-Ray Diffraction 

The Wide Angle X-ray Diffractometer patterns of the samples were obtained by 

Rigaku (Japan) X-Ray diffractometer with Cu-Kα radiation at 50 kV between the scan 

ranges of 2θ from 2-30 degree by the scan rate of 2 degree/min. The d- spacing was 

calculated by Bragg’s formula where the λ was 0.154nm.  
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3.2.3.2 FT-IR Spectroscopy  

The Fourier-transform infrared (FTIR) spectra were obtained from the sample 

under attenuated total reflectance (ATR) mode on a Perkin-Elmer Spectrum GX.  

 

3.2.3.4 Microscopic Analysis 

Surface morphology was investigated by scanning electron microscopy (SEM) 

(Model: JEOL Stereoscan 440, Cambridge). AFM of pristine CS film and drug loaded 

nanohybrid film samples were done on a Nanoscope IV AFM instrument under contact 

mode. 

 

3.2.4 Swelling behavior  

3.2.4.1 Water Absorption behavior (films) 

The water absorption behavior of the film samples were followed according to 

ASTM D570. The clean, dried film samples of known weights were immersed in 

distilled water at 25°C for one day (24 h). The films were removed, blotted quickly 

with absorbent paper and then weighed. The absorption percentage of these samples 

was calculated using the equation X (%) = (W1-W0) / W0, where W0 and W1 are the 

weight of dry and swollen samples, respectively. 

 

3.2.4.2 Shape retention study (scaffolds) 

The swelling behavior of the porous scaffolds was investigated by exposing 

them to media of different pH: 1N HCl, 1N NaOH, and simulated body fluid (SBF) (pH 

7.4) solutions. The shape retention was quantified by measuring the changes in 

diameter as a function of immersion time in the media. Three specimens were 

measured for each sample and the values are averaged.  

 

3.2.5 Tensile properties 

For tensile properties measurement, the nanocomposites were cut in the size of 

1 cm x 6cm specimens. Both ends of tensile specimens were clipped with a special 

gripper. The tensile strength and modulus of the scaffolds were measured by a 

Universal Testing Machine (Instron 4204) with a load cell of 1kN and the crosshead 

speed was 5 mm min-1 at room temperature. Average value out of five measurements is 

reported for each sample. 
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3.2.6 Cell growth study 

The cell growth study was performed on HL-60 Leukemia Cell Line as a direct 

contact test. The relative cell growth compared to control cells containing cell culture 

medium without CS was calculated by [A] test/[A] control. For this, after every 24 h, 100 

μl of the cell culture was incubated for MTT assay and the absorbance was measured at 

490 nm wavelength in Spectrophotometer Plate Reader. Pristine CS was used as a 

positive control of the method. All the in-vitro tests were done in triplicate and the 

results were reported as an average value.  

 

3.2.7 In-Vitro drug–release 

The drug-loaded films and scaffolds were immersed in 40 ml aliquots of 0.1 M 

sodium phosphate buffer (pH 7.4) and incubated on a constant temperature shaking bed 

at 37 ˚C with continuous stirring. After specific intervals 3 ml aliquot of samples were 

withdrawn and immediately replaced with the same amount of fresh medium. The ‘Ibu’ 

content in the aliquot was quantitatively analyzed by UV-VIS spectrophotometer at 292 

nm. The aliquot from the pristine CS film was taken as the control (100%). All the 

experiments were done in triplicate and mean values were reported. 

 

3.2.8 Thermal Studies 

 Differential scanning Calorimetry (DSC) curves of the pristine CS and drug 

loaded nanohybrid samples were recorded using a DSC Q10 (TA Instrument). The 

analysis was performed by heating the samples in a temperature range of -60 °C to 400 

°C at the rate of 10 °C per minute under inert atmosphere.  

 

3.3 RESULTS AND DISCUSSION 

3.3.1 CHARACTERIZATION 

Figure 3.2.1 (a) shows the WAXD pattern of MMT and CS-g-LA/MMT 

confirming the formation of nanocomposites. The increase in d-spacing (001 plane) of 

MMT implies the intercalation of grafted chitosan biopolymer chains into silicate 

galleries. Figure 3.2.1 (b) shows the FT-IR spectra of CS-g-LA/MMT and Ibu-loaded 

nanohybrids. With respect to pristine CS, the characteristics absorption band at 3420 

cm-1 was attributed to the stretching vibration of the N-H group bonded to the O-H 
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groups; bands at 1599 cm-1 and 1260 cm-1 were attributed to the bending vibrations of 

the N-H and the O-H groups, respectively.  

Figure 3.2.1 (a) WAXD pattern of 

prepared nanohybrid samples 

(b) FTIR spectra of CS, Ibuprofen, and 

Ibuprofen loaded nanohybrids 

 

It can be observed that for the drug-loaded sample, the absorption band at 3420 cm-1 

become wider indicating the enhanced H bonding. The bands 1098 cm-1 and 665 cm-1 of 

NTCS are responsible for crystalline CS. The disappearance of these peaks in neat and 

drug-loaded nanohybrids demonstrated the disturbed crystallization of CS after grafting 

and incorporation of clay and ibuprofen. This observation was further confirmed by 

XRD analysis. The IR spectra of the CLMI-1 show most of the characteristic bands of 

Ibu. The appearance of new bands at 1588 cm-1 (asymmetric stretch of COO-) and 1398 

cm-1 (symmetric stretch of COO-) clearly indicate the presence of Ibu within the 

galleries. The band at 1690 cm-1 in the spectra of Ibu, due to the asymmetric stretch of 

the undissociated –COOH, is absent in the intercalated material. The methyl symmetric 

and asymmetric stretching modes at 2954 cm-1 and 2886 cm-1 in the CLMI-1 are well 

resolved, and their positions show no significant difference from those of pristine Ibu, 

other than the shifting of –CH3 bending mode from 1462 cm-1 to 1466 cm-1 upon 

intercalation. The characteristic M-OH layer stretching bands at around 427 cm-1 and 

620 cm-1 are distinct in the intercalated hybrid indicating that the interlayer structure of 

MMT is unaffected upon intercalation of Ibu. The FT-IR spectra confirm that the 

integrity of the Ibu anion is preserved upon intercalation with the MMT interlayer 
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galleries with a structure and geometry similar to that of the molecule outside the 

layers.  

 

3.3.2 MORPHOLOGICAL ASPECTS 

As shown in the AFM image, the drug loaded CS-g-LA/MMT film samples was 

found to be spherical in shape and their size was around 300 nm (Figure 3.2.2 a-b).  

Figure 3.2.2 (a) AFM image of pristine CS  (b) AFM image of CSD-1 

 

Figure 3.2.3 shows the typical surface morphology of the top, middle and bottom 

portions of the scaffolds of drug-loaded and pristine CS-g-lactic acid. The 

interconnected porous morphology resulted from phase separation between polymer-

poor and polymer-rich phases. The polymer-poor phase is of mostly solvent i.e. water. 

The water molecules were removed by freezing and subsequent sublimation of ice 

crystals, which leads to the formation of pores. On the other hand, the polymer-rich 

phase consists of mostly the polymer solution and forms the cell walls around the 

pores11. The dimensions of cylindrical well in tissue culture plates used are about ~20 

mm thick and 20 mm in diameter.  

When a polymeric solution was exposed in such dimension (cylindrical & thick) to a 

quenching medium, a temperature gradient along the solution could be induced 

resulting in the difference in quenching rate. For instance, during quenching, the 

bottom layer was exposed to the interface of solution and freezer where the cooling rate 

is relatively fast. At such a rapid rate of cooling, many ice-crystal nuclei could be 

formed and they might not have enough time to grow because of extracted heat of 

crystallization. As a result, the surface of bottom portion of the scaffolds has the small 
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and interconnected pores. The top surface of solution, on the other hand, was exposed 

to the interface of the solution and vacuum where rate of quenching is comparatively 

slow because of temperature gradient. In such a slow rate, ice-crystal nuclei may have 

enough time to grow resulting in large and well-interconnected pores. 

 

Figure 3.2.3: Scanning electron micrographs of a) top, b) middle and c) bottom 

portions of freeze dried porous scaffolds. 

 

However, the quenching rate at the middle part of the solution will be different from 

both top and bottom portion. Thus, the ice-crystal nuclei can have relatively enough 

time to grow and the crystal growth would be directed by temperature gradient. This is 

confirmed by elongated pore morphology in midsection of the obtained scaffolds. In 

addition, the ratio between CS matrix and lactic acid monomer kept constant with 

varied clay content and drug. According to Prabaharan et al12, by varying ratio of CS / 

PLA - blend, the pore interconnectivity of the scaffolds was not apparently affected and 

the framework structure of the obtained scaffolds was typically maintained. However, 

CS concentration has a significant effect on the pore structure. With increasing CS 
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concentration, the volume of the PLA pores is occupied by a low density and highly 

hydrated CS. This results in highly porous CS network, which facilitates the diffusion 

of nutrients for cells and release of wastes.  Hence, we infer that pore structure can be 

manipulated by varying the ratio of lactic acid and chitosan without affecting the 

interconnectivity.  

 

3.3.3 SWELLING BEHAVIOR 

3.3.3.1 WATER ABSORPTION BEHAVIOR (FILMS) 

The water absorption values of the prepared samples have shown that the 

grafting of lactic acid onto CS increased the water absorption significantly. It was 

attributed to the fact that the integrity of molecular structure is broken in grafted CS, 

which can expose more functional groups for water absorption. The MMT incorporated 

nanohybrids have shown lower water absorption and it decreases with increasing 

content of clay. In nanohybrids, the polymer chains, which are more responsible for 

hydrophilicity, are confined into silicate galleries. Though the sodium montmorillonite 

is hydrophilic, the resulted nanocomposites have exhibited resistance towards water 

absorption. It was explained that in nanolayers incorporated system, the cationically 

modified silicate layer will be as immobilized phase, which reduces the inclusion of 

water. The increasing content of layered silicate increases the immobilized phase 

throughout the matrix13. It was also observed that the drying of swollen nanohybrid 

films taken longer time for drying upto a constant weight indicating that the films can 

hold the moisture for longer time.  

It may be due to clay, which may act as a physical barrier for the moisture to 

exude out from the films. This water retention behavior is favorable for cell adhesion. 

In tissue engineering applications, during the course of cell proliferation, the retained 

hydrophilicity of the scaffold would enhance cell attachment and proliferation on its 

surface. It is purported that the hydrophilicity can be varied by playing with grafting 

extent (which renders hydrophilicity) and clay incorporation (which reduces water 

absorption and rate of desorption).  

 

 

3.3.3.2 SHAPE RETENTION BEHAVIOR (SCAFFOLDS) 
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Swelling behavior and structural stability of scaffolds, which strongly depend 

on the pH of the implantation site, are critical for their practical use in tissue 

engineering. Most natural polymers, including CS, swell readily in biological fluids. 

The in-vitro cell culture studies14 indicate that initial swelling is desirable and the 

increase in pore size facilitates cell attachment and growth in a three-dimensional 

fashion. However, continuous swelling would lead to loss of mechanical integrity and 

generation of compressive stress to surrounding tissue. The scaffolds were subjected to 

various pH solutions such as SBF (pH: 7.4), HCl (pH: 1.2) and NaOH (pH: 14) for 2 

weeks. Figure 3.2.4 shows the shape retention in terms of diameter (mm) of scaffold 

versus time (h).  

 
Figure 3.2.4: Shape retention of scaffolds prepared from chitosan and nanohybrids of 

CS-g-LA/MMT 

 

It can be observed that the shape of the scaffolds of ‘FCLI’ is disturbed by fluids with 

increasing time of immersion. It is a general observation that in an acidic pH, the 

swelling of the scaffolds is higher than that in SBF and alkaline solution. The scaffold 

‘FCLI’ was found to dissolve completely in HCl solution within 2 hours of immersion, 

whereas, in SBF solution, FCLI was swollen over time with its diameter increasing by 

~20% within 2 h and thereafter underwent a minor swelling at a significantly reduced 

rate reaching the plateau level at 5 h.  The rate of swelling in NaOH was very low 

(diameter increase <5%) and reached the plateau level around 1.5 h of immersion but 

retained its overall size thereafter for several weeks. Thus, the CS scaffold was stable 
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only in solutions of physiological and / or higher pH. On the other hand, MMT 

incorporated scaffold appeared to retain its overall size and cylindrical shape. The 

swelling behavior was almost same in all three solutions. Even in acidic solution, a 

slight swelling was observed initially (within 1 hour) and the scaffold retained its 

overall size through the period of study. This suggests that the CS-g-LA/MMT scaffold 

is stable regardless of the pH value of the solution over the time. The swelling of 

pristine CS generally involve the protonation of amino/imine groups and the 

mechanical relaxation of coiled CS chains15, 16. In case of CS-g-LA, some amino 

groups might be converted as graft-point and remaining amino groups could interact 

with carboxyl groups of PLA side chains, preventing the protonation. Further, in 

nanohybrids, these biopolymeric chains are intercalated in between silicate layers. As 

mentioned earlier, absorption and desorption of fluids will be slower in system which 

contains immobilized phases (MMT). Owing to their mucoadhesive properties3, the 

MMT incorporated nanohybrids can retain the stability of the scaffolds.  

3.4 TENSILE PROPERTIES 

The scaffolds / implants based on polymeric materials should be resistant 

towards the stresses exerted by different parts of the body. The tensile properties of 

film specimen of nanohybrids were measured and their results were represented in 

Figure 3.2.5 a-b. Figure-a shows the tensile modulus and ultimate tensile strength of 

the film specimen of nanohybrids. The tensile modulus, which denotes the stiffness of 

the material, was observed to increase drastically in clay loaded samples.  

Figure 3.2.5: Tensile properties a) tensile modulus (□), tensile strength (●), b) elongation 
at break (□) and toughness (●) of prepared samples 
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It is found that the grafting of lactic acid and incorporation of 5 % MMT have exhibited 

269 % improvement in tensile modulus. The 364 % increase was observed for 10% 

MMT incorporated nanohybrids. The effect of grafting can also be seen in tensile 

strength, which is stress value noted at break point. About 556 % increase in tensile 

strength was observed after lactic acid grafting. This may be due to the fact that the 

molecular integrity of CS matrix has been lost during grafting of lactic acid. Since PLA 

grafted copolymers consisted of hydrophilic CS main chains and hydrophobic PLA side 

chains, it is reasonable to believe that PLA side chains could turn inward and aggregate 

together while the CS chains stretched outward during the film formation by virtue of 

acidic aqueous solution. As a result, many hydrophobic domains constructed by the 

PLA side chains would exist inside the films, and possibly act as physically cross-

linked sites, which would enhance the tensile strength and modulus of grafted 

copolymer films. The grafted polylactic acid chains can absorb the applied energy, so 

as to improve the tensile strength with deformation. The MMT reinforcement has 

shown slight decrease in tensile strength from the grafted CS. Figure 3.2.5 b shows the 

elongation at break and toughness of the corresponding specimen. The significant 

effect (144% improvement) of grafting can be found in Figure-b as an increase in 

elongation (%) values at break, which is directly related to flexibility and toughness of 

the materials.  

The lower value for NTCS is observed due to the restricted mobility of 

macromolecular chains. On the other hand, in the grafted CS, the linear / low molecular 

weight polylactic acid chains can act as plasticizer which can improve the mobility of 

polymer chains. It is also known that during tensile test17, 18, linear polymers undergo 

craze failure mechanism and composites/cross linked polymers undergo the crack 

failure mechanism. Thus we assume that the grafted chains merely act as linear chains 

to undergo craze mechanism, which involves uncoiling, stretching and slippage of 

polymeric chains. By this failure mechanism, the applied energy will be utilized for 

deformation. This phenomenon is confirmed by an increase (about 500%) in toughness 

of the grafted CS (CL). The effect of reinforcement of clay has resulted in decrease in 

both elongation and toughness values. The prepared nanocomposites are intercalated 

ones. In such a system, the polymeric chains are uncoiled and sandwiched in between 

the silicate layers and are restricted to undergo / follow the craze failure mechanism19. 

However, the prepared materials have shown overall improvement in tensile properties 

after grafting and nanoscale reinforcement. The porous scaffolds may also exhibit the 
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same trend in properties. However, the modulus may be adjusted by changing the pore 

morphology, the extent of porosity, and intercalation / exfoliation of nanoclay.  

 

3.5 CELL GROWTH 

The cell-viability, which was measured by MTT assay of fibroblasts cultures on 

the CLMI-1 specimen, is shown in Figure 3.2.6. The growth of fibroblasts cultured on 

films (at 250μg/ml) is higher on first day, while, it decreases with increasing time. It 

may be due to that during proliferation, cells may have occupied all the available 

spaces on the films. Earlier, Yao et.al20 reported that the fibroblasts growth rate on the 

film of CS-g-LA graft copolymer was faster than on CS. The results in the present 

study imply that the cell proliferation is not affected by the incorporation of MMT into 

lactic acid grafted chitosan.  

Figure 3.2.6: Cell proliferation (%) of CLMI-1 
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This may be due to the enhanced interactions between MMT and growing cells on the 

biopolymer matrix. According to Lavie et.al.21, MMT may develop London-van der 

Walls forces and hydrogen bonding with cells. In nanohybrids, the grafted (CS-g-LA) 

copolymer would be surrounded and / or adsorbed onto MMT layers. These layers can 

act as adhesive between the biopolymer and the cells through hydrogen bonding 

between the hydroxyl groups of CS and the water of hydration on MMT. 

3.6. IN-VITRO DRUG RELEASE 

In-vitro drug release was studied under simulated body fluid (SBF, pH 7.4), and 

release media was quantified by UV-VIS spectral absorbance values. Figure 3.2.7 

shows the release (%) of Ibu versus immersion time from both film and porous 

scaffolds of nanohybrids. The release of drug from freeze-dried scaffolds can be 

observed to be faster and higher than that from the smooth films over the time.  

Figure 3.2.7: Ibuprofen release profile from the prepared samples 

 

Among all the samples, FCLI has shown higher drug release rate. The higher release 

rate of porous scaffolds can be attributed to the fact that the inclusion of solvent and 
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diffusion of drug molecules will be rapid in porous scaffolds than in film samples. This 

result is consistent with the swelling behavior (Figure 3.2.8). The effect of 

incorporation of MMT layers can be significantly observed as reduced rate of release at 

initial stage of immersion (up to 150 min). Initially, the specimen is solvated, which 

facilitates the lateral diffusion of drugs22. After 200 min, the rate of release is moderate 

and sustained over the time. This may be due to the interactions of MMT layers and 

grafted PLA chains with the drug loaded as shown in Scheme 3.2.1. Clay minerals have 

a large surface area and the ability to incorporate various substances in nano-pores 

based on their organized structures to form organo-clay composites. This structure 

undergoes interactions having guest compounds with various types of bindings, such as 

electrostatic interactions and H-bonding [26]. When Ibu is dispersed in water with MT, 

although the individual silicate layers are separated from each other, Ibu is still in 

contact with the clay surface in an amorphous state, due to the high affinity between 

Ibu molecules and the MMT adsorption sites. The interaction between the sodium salt 

of Ibuprofen (because of its cationic nature) and MMT surface is stable enough to 

exhibit the sustained release profile. 

Scheme 3.2.1: Schematic illustration of interactions between, chitosan-g-lactic acid, 

Ibu and layered silicates 
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These results showed that CS-g-LA/MMT scaffold could be suitable for sustained drug 

release in tissue engineering applications. From the present study, we observed that by 

grafting biodegradable polymeric chains on CS and incorporating layered 

nanostructures, the desired properties such as physical, mechanical and swelling 

behavior can be tailored. In addition, the inclusion of nanolayers like MMT into 

biopolymers may be used for the sustained delivery of drug and other bioactive 

molecules such as vitamins, proteins and DNA, in tissue engineering applications23. 

 

3.7 Thermal Studies: 

Thermal analysis was used to examine whether the nature of materials changed 

during the quenching process. The second DSC scan was used to report the glass 

transition temperature (Tg) of the CS powder and CS-g-LA/ Na+-MMT. Figure 3.2.8 

shows that the glass transition temperatures of pristine CS film and various CS/MMT 

samples were all about the same, which demonstrated that the CS/MMT structure was 

not changed during the fabrication process. 

 

Figure 3.2.8 DSC results of CS and drug loaded nanohybrid sample. 
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The fabrication technique described here has some advantages over other techniques. 

One advantage is that it uses water only to dissolve CS; therefore, there is no residual 

organic solvent to be concerned about. A second advantage is that unlike in the 

particulate leaching technique24, 25, which exposes the scaffold materials to high 

temperatures; here the porous structure was developed simply by removing the ice 

crystals through sublimation. These advantages protect the transplanted cells and 

nearby tissue from damage and any biologically active factors incorporated into the 

scaffold that may remain active26-28. Thus the present process might be a promising 

approach for fabricating scaffolds suitable for tissue engineering applications. 

This quenching process begins with a container of CS solution either placed inside a 

freezer at a desired setting temperature or dipped directly into liquid nitrogen. When 

the temperature of the solution is lowered, the water is super-cooled to well below its 

freezing point, and ice-crystals start to from, which releases the heat of crystallization 

and warms the water above its melting point. As a result, a mixture of water and ice-

crystals is formed. At the final stage of sample preparation, the frozen material is dried 

under vacuum at low temperature by sublimation of the ice-crystals to develop the pore 

structure. Therefore, the pore size of the scaffolds is controlled by the size of crystals 

formed in the freezing process. 

 

3.8 CONCLUSION 

The present study was to examine the potential uses of nanohybrids based on 

CS-g-lactic acid and montmorillonite as biomaterial. The nanohybrids, which are 

successfully prepared by vacuum drying and freeze-drying, have exhibited different 

morphologies such as smooth films and porous scaffolds, respectively. The porous 

morphology was obtained by phase separation. The water absorption was found to 

increase by grafting of lactic acid and to decrease with increasing content of clay. The 

scaffolds of nanohybrids are stable regardless of the pH value of the solution over the 

time. The reinforcing effect of clay and grafting were found to increase the tensile 

modulus, flexibility and strength. The significant difference in drug release from the 

smooth films and porous scaffolds was observed.  The porous scaffolds have shown 

higher and faster drug release. The incorporation of MMT layers was observed to 

control the initial release of drug. We summarize that a combination of grafting of 
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biodegradable polymeric chains and clay reinforcement can be applied to achieve 

desired combination of properties (mechanical, swelling and controlled release) of 

materials used for biomedical applications.  
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CHAPTER IV 

 

Preparation and Characterization of Novel Hybrid of 

Chitosan-g-PDMS and Montmorillonite 
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4.1 INTRODUCTION 

Graft copolymerization is one of the best methods to bring together synthetic 

and natural polymers to retain the good properties of natural polymers such as 

biodegradation, bioactivity and biocompatibility. In this work, CS and Poly Dimethyl 

Siloxane (PDMS) were used to synthesize the graft copolymer with hydrophobic, 

synthetic side chains and hydrophilic, natural main chains by direct polycondensation 

reaction without using catalyst. Chitosan (CS), which is cationic in nature, is 

biologically renewable, biodegradable, biocompatible, non-antigenic, non-toxic and 

biofunctional material1. As opposed to synthetic polymers, CS displays a hydrophilic 

surface promoting cell adhesion, proliferation, differentiation and evokes a minimal 

foreign body reaction the on implantation2-3. In spite of its general acceptance as a 

tissue compatible material, CS is mechanically weak and unstable and therefore, unable 

to maintain a predefined shape for transplantation as a result of swelling4. In addition to 

that, CS enhances plasma protein adsorption, platelet adhesion and activation, and 

thrombus development, in other words, CS is an effective hemostatic agent, possibly 

due to electrostatic attraction. Therefore, CS cannot be applied for direct blood 

contacting unless it is modified.  

Thrombus development takes place when polymeric biomaterial possessing 

high surface energy comes in direct contact with blood, followed by adsorption of 

blood cells and serum proteins onto the surfaces. Incorporation of low surface energy 

polymers into CS films has been proposed to minimize these disadvantages. Among 

polymers frequently employed as biomaterial, hydrogels have demonstrated relatively 

low thrmogenecity. Hydrogels, defined as a polymer network capable of imbibing a 

large volume of water but retaining their three-dimensional structures after swelling, 

have received increasing attention for biomedical applications such as drug delivery 

systems, contact lenses, catheters and wound dressings. In addition, their surface 

hydrophilicity is responsible for less protein adsorption and less cellular adhesion, 

resulting in improved biocompatibility. A natural polymer-based, hybrid scaffold with 

better mechanical strength and biological property equivalent to or better than CS has 

yet to be developed. On the other hand, Siloxane derivative such as PDMS (Figure 4.1) 

is a high performance polymer with unique physical and chemical properties such as 1) 

it is transparent down to 280 nm, which makes it suitable for detection at a wide range 

of wave-lengths, 2) it is biologically inert and non-toxic, which is good for cell-
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patterning on various substrates, 3) it is permeable to gases, a property which is useful 

when supplying oxygen to cell cultures in closed systems, 4) it seals readily with other 

materials such as glass, polystyrene, and PMMA for making hybrid chips, which makes 

PDMS probably the most versatile material in micro-chip technology5, 6. 

Rutnakornpituk7 has reported the grafting of PDMS homopolymer onto CS by chemical 

modification. Slight decrease in its critical surface energy and increase in tensile 

strength and elongation was observed. PDMS has been used in the preparation of 

nanocomposites8 and in drug delivery applications9. It has been found that PDMS can 

be used with poly (ethylene oxide) (PEO) with a significant decrease in macrophage 

density10.  

 

Figure 4.1 The structure of a linear PDMS. 

 

Medical devices made of Polyurethane (PU) containing PDMS soft segment has been 

reported to exhibit better blood contact properties relative to commercially available 

PU11. Another advantage of adding PDMS into CS is to improve their mechanical 

properties. Because hardness and brittleness are major drawbacks of CS which limit 

their use as wound healing material, incorporation of elastomeric PDMS should 

somewhat soften the material. The development of organic-inorganic hybrids has also 

been another field of research in preparing biocomposite/ biomimetic materials. Since 

last few decades, it has been found that the reinforcement of layered silicates improves 

the optical, physical, thermal and mechanical properties of the obtained composites 

with very low amount of loading of nano-clay because of their nanoscale distribution 

with high aspect ratio filler12, 13. Montmorillonite (MMT) can provide swelling 

properties, enhanced gel strength, mucoadhesive capability to cross the gastro-intestinal 

(GI) barrier, adsorbs bacterial toxins and metabolic toxins such as steroidal metabolites. 

MMT not only cures minor problems such as diarrhea and constipation through local 
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application, but also acts on all organs as well. Considering these advantages in medical 

applications, it has taken the credit to be called as medical clay14. Recently 

nanocomposites of polylactic acid with layered silicates have also been prepared by 

different methods15. Preparation of nanocomposites of CS has also been performed by 

intercalating CS into Na+-MMT through cationic exchange and hydrogen boding 

processes, with interesting structural and functional properties16. Thus, it will be 

worthwhile to fabricate a new nanohybrid based on PDMS grafted onto CS with 

improved mechanical, thermal and surface properties. We have intended to prepare 

macromolecular organic-inorganic hybrids of layered silicates and CS-g-PDMS. It 

involves grafting of PDMS onto CS in the presence of layered silicates under UV 

irradiation. It is also anticipated that grafted PDMS chains may act as internal 

plasticizers to lessen the brittleness of CS films to obtain softer and flexible films and 

this will introduce side chains and thus make various molecular designs possible, 

affording novel types of tailored hybrid materials composed of natural polysaccharide 

and grafted synthetic polymer. Moreover, it is reported that PDMS has an affinity with 

organoclay for making an exfoliated nanocomposite17. Later on Ishida et al18 used 

PDMS as a swelling agent to enhance the diffusion of polymer chains into a gallery of 

nanoclay. For a wound dressing material, the dressing is preferably permeable to water 

vapor to some extent so that the moist exudates under the dressing are maintained 

without pooling during the recovery period.  

This property can be assessed by measuring the water vapor permeability of the 

films and its swelling behavior, which are directly associated to membrane capability of 

draining wound exudates. The ability of CS to form films may permit its extensive use 

in the formulation of film dosage forms19 or as drug delivery systems20. Interests on 

tailoring the CS for desired properties has also being grown in different ways e.g. graft 

copolymerization. Therefore, in this paper, studies were carried out to prepare CS-g-

PDMS nano composites by introducing PDMS onto CS-montmorillonite 

nanocomposites via photo induced grafting. Here CS will act as a hydrophilic block 

while PDMS was introduced as a hydrophobic block, since both of them have been 

constituents of biomedical devices such as artificial hearts, blood vessels and various 

catheters. When biomolecules, such as proteins approach the surface, the CS chains 

will create a hydrophilic wall and keep biomolecules at a sufficient distance from the 

PDMS, thus, preventing biofouling. To the best of our knowledge, this is the first 



Chitosan Based Nanocomposites for Biomedical Applications 
 

   86 

example of the preparation of CS-g-PDMS nanohybrids via intercalation into clay 

interlayer galleries. 

 

4.2 EXPERIMENTAL  

4.2.1 Materials 

Chitosan of low molecular weight (Mv 1.5x105, degree of deacetylation was 

85%) was obtained from Aldrich. Sodium Montmorillonite Na+-MMT, with Cation 

Exchange Capacity of 76.4-meqv/100 g was received from M/s. Southern Clay Inc. 

USA and was used as such. Hydroxyl terminated Poly dimethyl siloxane of (PDMS) of 

high molecular weight was purchased from Aldrich. It was used as obtained.  

 

4.2.2 Preparation of nanocomposites:  

First CS was dissolved in an aqueous solution of L-lactic acid and clay was 

dispersed in deionized water (30ml) overnight at room temperature. On the other hand, 

clay (MMT) was dispersed in distilled water overnight. Preparation involves aqueous 

dispersion of clay, aqueous solution of CS in L-lactic acid, followed by mixing. The 

nanocomposites were prepared keeping CS: clay (Na+-MMT) ratios as 100:0, 95:5, 

90:10 and 80:20. All the reaction mixtures were applied for sonication for 2 hrs to 

remove air bubbles. 

 

4.2.3 Grafting of PDMS: 

The synthesis of CS–g– PDMS nano composites was carried out by photo 

grafting of PDMS onto CS in the absence of catalyst, according to the method reported 

by Kim et al21. PDMS was dissolved in the aqueous solution of CS and this solution 

was heated up to 80 °C for three hrs with constant stirring. UV irradiation was 

conducted using a 450 W UV lamp for three hrs at a distance of 15 cm and at room 

temperature under inert conditions for 6 hrs. The resulting solution was then poured 

onto glass Petri-plates to obtain sample films by solvent casting method by drying the 

films at 60 °C for 24 hrs. The films were neutralized in a 0.5 M NaOH solution and 

dried at 50 °C for 24 hrs under vacuum. The CS-g-PDMS films were somewhat opaque 

as compared to the pristine CS. The composition of the prepared nanocomposites can 

be seen in Table 4.1. 
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Table 4.1 Recipe of the prepared chitosan-g-PDMS Na+-MMT nanocomposites 

S. No. Chitosan 

(%) 

PDMS 

(%) 

Na+-MMT 

(%) 

 

Sample code 

1.  85 5 10 CS-PD-A 

2.  80 10 10 CS-PD-B 

3.  70 20 10 CS-PD-C 

4.  85 10 5 CS-PD-D 

5.  70 10 20 CS-PD-E 

 

4.3 CHARACTERIZATION OF NANOCOMPOSITES 

4.3.1 X-Ray Diffraction:  

The WAXD patterns of the film samples were obtained using a Rigaku (Japan) 

Dmax 2500 X-ray diffractometer with Cu-Kα radiation. The system consists of a 

rotating anode generator with a Cu target and a wide angle powder goniometer having a 

diffracted beam graphite monochromator. The generator was operated at 40 kV and 150 

mA. All the experiments were performed in the reflection mode. The samples were 

scanned between 2θ= 2° to 30 ° at a scan rate of 2°/minute. The d-spacing was 

calculated by Bragg’s formula, where the λ was 0.154 nm. 

 

4.3.2 FTIR- Spectroscopy: 

The Fourier-transform infrared (FTIR) spectra were obtained from the sample 

under ATR mode on a Perkin-Elmer Spectrum GX. The sample films were scanned in 

the range of 4000 cm-1 to 400 cm-1 at a resolution of 4 cm-1. A total of 10 scans were 

used for signal averaging.  

 

4.3.3 Atomic Force Microscopy (AFM) analysis: 

 AFM images of pristine CS film and PDMS grafted CS nanohybrid film 

samples were taken on a Nanoscope IV AFM instrument under contact mode. 

 

4.3.4 13C-NMR:  

The proton-decoupled solid state 13C-NMR (I = 1/2) CP-MAS NMR spectra 

were obtained in a Bruker Avance 300 spectrometer, using a standard cross-
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polarization pulse sequence. Samples were spun at 10 kHz. Spectrometer frequencies 

were set to 100.62 for 13C. The numbers of scans were of 800. The cross polarization 

time was 0.5 ms. Chemical shift values were referenced to tetra methyl silane (TMS). 

 

4.3.5 Elemental Analysis (EA) and Percentage of grafting: 

The content of C, H, and N was determined for pristine and grafted CS samples. The 

total nitrogen content was determined according Dumas with a Carlo Erba NA 1500 

instrument. The percentage of grafting of the CS amino groups was determined by the 

method given by Kweon22 for grafted samples, according to the equation: 

 

Grafting % = Weight of CS-g-PDMS-Weight of CS        X 100 

     Weight of CS 

 

4.3.6 Thermal Methods:  

The thermal gravimetric analysis (TGA) was conducted on a Perkin-Elmer 

TGA 7- thermal analyzer from 50°C to 900°C with a heating rate of 10°C min-1 under 

nitrogen with flow rate 20ml min-1, in a platinum crucible.  

 

4.3.7 Water Absorption measurements: 

According to ASTM D570 the clean, dried film samples of known weights were 

immersed in simulated body fluid (SBF) at 25°C for one day (24 h). The films were 

removed, blotted quickly with absorbent paper and then weighed. The absorption 

percentage of these samples was calculated using the equation X (%) = (W1-W0) / W0, 

Where W0 and W1 are the weight of dry and swollen samples, respectively. Three 

independent measurements were performed for each sample and the average values 

were taken for swelling behavior studies. 

 

4.3.8 Protein adsorption studies: 

 In vitro single protein adsorption experiments were performed in phosphate-

buffered saline (PBS, pH ¼ 7.4, 0.15 mol/L), according to the reported procedure23. 

Samples were immersed in 4.5 mg/mL of BAF-5 and lysozyme. Clean, modified and 

unmodified PDMS membranes were first immersed in PBS filled 24-well plate for 24 h 

in order to be full hydrated. The specimens were moved into wells containing protein 
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solution and adsorption was allowed to proceed at 37 °C for 2 hrs under gentle shaking. 

Each sample was then rinsed in the fresh PBS by 50 dippings. The samples were 

subsequently transferred into a well-plate filled in 1mL of PBS solution containing 

1wt% of sodium dodecyl sulfate (SDS), and the surface adsorbed protein was 

completely desorbed by sonication for 20 min. A protein analysis kit (Micro BCATM 

protein assay reagent kit, #23235, Pierece, Rockford, IL, USA) based on the 

bicinchoninic acid (BCA) method was used to determine the concentration of the 

protein in the 1wt% SDS solution. The amount of protein on the sample films was 

calculated from the concentration in the SDS solution. The concentration of the protein 

was measured by an absorptiometer (Wallac 1420 ARVO SX, Perkin-Elmer, Japan) at 

560 nm.  

 

4.4 RESULTS AND DISCUSSION 

4.4.1 XRD: Structure Analysis  

Scheme 4.1 shows the expected reaction mechanism for the preparation of 

nanocomposites of CS-g-PDMS and montmorillonite.  

Scheme 4.1 Schematic illustration of preparation of grafted nanohybrids 
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For nanocomposite preparation, aqueous suspension of Na+-MMT was treated with 

aqueous CS solution, by controlling the pH ~ 5.0 to avoid any structural change of the 

silicate layers. On the other hand, acidic pH is necessary for the protonation of -NH2 

groups of CS. In such conditions, the adsorption process is mainly controlled by a 

cationic exchange mechanism due to the columbic interactions between the positive –

NH3
+ groups of the biopolymer and the negative sites in the MMT clay structure. 

Because of the hydrophilic and polycationic nature of CS in acidic media, this 

biopolymer solution has good miscibility with Na+-MMT and can easily intercalate into 

the clay interlayer by means of cationic exchange process. Since one CS unit possesses 

one –NH2 and two –OH groups, these functional groups can form strong intermolecular 

hydrogen bonds with the silanol (Si-OH) edges, which lead to the strong affinity 

between the matrix and silicate layers. The WAXD patterns of pristine Na+ -MMT and 

its nanocomposites with CS-g-PDMS are shown in Figure 4.2.  

It was reported24, 25, that CS has an orthorhombic unit cell of crystal plane 001 

with a = 8.24 Å, b = 10.39 Å, and c = 16.48 Å, and is larger than that of crystal plane 

002 with a = 4.5 Å, b = 10.1 Å, and c = 0.35 Å. The peaks appearing at around 2θ = 

5.2° are assigned to (001) and (100), while the peaks around 2θ = 21° are assigned to 

(020) and (200), according to ICDD No. 39-1894, which can be identified as semi-

crystalline chitosan. The measured d001-spacing of Na+-MMT was 12.26 Å (2θ =7.4°). 

This peak in CS-g-PDMS nanocomposites is substituted by a new weakened broad 

peak at around 2θ  = 4.9°. It can be observed that d001- spacing of the nanocomposite 

(CS-PD-A) was increased to 16.98 Å (2θ = 5.2°). This decrease in 2θ value or increase 

in d-spacing confirms the formation of intercalated nanostructure of CS in the clay 

interlayer, while the peak broadening and decrease in intensity is likely to assign as 

disordered intercalated or exfoliated structure (CS-PD-B). This may be attributed to the 

cation exchange between the Na+ ions of clay layers and –NH3
+ groups of CS.  This is 

in agreement with the d001 value of 3.8 Å measured from the XRD pattern of a CS film, 

which represents the thickness of a sheet of polysaccharide chains. 
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Figure 4.2 WXRD patterns of the prepared nanohybrids. 

  

Since PDMS reacts with CS in a homogeneous solution of aqueous lactic acid, the 

grafting will take place at random along the chain, giving rise to a random copolymer. 

This will efficiently destroy the regularity of the packing of the original CS chains, 

which results in the formation of almost amorphous copolymers as most of the 

crystalline domains of CS were destroyed, as shown by the broad peaks in the XRD 

patterns of the prepared nanocomposites, and further confirmed by TGA and DTG 

curves.  

Furthermore, it was found that the crystallinity of CS was decreased with 

increasing clay content, which is probably caused by the well-dispersed clay nano-

crystals which acts as point defects in the CS matrix. In addition Strawhecker et al26 

also reported that strong polymer-filler interaction could change the molecular 

conformation of polymer chain in the vicinity of filler and simultaneously gave rise to 

the formation of localized amorphous regions. 
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4.4.2 FT-IR Spectral Analysis 

Figure 4.3 shows the IR spectra of pristine PDMS and CS-g-PDMS nanohybrid 

film sample. As shown in the spectra of CS-PD-A, the at 1560 cm-1, which is attributed 

to the deformation vibration (δ NH3
+) of the protonated amine groups of CS , is shifted 

towards lower frequency, confirming the interaction between clay and NH3
+ group.  

 

Figure 4.3 Spectral analysis results of the prepared nanohybrids.  

 

These observations are in good agreement with the results obtained from XRD, which 

depicts that the interaction between MMT clay and CS is crucial for the intercalation of 

biopolymer chains into MMT. The characteristic peaks of amine –NH vibration 

deformation appeared at 1595 cm-1 for CS. It is noteworthy here that this peak is 

diminished in CS-PD-A, caused by the grafting of PDMS onto CS. The band at 1721 

cm-1 may be attributed to the νCO stretching band of acetate ions associated with the CS 

moieties.
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 The results of elemental analysis (EA) and percentage of grafting, for the PDMS 

grafted samples were shown in Table 4.2.  

 

Table 4.2 Sorption behavior, EA results and percentage of grafting of the prepared 

composites 

Sample Water absorption 

(%) 

EA (%) 

  C          H         N  

Grafting 

(%) 

CS-PD-A 370 44.92 13.9 8.11 14 

CS-PD-B 465 45.43 7.13 7.87 16 

CS-PD-C 832 45.89 6.11 6.12 19 

CS-PD-D 553 47.11 8.17 7.93 15 

CS-PD-E 312 47.48 13.6 5.19 14 

Neat Chitosan 54 43.22 6.11 7.71 - 

 

The results show that C wt % increases and N wt % decreases after grafting PDMS. 

Besides the vibrational band characteristics of the silicate (νOH of Al, Mg (OH) at ~ 

3635 cm-1; νOH of H2O~ 3430 and 3250 cm-1 are diminished due to the electrostatic 

interaction of polycationic CS (as shown in the INSET Figure 4.3), the bands attributed 

to the intercalated CS and grafted copolymers are also observed. The peaks at 2920, 

2880, 1430, 1320 and 1215 cm-1 attributed to the symmetric/asymmetric CH stretching 

vibrations of pyranose rings. A new peak in CS-PD-A, arising at 1025-1110 cm-1 is 

attributed to Si-O-Si stretch and 1270 cm-1 is due to Si-CH3, a finding consistent with 

the presence of PDMS chains onto CS.  

 

4.4.3 AFM Analysis 

 Because of its high spatial and vertical resolution, atomic force microscopy 

(AFM) has been applied to determine morphology of nanohybrids and considered as a 

powerful tol for imaging the topography of surfaces.  
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(a) (b)

(c) (d)

Figure 4.4 AFM Images of the prepared grafted CS nanohybrids. 

 

Figures 4.4 (a, b) shows the morphology of the pristine CS and CS-g-PDMS hybrid 

films, respectively, analyzed by atomic force microscopy. Pure CS film presents quite 

homogeneous surface while the PDMS grafted film reveals a predominantly hill-valley-

structured surface with irregular pores of nanoscale topography, in accordance with 

other reports27. The surface roughness, measured on scanning areas of 5.00 x 5.00 μm2 

indicated values of 2.99 and 6.24 nm for pure CS film and grafted sample film, 

respectively. The differences between CS and CS-g-PDMS can also be seen in 3D 

images (Figures 4.4 c, d). The highest majority of height population is situated around 

14 and 25 nm for CS and grafted films, respectively. The obtained results support the 

evidence of grafting of PDMS molecular chains onto CS and the images clearly shows 

the variations in the morphology of the pristine CS films and PDMS grafted films.  
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4.4.4 13C-NMR Spectral Analysis  

Solid-state high-resolution NMR spectroscopy was also applied to characterize 

the CS-g-PDMS nanocomposites.  

 

Figure 4.5 Solid state 13C-NMR CP-MAS spectra of pristine CS and PDMS grafted CS 

nanohybrids. 

 

Solid state CP-MAS 13-C-NMR is known to be very sensitive to changes in the local 

structure and the chemical shifts of C-1 and C-4 carbon in 1, 4-linked carbohydrate are 

believed to be highly sensitive to any conformational change at the glycosidic 

linkage28. The resonance peaks for CS are assigned according to the reported 

literature29. The signals observed on the spectra at 23.4 and 174.9 ppm, were attributed 

to the signals of –CH3 and carbonyl (–C=O) of the glucosamine ring, respectively, are 

given in Figure 4.5. Apart from this a new peak around 1.89 ppm, which is attributed 

to Si-CH3
30, 31, appeared which confirms the grafting of PDMS onto CS which is in 

good agreement with the results obtained from FT-IR. 

 

4.4.5 Elemental analysis and % Grafting 

 The percentage of grafting increases with the feed ratio of PDMS to CS, 

approaching a saturation level of 19 % for CS-PD-C. The percentage of grafting 

increases as the feed ratio increases but only at a constant amount of clay. As the 
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amount of clay increases i.e. for CS-PD-E, the percentage of grafting decreases. This is 

attributed to the fact that the diffusion of PDMS chains into CS matrix was inhibited 

under higher clay content. The results show that the light transmittance of the materials 

does not change significantly in the presence of the clay (at low clay content), i.e. the 

nanocomposite films preserve the polymer transparency, but at higher clay content, the 

matrix will loosen its optical transparency resulting into lower extent of grafting. The 

high value of light transmitted through the nanocomposites is due to the fine dispersion 

of the filler into the polymer matrixes; however polymer micro-composites show a 

drastic decrease of the light transmittance in the presence of solid transparency24. Apart 

from this, CS will not only effectively enlarge the inter-lamellar spacing of Na-+MMT, 

but also form a uniform structure in clay. The size of clay inter-lamellae is smaller than 

the wavelength of visible light so that the composites might retain satisfactory 

transparency during UV irradiation. 

 

4.4.6 Thermal Methods 

 TGA (the residual weight percentage versus temperature) and DTG (derivative 

of the differential weight percentage versus temperature) traces for prepared 

nanocomposites are shown in Figure 4.6. The shape of the curves reflects the 

amorphous nature of the copolymers as evidenced by a curve with two well 

differentiated regions. The thermal decomposition profile exhibit two main 

decomposition stages, with one starting at around 100 °C and another at 220 °C, as 

shown in the thermograms. The first stage may be attributed to the elimination of both, 

non-gallery surface adsorbed water and interlayer water molecules. The amount of 

weight loss at this temperature range decreased with increasing clay content of the 

samples, which implies to the formation of a CS-silicate complex, which decreases the 

water absorbability of the films, i.e., decrease the hydrophilicity of the films. The 

second stage, observation of a maximum weight loss at around 290-300 ˚C, can be 

attributed to the scission of the grafted copolymer chains. The weight loss at higher 

temperature was observed to be low. It reveals the presence of cross linked structure, 

which is formed by thermal cross linking at first stage of decomposition32. The 

maximum decomposition temperature was observed to be higher for nanocomposites 

CS-PD-A and CS-PD-B than that for CS-PD-E. The presence of nano-sized silicate 

layers plays a leading role in enhancing the thermal stabilities of the grafted 

copolymers, by obstructing the out-diffusion of the volatile decomposition products. It 
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is important to mention here that the values of char yields were almost coincident with 

the amounts of the clay in nanocomposites. 

 

Figure 4.6 TGA and DTG Thermograms of CS-g-PDMS nanocomposites 

 

Therefore, the increased char ratios mainly resulted from the nonvolatile silicate layers 

and the char formation from organic part (grafted PDMS chains and CS). This was also 

supported for other polymer-silica hybrid materials33. In case of CS-PD-E (20 %wt. 

Clay), the incorporation of silicate layers gets more and more hindered because of 

geometrical constraints within the limited space remaining available in the polymer 

matrix. In other words, the polymer chain confinement into silicate galleries (in CS-

PD-E) is reduced in a limited space. The DTG curves corresponding to the prepared 

nanocomposites show an endothermic process at 160 ˚C which is associated with a 

weight loss of physically adsorbed water molecules and two endothermic processes at 

294 ˚C and 470 ˚C endothermic processes i.e. pyrolytic decomposition (weight loss of 

41%) followed by the combustion (weight loss of 33%) of the biopolymer. 
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4.4.7 Water Absorption Studies: 

The behavior of water absorption of CS-g-PDMS/ Na+-MMT composites was 

investigated, and results were shown in Table 4.2. The water absorption of composite 

films decreases with an increase of clay with CS matrix. This is probably due to the 

formation of a barrier in the form of cross-linking points, which prevent water 

permeation into CS. Pure CS is hydrophilic, but it does not absorb much water. CS 

displays many –OH and –NH groups, which cause strong intermolecular and 

intramolecular hydrogen bonds; thus, the infiltration and diffusion of water, is 

restrained. The water absorption of PDMS grafted CS is higher than the pristine CS. It 

can be attributed to the fact that the presence of microphase separation of PDMS 

amphiphile in CS matrix will effectively break the integrity of molecular structure in 

grafted CS, which can expose more functional groups for water absorption. Along with 

this the grafted hydrophobic PDMS backbone might microphasically aggregate and 

renders hydrophilic parts exposed due to hydroxyl end groups hydrogen bonding with 

CS. This swelling extent will depend on the osmotic pressure and charge repulsion, the 

degree of ionization and also on grafting extent34 which have already been 

demonstrated by the dependence of lactic acid grafted CS on the temperature and pH of 

solution. In comparison of grafted CS, samples of nanocomposites have shown lower 

water absorption and it decreases with increasing content of clay. It can be attributed to 

the interaction between layered silicates and copolymers in which intercalated polymer 

chains, which are more responsible for hydrophilicity, were confined into silicate 

galleries. Since sodium montmorillonite is hydrophilic clay, resulting composites were 

expected to be hydrophilic. The reduction in water absorption may be due to the fact 

that the formation of nanocomposites occurred through the cation exchange between –

NH3
+ and Na+ ions. Thus, water absorption to the silicate layers appears to be reduced. 

In other words, in a particular space (size) of composite, cationically modified silicate 

layers will be as immobilized phases. The increasing content of layered silicate 

increases the immobilized phase throughout the matrix.  

The interaction between the mobilized and immobilized phases has shown to 

reduce the water absorption35 and have already been demonstrated by Xu et al36 in 

favor of reduction of water absorption. In addition, the composites were allowed to 

swell up to their equilibrium, which was reached after 25 hrs. After complete swelling, 

we dried the films under vacuum oven at 65°C to investigate the moisture retention 
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capacity of the composite films. We observed that the films could hold the moisture for 

a long time. It shows the high water retention capacity of CS. The increasing clay 

loading decreases the water absorption and increases the time for drying up to constant 

weight i.e. they hold the moisture for longer time. It may be due to clay, which may act 

as a physical barrier for the moisture to exude out from the films. 

 

4.4.8 Protein Adsorption Studies: 

 Table 4.3 shows the amount of BAF-5 and lysozyme adsorption on the 

membranes from the PBS buffer with 10% in vivo concentrations. There were little 

differences in the amount of adsorptions among the grafted PDMS membranes, which 

strongly agree with the results of the surface characterization. The average amount of 

BAF-5 adsorption on the PDMS grafted film (CSPD-1) was 7.65µg/ml, which is 

around 70% less as compared to the unmodified PDMS film sample, which is 

12.1µg/ml. These results also agree with a previous report on the poly (MPC)-grafted 

surface37.  

 

Table 4.3 Protein adsorption values of the pristine CS and PDMS grafted nanohybrids. 

Sample Adsorption of BAF-5 (%) Adsorption of Lysozyme 

(%) 

PDMS 2.41 5.83 

CSPD-1 1.70 4.02 

CSPD-2 1.99 4.20 

CSPD-3 1.78 3.94 

 

The mechanism of protein adsorption resistivity on the PDMS grafted samples is 

thought to be based on the interactions between water and the PDMS side chains. The 

large amount of free water around the grafted PDMS is thought to repel proteins and 

even prevent conformational changes in the adsorbed proteins38. The reduction in 

protein adsorption is also thought to be due to the presence of a thick hydrated layer 

around the hydrophobic PDMS side chains39. The determining factors for the protein 

adsorption behavior of the end-tethered polymer chains have been identified as the 

graft density, chain length, and chain conformation on the surface.  
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The large portion of proteins, reversibly adsorbed on the film samples was eluted by 

rinsing with the SDS solution, while there were no considerable changes in the 

proportion of proteins adsorbed before the SDS treatments. The hydrophobic 

characteristics of PDMS have appeared to attract most proteins, originating from the 

hydrophobic interaction with proteins, which motivated surface modification to endow 

hydrophilicity. This suggests that a certain amount of PDMS in CS-g-PDMS remains 

on the surface to be exposed on human plasma although the high flexibility of PDMS 

has a high tendency to bury itself in the interior of the hydrogel. Although there exists a 

general concept that hydrogels tend to adsorb less proteins than hydrophobic materials 

which is mainly ascribed to the hydrophilicity and low interfacial energy in an aqueous 

environment, but the studies to find a correlation between hydrophilicity and protein 

adsorption have often failed. For example, Lee40 investigated the relationship between 

serum protein adsorption and the surface hydrophilicity of polymeric materials by using 

wettability gradient surfaces prepared by treating polyurethane in air with corona. Their 

study showed that the serum proteins were adsorbed more onto the positions with 

moderate hydrophilicity than those with extremely hydrophilic or hydrophobic 

characteristics. Our results also suggest that the hydrophilicity of polymers is not 

necessarily responsible for protein adsorption, which is definitely influenced by the 

surface chemistry and type of proteins.  

 

4.5 CONCLUSIONS 

We have demonstrated a novel way to prepare inorganic-organic hybrids from 

biopolymer and montmorillonite. The intercalation of cationic biopolymer CS into Na+- 

MMT by a cationic exchange process results into nanohybrids with both interesting 

structural and functional properties. The grafting of PDMS imparts the hydrophilicity 

and swelling behavior to the CS. The incorporation of clay affects the preparation and 

physio-morphic properties of grafted copolymer. The grafted PDMS chains were acting 

as a plasticizer to give flexible films. The increasing content of clay decreases water 

absorption and imparts little branched crystallite structure in the film. The swelling 

behavior and longer water retention properties were discussed, which could be applied 

in biomedical field. Reductions of the adsorbed single proteins on the CS-g-PDMS 

films were about 40-50 %. The presence of highly hydrated thick water layer around 

the grafted samples is seem to reduce the protein adsorption. Our study reveals that the 

PDMS grafted CS nanohybrid film is a potential candidate in biomedical applications. 
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CHAPTER V 

 

Preparation and Characterization of Novel Nanohybrid of 

Biomineralized Zn-Al Layered Double Hydroxides using 

Chitosan as a Template 
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5.1 INTRODUCTION 

Biomineralization is the process leading to the formation of a variety of solid 

inorganic structures by living organisms, such as intracellular bone, teeth, egg-shells, 

algae and invertebrate exoskeletons, and also pathological biominerals such as gall- and 

kidney stones. Molecular biomimetics or biomineralization is the marriage of physical 

and biological fields that lead to the formation of a variety of solid inorganic structures 

by living organisms, such as sea-shells, intracellular bone, teeth, algae and also 

pathological biominerals such as gall and kidney stones1. Material scientists have 

shown ample interest for biomineralization process because the produced inorganic-

organic hybrid biocomposites by natures self assembled processes show interesting 

properties with a controlled morphological structure and well defined. In biominerals, 

the organic component exerts a reinforcing effect on the mechanical properties and 

expels the mineralization process, to the formation of particles of well-defined size, 

novel crystal morphology, specific crystallographic orientation and superb properties2.  

In biomimetic mineralization, commonly designed experiments involve the 

combination of insoluble templates/matrixes and soluble macromolecules in an aqueous 

medium. A frequently used template is Chitosan (CSI) film/fiber, which is present in all 

mollusks shells and is believed to play an important role during the biomineralization 

process in-vivo. The matrix exerts a control through supramolecular architecture with 

soluble macromolecules, while soluble additives act as the enriching agency of metallic 

ions via electrostatic/coordinative interaction to form nucleation points for the 

crystallization. There are few reports of biomineralization and duplication of living bio-

assembly by associating a biopolymer and a mineral, such as polylactide/layered 

silicate nanocomposites3. Alginate-silica biocomposite was used for enzyme and cell 

immobilization4. Polymers have been used to control the nucleation and growth of 

calcium carbonate crystals. In many cases, the field of biomineralization has motivated 

these studies. Many polysaccharides are natural block copolymers and consist of two or 

more different glycosidic monomer units. Alginates, which, are extracted from 

seaweed, are composed of mannuronic and glucoronic acid residues. Their importance 

in the field of biomineralization, where anionic polysaccharides provide the template 

for the intricate hierarchical assemblies of calcium carbonate in cocoliths5, relatively 

little work has been done on the systematic study of the influence of simple 

polysaccharides on calcium carbonate crystallization. Chitosan, is a partially 
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deacetylated derivative of chitin, which is a natural polymer found in the cell wall of 

fungi, microorganisms and in all mollusk shells, is believed to play an important role in 

controlling the biomineralization process, in vivo6.  

The biomineralization process mainly occurs through the following steps: (1) 

the matrix forms a mineralization framework, where metal ions are entrapped and 

associated through electrostatic interaction with soluble proteins/polysaccharides and 

adopts its shape; (2) subsequently an oriented nuclei form across the intracellular sites 

and the crystallization front propagates from the surface of the matrix, resulting in the 

formation of a single crystal with controlled orientation and predetermined 

microstructure. The biomolecules control crystal habit, morphology, as well as the size 

and shape of crystal complexed with organic substances. If we could even partly mimic 

such biomineralization processes, new high-performance and/or functional materials 

that are environmentally benign could be obtained with energy consumption.  

Ibuprofen (Ibu) is a non-steroidal anti-inflammatory (NSAID) drug used for the 

relief of rheumatoid arthritis and osteoarthritis. Due to frequent side effects, its use is 

often limited7. These problems could be reduced by a formulation able to control the 

drug release. As matrices to prepare a controlled release formulation, we have taken 

into account lamellar compounds. The idea was to store the drug in the interlayer 

region of the lamellar host and allow the drug release as a consequence of a de-

intercalation process.  

Lamellar LDH structure is commonly described as edge-sharing octahedral 

sheets in which, by comparison with the Brucite M (OH)2, some of the divalent cations 

are replaced by trivalent cations. The excess of charge, i.e. Al+3 content, is counter 

balanced by interlayer anions, leading to an anionic exchange capacity. The latter may 

be as high as 2.46 mq/g and associated with a layer charge density of 25.4Å2 per e- for 

a ratio of 2 Zn to Al of 2. The general formula for LDH is M+2
1-xM+3(OH)2. (An-)x/n. 

mH2O, where M+2 is the divalent cation, M+3 is the trivalent cation, An- is the interlayer 

anion, and mH2O refers to the water in the interlayer space. 

For biological applications, the use of LDH was limited as an antacid agent8, 

where dissolved LDH was used as a buffer and acids were neutralized in the presence 

of its basic components (carbonate and hydroxyl ions). Other uses of LDH were also 

reported9, 10, however, none of them focused on utilizing the intercalating properties as 

a drug delivery/carrier agent, until Ambrogi and coworkers11. The authors investigated 

the intercalating properties and sustained drug release properties of LDH by using Ibu 
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as a model drug. This study was followed by other reports of successful intercalation of 

drug molecules into LDH12-14. In continuation to this Kwak15 et al proposed LDH as the 

gene delivery agent where DNA can be intercalated for gene therapy applications. Later 

on, Tyner16 et al reported the successful expression of gene, following a LDH 

facilitated transfection. This study has its importance which lies in the fact that 

biological macromolecules can be intercalated in LDH, delivered as a LDH 

bionanohybrids, and can be de-intercalated within the cell without loss of its 

functionality. Based on these studies, it may be concluded that the LDH can be 

classified as a bio-ceramic and has tremendous potential in drug delivery system 

(DDS). The primary objective of the current study is to contribute to the eventual 

development of a new generation biomaterial based on LDH for applications as a drug 

carrier. Therefore, a couple of issues, namely, biomineralization, bio-interaction and in-

vitro release studies, including buffer properties and cell-proliferation studies to be 

addressed. Bio-interaction is a central issue in DDS, which involves not only 

biocompatibility but also the behavior of the LDH system in-vitro. The study of bio-

interaction was initiated by performing an extensive literature survey to assimilate and 

evaluate existing data on LDH from a drug delivery perspective. Following this, two 

specific objectives were set. Firstly, to identify the parameters involved in the synthesis 

of LDH, with compositions suitable for DDS. It is noteworthy here that the 

composition/formulation of DDS would include elements which are prevalent in the 

physiological system and, therefore, would offer the highest biocompatibility. Second 

objective is to formulate a robust methodology to produce LDH with Zn and Al ions. 

Unlike the Brucite like layers, the interlayer region of LDH is not a rigid structure. It 

primarily consists of ionic bonds between the anions and the Brucite like layers. The 

structure is further stabilized through Hydrogen-bonding between the interlayer water 

molecules with the hydroxyls, as well as between the –OH on adjacent sides. The 

interlayer anions and water molecules are free to move since these bonds can form and 

reform much like in water. Thus the anions can be exchanged with other negatively 

charged species such as drugs and genes, thereby varying the interlayer spacing. The 

inherent structural flexibility of LDH allows many different types of anions to be 

intercalated; the list includes both organic and inorganic anions, ranging from simple 

amino acids to proteins and DNA, as well as drugs17 genes18, adenosine 

monophosphate19 and biopolymer such as poly (α, β-aspartate)20.  
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CSI molecules have C=O, -OH and -NH groups on its backbone, which can coordinate 

strongly with the Lewis acidic sites. This interaction is supposed to occur during the 

growth of LDH crystals, which can lead to specific size, control and morphology21. We 

have intended to know how the biopolymer could direct an ordered structure with 

specific morphology and could orientate the assembly of inorganic intricate lamellae. 

Their biological importance is due to the fact that inorganic/polymer compositions can 

be designed to imitate and/or simulate various biomineralization processes. Moreover, 

CSI can provide the necessary controlled release and buffering property for the 

prepared nanohybrids to be used as an effective antacid. So, we choose to synthesize 

LDH/CSI hybrids by a co-precipitation route involving the in-situ formation of LDH 

layers. Intercalation of Ibu was done by a well-known Ion-Exchange method. Here CSI 

acts as a templating molecule for LDH crystallization where it acts as a glue to 

consolidate nanosized LDH particles into larger scale aggregates. Generally, the 

macromolecule first formed a framework at the solution interface, and then Zn ions 

were bound to the polymer chain by the –COO- group, resulting in a local high 

concentration of the Zn ions inside the framework, consequently inducing the 

nucleation occurrence. 

To the best of our knowledge, this is the first example of documentation of the 

preparation and physio-morphic investigation of Zn/Al layered double hydroxide using 

CSI as a template. The neutralizing and buffering capabilities of the nanohybrids in 

HCl aqueous solutions were also evaluated, followed by in-vitro cell-proliferation 

studies. 

 

5.2 EXPERIMENTAL 

5.2.1 Materials 

Chitosan of low molecular weight (Mv 1.5x105, degree of deacetylation was 

85%) were obtained from Sigma-Aldrich. Aqueous solutions were prepared from 

chemicals of analytical grades: AlCl3.6H2O (purity>99%, Merck), ZnCl2 (98%, 

Merck), NaOH (98%, S.D. Fine Chemicals). Deionized water (resistivity of 

18.2MΩ.cm) was obtained with a Millipore ultra pure water system, which was 

previously distilled and decarbonated by boiling and bubbling inert gas (N2). 
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5.2.2 Synthesis procedure by Co-precipitation method: 

First CSI is dissolved in 300ml of bidistilled water. Chitosan was dissolved in 

an aqueous solution of lactic acid, then NaOH was added to the biopolymer solution to 

reach a pH value of 9 to ensure complete deprotonation of carboxylic groups of CSI. 

Such a pH value is compatible with the standard co-precipitation of Zn-Al LDH as 

reported by de Roy22. AlCl3.6H2O (0.68g) and 0.603g of ZnCl2 were dissolved in 

500ml of decarbonated bidistilled water. This solution was added drop-wise with an 

addition funnel to the biopolymer solution while kept under nitrogen atmosphere, to 

avoid the CO3 contamination. [Zn2+ + Al3+ = 1 mol l-1, Zn/Al = 3, were continuously 

added 12ml h-1. Zn2+ + Al3+ concentration was about 0.14 mol l–1.] 

Simultaneously, a solution of 1M NaOH was also added drop wise to the biopolymer 

solution through an additional funnel by keeping a constant pH of 9 during the 

synthesis. The precipitate was aged in the mother liquid for 24h, and the white solid 

products were isolated by repeated centrifuging and washing with decarbonated water 

and finally dried at 40°C. The [Zn2Al (OH)6]Cl. nH2O LDH without intercalated 

biopolymer, denoted as LDH was synthesized following the same procedure but 

replacing the biopolymer solution with bi-distilled water.  

Precipitation of LDH occurs at pH values of 8.5-9.0, where the solubility of Zn 

chloride is much higher than that of Al chloride. Therefore, almost all the Al is co-

precipitated with the Zn ions to obtain a solid with the stoichiometry of two Zn for each 

Al. This corresponds to an ideal disposition in the Brucite-like sheet of each Al atom 

surrounded by six Zn atoms. During the centrifuging, sealed containers were used to 

avoid contact with air, and the deionized-distilled water used for synthesis and 

washing, was decarbonated prior to use by boiling and subsequent cooling in the 

absence of CO2 by means of a gas-washing bottle filled with KOH solution. During the 

washing process, some of the LDH particles that remained suspended in the supernatant 

after centrifuging were discarded. 

 

5.2.2 CHARACTERIZATION METHODS 

5.2.2.1 X-Ray Diffraction:  

The WAXD patterns of the sample powder were obtained using a Rigaku 

(Japan) Dmax 2500 X-ray diffractometer with Cu-Kα radiation. The system consists of 

a rotating anode generator with a Cu target and a wide angle powder goniometer having 
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a diffracted beam graphite monochromator. The generator was operated at 40 kV and 

150 mA. All the experiments were performed in the reflection mode. The samples were 

scanned between 2θ= 2° to 70 ° at a scan rate of 5°/minute. The d-spacing was 

calculated by Bragg’s formula, where the λ was 0.154 nm. 

 

5.2.2.2 Transmission Electron Microscopy: 

 Transmission electron microscopy (TEM) was carried with a JEOL 2000 EX-II 

instrument (JEOL, Tokyo, Japan) operated at an accelerating voltage of 100 kV. TEM 

samples were prepared by dipping carbon coated copper TEM grids into dilute 

suspensions of the sample powder in ethanol, followed by sonication in a probe 

sonicator for 30 minutes. 

 

5.2.2.3 FTIR- Spectroscopy: 

The Fourier-transform infrared (FTIR) spectra were obtained from the sample 

on a Perkin-Elmer Spectrum GX. The samples were mixed with dry KBr, pelletized 

and then scanned in the range of 4000 cm-1 to 400 cm-1 at a resolution of 4 cm-1. A 

total of 10 scans were used for signal averaging.  

 

5.2.2.4 Atomic Force Microscopy (AFM) analysis: 

 AFM images of pristine CS film and biomineralized CS samples were taken on 

a Nanoscope IV AFM instrument under contact mode. The height (topography) and 

phase images were performed with a tapping silicon tip with specified resonance 

frequency of ~ 280 kHz and nominal tip radius of curvature smaller than 10 nm. 

Typical scan rate for image acquisition was ~1.00 lines/sec. 

 

5.2.2.5 Scanning Electron Microscopy: 

 The internal structure and surface morphology was investigated by SEM (JEOL 

Stereoscan 440, Cambridge). 

 

5.2.2.6 13C and 27Al NMR:  

The proton-decoupled solid state 13C-NMR (I = 1/2) CP-MAS NMR spectra 

were obtained in a Bruker Avance 300 spectrometer, using a standard cross-

polarization pulse sequence. Samples were spun at 10 kHz. Spectrometer frequencies 

were set to 100.62 for 13C. The numbers of scans were of 800. The cross polarization 
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time was 0.5 ms. Chemical shift values were referenced to tetra methyl silane (TMS). 
27Al (I = 5/2) CP MAS NMR spectra were obtained in a Bruker Avance 300 

spectrometer, using a standard cross-polarization pulse sequence. Samples were spun at 

10 kHz. 

 

5.2.2.7 Thermal Methods:  

Thermal gravimetric analysis (TGA) was conducted on a Perkin-Elmer TGA 7- thermal 

analyzer from 50°C to 900°C with a heating rate of 10°C min-1 under nitrogen with 

flow rate 20ml min-1, in a platinum crucible. 

 

5.2.3 IN-VITRO STUDIES  

5.2.3.1 Buffering Capability: 

Buffering or neutralizing capability of the prepared nanohybrids was evaluated 

by monitoring the change in the pH value of the sample suspension with addition of 0.1 

mol/L HCl aqueous solution at 37 ˚C. In a typical experiment, 100 mg of the powdered 

sample was suspended in a 10 ml of deionized water and kept stirring at 37 °C. At a 

regular interval of time, aliquots of 0.1-0.5 mL of the HCl aqueous solution were added 

to the suspensions until the pH reached the value of ca. 1. This procedure was repeated 

until the entire solid was dissolved. 

 

5.2.3.2 In-Vitro Drug Release: 

For in-vitro drug release studies, Ibuprofen (Ibu) was taken as model drug.  For 

this study, 1g of LDH and CSI-LDH was added to 80 ml of a 5 mM aqueous Ibu drug 

solution at 60 °C and stirred for three days. The resulting Ibu loaded samples were 

dried under vacuum and washed thrice with hexane to remove unadsorbed Ibu. Release 

studies were performed by dispersing Ibu-LDH and CSI-Ibu-LDH in 200 ml Phosphate 

Buffer Saline (PBS, pH 6.8) at 37 °C in the USP XX paddle type apparatus and the 

Ibuprofen content (mass/volume ratio) was selected in order to simulate sink 

conditions, according to the Ibu solubility at this pH value23. Aliquots of 4 ml of 

dissolution medium were taken at different time interval, filtered with a 15 mm micro 

filter unit, and their Ibu content was determined by UV absorption at 264 nm.  
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5.2.3.3 Cell-Viability Studies: 

Cell viability studies were performed on HL-60 Leukemia Cell Line and the procedure 

was followed in accordance with the procedure suggested by Jae24. After allowing 24 

hours for cell adhesion, the cells were analyzed everyday (3 flasks per day) for 6 days. 

The relative cell-growth compared to control cells containing cell culture medium 

without CS was calculated by [A] test/[A] control. For this, after every 24 h, 100 μl of the 

cell culture was incubated for MTT assay and the absorbance was taken at 490 nm 

wavelength in Spectrophotometer Plate Reader.For this, after every 24 h, 100 μl of the 

cell culture was incubated for MTT assay and the absorbance was taken at 490 nm 

wavelength in Spectrophotometer Plate Reader. All the in-vitro tests were made in 

triplicate and the results were recorded as an average.  

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Biomineralization Process 

The process of biomineralization is usually related to the inorganic-organic 

interface reaction governed by hierarchical series of forces, such as hydrogen bonding, 

dipolar forces, van-der Walls forces, hydrophilic-hydrophobic interactions, structural 

and stereo-chemistry, and so on. In this process, the mineral nuclei will continue to 

grow within the confines of their supramolecular host. The most important principle 

understood from biomineralization processes is that nucleation and growth of the 

biomineral phase are almost carefully and exquisitely controlled by complex organic 

matrix biopolymer pre-organized supramolecular templates. Macromolecules play an 

important role in the amorphous-crystal transformation; these macromolecules act as 

conduits for the removal of water, stress, and impurities during the transformation from 

an amorphous structure to a crystal, implying a multi-step crystallization process in 

biomineralization. 

Air must be carefully excluded prior to the nanohybrid synthesis in order to 

avoid incorporation of carbonate ions into the product. The preferential accommodation 

of carbonate is readily explained as a result of the favorable lattice stabilization 

enthalpy associated with the small, highly charged CO3
2- anions, and is well known to 

cause difficulties in preparing LDHs with singly charged anions such as hydroxide and 

nitrate. Attempted synthesis of the polymer-LDH nanocomposites in air always resulted 

in the carbonate form with no evidence of polymer incorporation. Once prepared under 
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N2, however, the polymer-containing nanocomposites are air stable. As a test, some 

nanocomposites were stirred in an aqueous solution of sodium carbonate for one week, 

with no evidence of exchange of polymeric anion for carbonate, as confirmed by XRD 

and chemical analysis. Here, CSI acts as template for LDH synthesis. The above results 

suggest that CSI has been successfully used as a kind of bio-mineralization template to 

modify LDH particle aggregation. CSI molecule dissolved in water can form regular 

self-assembled organic superstructure, and the hydroxyl and amino groups in CSI can 

coordinate strongly with Zn2+ and Al3+. The growth of the LDH crystallites, which 

occurs at the inorganic-organic interface, is therefore, templated by CSI because of its 

coordination with Zn2+ and Al3+ located on the surface of LDH sheets. It is expected 

that a kind of organic template, which has stronger interaction with metal ions on the 

layers, can change the morphology of LDHs particles more significantly.  

 

5.3.2 XRD Analysis 

Figure 5.1 shows the powder XRD patterns of LDH and CSI-LDH. The d001 

spacings are obtained by the first rational orders corresponding to the 00l reflections. 

The XRD pattern of LDH exhibits strong basal sharp set of (001) reflections, indicative 

of a long-range ordering in the stacking dimension. Samples have not been 

contaminated by atmospheric carbon dioxide, as no peak corresponding to a secondary 

carbonate-intercalated hydrotalcite-like phase is recorded. The first peak occurring at a 

low 2θ angle was attributed to the reflections from the (003) family of crystallographic 

planes, which equals the thickness of one brucite-like layers (approximately 4.8 Å) plus 

one interlayer repeat distance d (where d=λ/2sinθ). All the peaks were indexed in a 

hexagonal unit cell with R3m rhombohedral symmetry, where C0= 23.19 Å, which 

corresponds to three times the distance between adjacent layers of interlayer distance of 

7.73 Å, confirming the hydrotalcite-like material25. In addition, the sharp and 

symmetric features of the diffraction peaks reveal the high crystallinity, three-

dimensional stacking order of the prepared LDH. The analogues peaks for the CSI-

LDH are calculated from the d00l spacing and the thickness of the inorganic layers. 

LDHs crystallites grow faster in (110) than in (003), because of closer crystal plane 

distance of (110)26.  
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Figure 5.1 XRD patterns of the prepared nanohybrids. 

 

The average value of d003 for CSI-LDH is 13.96 Å. If the width of the brucite like-layer 

(4.8 Å)27 is subtracted, the gallery height is 9.16 Å for the CSI- (the size of the CSI is 

7.23Å), somewhat smaller than the gallery height. This means that there is space 

enough to accommodate the biopolymer with its polysaccharide chain perpendicular to 

the layers in the interlayer, along with water molecules, even at high layer charge 

densities. The dimension of the interlamellar gap (~8 Å) is consistent with the presence 

of the biopolymer lying more or less perpendicularly to the sheets. As a more thorough 

investigation of the structure and properties of LDH using chitosan as template, the N2 

adsorption experiments were carried out to feature the surface area and the pore 

volume. Specific surface area of Zn-Al LDH decreases from 47.96 to 1.03 m2/g and 

pore volume decreases from 0.29 to 0.01 cm3/g, upon adding 2 g/l of CS, indicating the 

strong agglomeration of LDH primary particles onto CS. 

 

5.3.3 FT-IR Spectra 

FT-IR spectra of LDH and CSI-LDH, in the range of 4000-400 cm-1, as shown 

in Figure 5.2, which shows vibration bands at 1622 cm-1 (δHOH), 787 and 621 cm-1 (νM-
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O), and a peak around 420 cm-1, which is attributed to the δO-M-O deformation vibrations 

in the LDH sheets28 indicating that the LDH structure is truly formed when CSI is used 

as a template, as confirmed previously by XRD. 

 

 

Figure 5.2 FT-IR spectral analysis of the prepared nanohybrids. 

 

A strong vibration band around 3450 cm-1 is observed in both the spectra and is 

attributed to the stretching vibration (νOH) of water molecules and hydroxyl groups 

belonging to brucite layers29. For CSI-LDH, the bands arising from various 

functionalities of CSI are located at their characteristic wave number bearing amino 

and acetyl groups (νN-H at ~ 3450 cm-1; νO-H ~3362 cm-1, ν C-H ~ 2920 cm-1; amide II ~ 

1659 cm-1; δ NH3 ~ 1597 cm-1; δ CH- 1320 cm-1; ν C-O of C-O-C ~1152 cm-1), 

characteristics of the pyranose ring30. The amide I band at 1650 cm-1 is overlapped with 

δHOH bending vibrations at 1640 cm-1 of the water molecules associated to the 

nanohybrids, as expected for a biopolymer with high water retention capacity. A 

downshift in frequency corresponding to a weakening of the C=O (1361 cm-1) bond 

strength is also observed. The disappearance of the C=O bond in CSI-LDH indicates 

the presence of an electrostatic binding with the anionic clay surface through a 
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hydrogen bond via the path C=O…H-O-M (M=Zn or Al). It has been accepted that the 

coordination of the O atom in the CSI decreases the electron density in the C-O bond 

and thus also decreases the force constant in the vibration resulting the downward shift 

of the C-O vibration band to the lower wave number side, which has been observed in 

the FT-IR spectra of CSI-LDH.   

 

5.3.4 Microscopic Measurement 

TEM micrographs of LDH and CSI-LDH is given in Figure 5.3, which clearly 

shows the thin plate-like morphology of LDH (Figure 5.3 a) having thickness of 30-40 

nm and lateral dimension from 200 nm to 2 μm, while TEM of CSI-LDH (Figure 5.3 

b) showed interesting curved tactoids with multiple layer agglomerates.  

  

Figure 5.3 TEM images of (a) LDH (b) CSI-LDH and (c) Selected Area Electron 

Diffraction (SAED) of CSI-LDH. 

 

He31 and coworkers also observed similar morphology, and showed that it could be due 

to the strong agglomeration of the LDH primary particles on the biopolymer matrix. 

Figure 5.3 c, shows the corresponding selected area electron diffraction (SAED) of 

CSI-LDH, which displays a ring-pattern in agreement with the hexagonal plate like 

crystal structure with a crystallographic parameter a of 0.310 nm. These images are in 

good agreement with the results obtained from XRD and SEM.  

The SEM image of LDH (Figure 5.4) shows the usual “sand rose” morphology 

of the LDH, which is quite different from that, observed in the SEM image of CSI-

LDH. The micro crystals of the CSI-LDH differ from LDH with the presence of large 

hexagonal chunks. The biopolymer seems to provide compactness, which results in the 

aggregation of the LDH particles. This is due to the strong edge-surface platelet 
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interactions. Moreover, once the aggregates are formed they are very stable and 

resistant to de-cohesion even under powerful ultrasonic treatments.  The size of the 

platelets is substantially reduced for the intercalation compound. The morphology of 

the LDH-biopolymer nanohybrids differs with the presence of large chunks. It is related 

to the synthesis pathway, with the LDH crystal being self-assembled on the 

biopolymer. Such arrangement of LDH layers and biopolymer slabs suggests the 

enhancement of mechanical and barrier properties of these nanocomposites. Their 

corresponding elemental analysis followed by Energy Dipersive X-ray analysis 

(EDAX) results (Figure 5.4 c-d) confirms the presence of particular constituent 

elements. 

Because of its high spatial and vertical resolution, atomic force microscopy 

(AFM) has been previously applied to determine morphology of nano-sized objects. 

AFM has also proven very powerful in the study of smectite clay chemistry to 

determine the size distribution, the morphology of individual sheets and the structure of 

clay-polymers and even to track the crystallization process32, 33. Figure 5.5 shows a 

typical AFM topographical image of CSI-LDH with LDH particles deposited onto the 

surface of CSI, by the biomineralization process. Isolated oval objects found in the 

AFM image, can be discerned on the CSI substrate. It is evident that all these particles 

have a uniform height distribution around 2.0 nm and a diameter distribution centered 

around 45 nm. 
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Figure 5.4 SEM images and their corresponding EDAX analysis results for (a) LDH 
and (b) CSI-LDH. 

 

 

 

Figure 5.5 AFM image of CSI-LDH. 
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5.3.5 Solid State NMR Studies 

Solid state CP-MAS 13C-NMR is known to be very sensitive to changes in the 

local structure and the chemical shifts of C-1 and C-4 carbon in 1, 4-linked 

carbohydrate are believed to be highly sensitive to any conformational change at the 

glycosidic linkage34. The resonance peaks for CSI are assigned according to the 

literature35. The signals observed at 23.4 and 174.1 ppm, were attributed to the signals 

of –CH3 and –C=O of the glucosamine ring, respectively (Figure 5.6). These peaks in 

CSI-LDH showed a slight shift, which is attributed to the electrostatic interaction 

between the biopolymer and positively charged Brucite layers, which is in qualitative 

agreement with the results obtained from TEM and FT-IR. Similar results were also 

observed when other macromolecular guest species is intercalated into LDH36. We 

have unsuccessfully tried to confirm the nature of the components related to Al species 

from 27-Al-NMR spectra but only a single signal around 13.2 ppm (INSET-5.6), which 

corresponds to Al (III) in octahedral environment, appears in all the studied samples. 

The same type of signal is also observed in the LDH without CSI. EDAX analysis, 

along with ICP-AES, confirms the Zn/Al ratio for LDH and CSI-LDH as 1.87 and 2.1, 

respectively. 

 

Figure 5.6 13-C NMR spectra of LDH and CSI-LDH. INSET figure shows the 27-Al 
NMR of the prepared nanohybrids. 
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5.3.6 T

 the dehydroxylation of the LDH layers and 

partial decomposition of the biopolymer. 

hermal Analysis 

TG and DTG traces for CSI-LDH and LDH are shown in Figure 5.7 (a-b), 

respectively. The shape of the curves reflects good crystallinity degree of the samples. 

LDH shows two mass loss events as evidenced by a curve with two well differentiated 

regions. The first, corresponding to 15.5% loss between 50 °C and 210 °C, has been 

attributed to elimination of both non gallery surface adsorbed water and interlayer 

water molecules. The second event, approximately 28% loss from 300-450 °C, 

corresponds to the dehydroxylation and de-carbonation reactions of the Brucite 

layers37. The total mass loss, 43.5%, provides a water content of n=2.8 based on 

complete conversion to the metal oxides, which agrees well with previous estimates of 

n=2-4 for air-dried samples11. In contrast, three events are observed in the thermal trace 

obtained on the CSI-LDH. The first event, a 15% loss around 100 °C, correspond to the 

elimination of adsorbed water at the surface and between LDH layers. A second loss 

from 300 to 500 °C (23%) is ascribed to
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Figure 5.7 TGA and DTG Curves for (a) CSI-LDH and (b) LDH. 

 

When the biopolymer is present between Zn2Al-LDH sheets, the first process is 

delayed, and is concomitant with the dehydration and dehydroxylation of the inorganic 

layers. In contrary, the second process occurs at lower temperature for the 
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nanocomposites than for the polymer, and may be explained by the combustion of the 

organic residues favored by the presence of the oxide by-products arising from the 

degradation of the LDH moiety at this temperature. The final mass loss is observed at 

approximately 800 °C (22%) and is ascribed to complete oxidative elimination of the 

carbonaceous residue derived from the initial biopolymer degradation. It is important to 

mention here that the values of char yields were almost coincident with the amounts of 

the LDH in nanocomposites. Therefore, the increased char ratios mainly resulted from 

the nonvolatile LDH, and the char formation from organic part (biopolymers). Similar 

results were also reported for other polymer-silica hybrid materials29. On the basis of 

the above result, we may conclude that LDH in LDH-bionanocomposites might not 

lter the thermal degradation mechanism. 

5.4.1 B

 the pH values due to the HCl addition into the perspective aqueous 

a

 

5.4 In-Vitro Studies 

uffer Capability 

Buffering effects of the prepared materials were evaluated by monitoring the 

changes on

solutions.  
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The correspondent calibration graphs for the evaluation of buffer capability of the 

prepared nanohybrids are given in Figure 5.8 (a-b). Ibu-LDH shows buffering effect by 

keeping the pH constant at 3.9 after an addition of 19 ml of HCl, while CSI-Ibu-LDH 

shows slightly more buffering activity due to the alkaline nature of CSI, which can 

effectively neutralize HCl. The neutralizing and buffering capabilities are due to the –

OH and CO3
2- located in the interlayer and on external surface of the LDH. The 

comparative results confirm that chloride anions adsorbed on the LDH external 

surfaces were exchanged by Ibu. In fact, the ion-exchange process on the external 

surfaces of the LDH contributes to decrease the amount of Cl anions, reducing the 

buffering capability of the material. In our study we have shown that, although gastric 

toxicity caused by the NSAID can occur due to their acidic nature or cytotoxic effects 

 the induction of gastric lesions, but these side effects could be reduced by the 

e drugs on an antacid host. 

 

an act as an adhesive between the polymer and the cells through hydrogen 

bonding between the hydroxyl groups of glycol proteins and the water of hydration on 

LDH.  

in

immobilization of th

5.4.2 Cell-viability 

LDH and CSI-LDH were found to be non-toxic (the maximum concentration at 

500 µg/ml) as evidenced by cell-viability studies as shown in Figure 5.9. The cell-

viability was measured by MTT assay of fibroblasts cultures on the prepared 

nanohybrids. The viability of fibroblasts cultured is higher on the first day, while, it 

decreases with increasing time duration. It may be that during proliferation, cells may 

have occupied all the available spaces on the specimens. LDH and CSI-LDH did not 

show significant difference in the cell-viability. The lamellar host, in this study, is 

layered double hydroxides, which are composed of thin stacked lamellae of Zn and Al 

hydroxides that are combined with rather weak interaction such as Vander walls force 

and H-bonding. The interaction between the host (stacked lamellae) and guest 

(biopolymer and drug) compounds can offer an opportunity to develop various new 

hybrid compounds for pharmaceutical use. LDH may develop London-van der Walls 

forces and hydrogen bonding with the cells. As the biopolymer matrix is incorporated 

with LDH, the biopolymer would be surrounded and / or adsorbed onto LDH layers 

which c
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Figure 5.9 Cell-growth studies of the prepared nanohybrids. 

Moreover, under acidic environment (pH 4-5) of cytoplasm, LDH disintegrates into Zn 

and Al ions that are cell-friendly and do not impart any toxic effects, even at a higher 

concentration, as proposed in the present study. Similar results were also observed by 

Kriven et al38. 

 

5.4.3 In-vitro release studies 

Figure 5.10 shows the in-vitro drug release profile. For Ibu-LDH, 60 % of the 

drug was released after 20 minutes and 100 % after 120 minutes while for CSI-Ibu-

LDH, it was 30 % drug release after 20 minutes and 100 % after 100 minutes. The 

interlayer region of this matrix acts like a micro vessel in which the loaded drug 

molecules can be released by a deintercalation process triggered by an ion exchange 

process, due to the ions already present in the phosphate buffer saline. This fluid is 

having the same pH and ionic concentration of small intestine. When LDH is dispersed 

in PBS solution, phosphate ions (small anionic species) will be in the proximity of 

stacked lamellae of LDH, and are more prone for an ion exchange process with the 

already present ions (drug molecules) of LDH. In the case of LDH, H2PO4
-
 anions, once 

exchanged, react with the interlayer –OH of LDH to form layered hydroxyphosphates 

by a grafting reaction, where phosphates are no longer exchangeable and can obstruct 

the exit of intercalated Ibu, as suggested by Ambrogi et al39. As Ibu anions do not pass 

through the matrix directly, neither can pass over the grafted anions, they have to find 

the right pathway with consequent increase of the tortuosity and the length of the 

diffusion pathway in the limited and confined space. The effect of incorporation of 
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LDH layers can be significantly found as reduced rate of release at initial stage of 

immersion for both Ibu-LDH and CSI-Ibu-LDH. 

  

During initial stage of immersion (up to 25 min), the specimen is solvated, which 

facilitates the lateral diffusion of drugs. After 40-50 min, the rate of release is moderate 

and sustained over the time. This may be due to the interactions of LDH layers and 

biopolymer chains with the drug loaded. The interaction between the sodium salt of 

Ibuprofen and LDH surface is stable enough to exhibit the sustained release profile. In 

many pharmaceutical uses, drugs are exposed to various body fluids, such as blood, 

serum, and cytosol, which have a high concentration of salts and polyelectrolytes like 

proteins. In such conditions, the non-toxic minerals like LDH, which are ionic in 

nature, can flocculate with polyelectrolytes on the surface. The presence of CSI, results 

in the formation of the neutral biopolymer matrix on the surface, which is advantageous 

for the improvement of its dispersion stability and bioavailability. So, in the present 

study we have given a hypothesis of biosynthesis of LDH onto the surface of CSI and a 

novel approach of nanohybridization with Ibu drug molecules. 

 

Figure 5.10 Drug release profile of Ibu-LDH and CSI-Ibu-LDH nanohybrids. 
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Scheme 5.1 Schematic illustration of preparation of nanohybrids and cellular uptake. 

 

The prepared nanohybrids can be used as an effective nanocarrier of drugs and other 

bioactive molecules for site-specific drug delivery. Moreover, the prepared nanohybrids 

are cell-compatible and get dissolved in cellular environment to release the 

biomolecules as shown in Scheme 5.1.  

 

5.5 CONCLUSIONS 

In summary, this investigation provided evidence for the feasibility of template 

biomineralization of LDH onto CSI, with novel morphological and physiochemical 

properties, with an optimized route to avoid contamination by atmospheric carbon 

dioxide. XRD pattern indicates the formation of highly crystallized hydrotalcite-like 

phase. The buffer capability of the prepared nanohybrids in the pH range 3.6 seems to 

be ideal for the application as an antacid. The Ibu drug-release studies showed that the 

drug release was controlled for CSI-LDH. Our CSI-LDH nano hybrid approach 

represents a novel way to synthesize highly crystalline LDH, which can be used as 

inorganic carriers able to intercalate drugs and de-intercalation them in order to modify 

their release and to prepare a controlled release formulation.  
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CHAPTER VI 

 

Enzymatic Synthesis of Nanosized Hydroxyapatite  

And it’s Polymorphs 
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6.1 INTRODUCTION 

Wheat bran, which has a substantial amount of bound phosphorous in the form 

of phytic acid, is a cheap agro-based waste material. However, surprsingly there have 

been no attempts at harnessing the enormous amount of phosphorous present in most of 

the agro wastes including wheat bran into nanosized hydroxyapatite particle and its 

polymorphs. Calcium phosphates are compounds of great interest in an 

interdisciplinary field of sciences involving chemistry, biology, medicine, and geology. 

The first attempts to determine their composition by chemical analysis began in the first 

half of the 19th century by Arnolds1. After that, Jones2 introduced the idea of different 

calcium phosphate crystal phases; mixtures of them were called apatites until then. In 

aqueous solutions and at ambient temperatures the most important calcium phosphate 

salts may be seen in Table 6.1, in order of decreasing solubility. The so-called 

amorphous calcium phosphate (ACP) is absent from the list because it is not another 

phase but a microcrystalline mixture of other identified calcium phosphates.  

Hydroxyapatite (HAP) [HAP, Ca10 (PO4)6(OH)2], is the most stable calcium 

phosphate salt at normal temperatures and pH between 4 and 12. HAP has immense 

applications as artificial bone material, supportive media for drug delivery, purification 

of protein, nucleic acid, isolation of virus etc. Purification of biological molecules such 

as proteins and nucleic acids by HAP was first established by Tselius3. The calcium 

phosphate matrix is capable of various chemical interactions with DNA and proteins, 

including charge repulsion by crystal phosphates and metal affinity interactions with 

crystal calcium4-8. Indeed, human bone is a natural composite comprising of nano-

apatite rods (which are <100 nm) arranged in lamellae and bound to collagen9. Thus, 

synthetic HAP is of interest as biocompatible phase reinforcement in biomedical 

composites, for filling bulk bone defects and for coatings on metal implants10. HA and 

other calcium phosphates (calcium deficient Hydroxyapatite, CDHA) are also of 

interest as components in injectable bone cements; controlling particle properties (e.g. 

size and shape) and is often used to modulate cement setting behavior11. 

It is a compound of great interest in catalysis, the industry of fertilizers and 

pharmaceutical products, protein chromatography applications; water treatment 

processes, preparation of biocompatible materials, and mostly because it is the main 

inorganic component in calcified hard tissues (e.g., bone and teeth) of vertebrates12-15. 

HAP is also formed pathologically as a result of functional irregularities resulting in 

cartilage arthritis, formation of renal, bladder, and bile stones, and calcification of 
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transplanted cardiac valves16-18. In this context, HAP is considered as a model 

compound to study biomineralization phenomena19, 20.  For this reason there is a strong 

interest for synthetic, extra pure, well defined HAP crystals for use in detailed 

physicochemical in vitro and in vivo studies, bio-medical applications, and surgery 

(e.g., middle ear implants, reconstructive bone replacement, etc.)21-23. In literature, 

several methods to prepare HAP crystals have been reported, including solid state 

reactions, plasma techniques, crystal growth under hydrothermal conditions, layer 

hydrolysis of other calcium phosphate salts, and sol-gel crystallization24–28. Essentially, 

the synthesis of HAP crystals from supersaturated aqueous solutions is advantageous 

due to low cost and simplicity29, but most of the synthetic procedures followed until 

now led to the formation of non-stoichiometric products30. Deviation from the 

stoichiometry of HAP is due to the presence in the crystal lattice of vacancies and ion 

substitutes such as carbonates, hydrogen phosphates, potassium, sodium, nitrates, and 

chloride, which are usually introduced into the precipitating system with the reactants. 

Contamination of HAP with these ions or formation of deficient hydroxyapatite suffer 

from significant changes in their crystallographic characteristics and have different 

crystal morphology as compared to the stoichiometric31. Difficulties encountered in 

preparing synthetic HAP crystals from aqueous solutions are mainly caused by the high 

chemical affinity of the material to some ions, the complex nature of the calcium 

phosphates system, and the role of kinetic parameters, which, depending on the 

experimental conditions, prevail over the thermodynamics. The formation of synthetic 

HAP crystals from highly supersaturated solutions proceeds via intermediate precursor 

phases, which have a transitory existence, such as tri-calcium phosphate and octa-

calcium phosphate32. Traces of precursors can be detected even after prolonged times 

of hydrolysis, therefore affecting the quality of the final product.  

Table 6.1 Various Calcium Phosphate salts and their composition. 

Molecular Type Ca/P Ratio Name 

Ca5 (PO4)3. (OH) 1.67 Hydroxyapatite 

α and β-Ca3 (PO4)2 1.50 Tri-calcium phosphate 

Ca4H (PO4)3. 2.5 H2O 1.33 Octa-calcium Phosphate 

Ca (HPO4). 2 H2O 1.00 Di-calcium Phosphate Di-hydrate 

Ca (H2PO4)2 0.50 Mono-calcium Phosphate 

Ca (H2PO4)2. H2O 0.50 Monohydrate Calcium phosphate 
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 The disadvantages of these methods include the following; they often require very 

precise control over reaction conditions, require expensive starting materials or large 

amounts of toxic organic solvents, or they are usually time consuming. For example, in 

wet chemical synthesis of HAP, a maturation step (>18 h), followed by a heat treatment 

of 650 °C, is required33. Failure to allow sufficient maturation, gives a phase-separated 

product upon heat treatment, which can adversely affect biological properties in vivo. 

Furthermore, the aforementioned synthesis approaches give little or no control over 

HAP particle characteristics (i.e. particle size, agglomeration surface area). To gain a 

better understanding of the factors that produce particles with the desired properties, 

current synthesis methods are essentially too slow and unpredictable. Thus, there is 

interest in developing faster synthesis techniques for synthetic apatite that allow a 

greater degree of control over particle properties. HAP powders for bioceramic 

applications have usually been chemically synthesized via aqueous solutions. However, 

there are several reports of synthesis of biomimetic HAP powders in the presence of 

simulated body fluid (SBF) by using calcium nitrate and diammonium hydrogen 

phosphate under the physiological conditions of 37°C and pH 7.4.  

We have attempted to synthesize HAP powder by enzymatic hydrolysis of 

Sodium phytate, by using calcium chloride as a Ca precursor. In this study, we describe 

the rapid, single step synthesis of crystalline nano-particle of HAP by a wet biological 

method. Briefly, aqueous solution of calcium chloride was mixed with phytase and 

Phytic acid. Phytase are class of Phosphohydrolases that catalyzes the hydrolysis of 

myo-inositol hexakis phosphate (phytic acid, myo–inositol –p6) to inorganic mono-

phosphate and lower phosphoric esters of myo-inositol, in some cases to free myo-

inositols34. This is the first report, as per our knowledge of documentation, for the 

biomimetic synthesis of nanosized HAP. 

 

6.2 EXPERIMENTAL 

6.2.1 Materials 

The wheat bran used in this study was obtained from an animal feed stuff outlet 

at Pune, Maharashtra, India. Phytic acid sodium salt from corn was purchased from 

Sigma Chemical Company, St Louis, MO, USA. Calcium chloride (purity>95 %), and 

NaOH was purchased from Aldrich Chemicals.  

 



Chitosan Based Nanocomposites for Biomedical Applications 
 

   131 

6.2.2 Synthesis of HAP and reaction conditions 

Reaction was carried out strictly under inert environment and solutions were 

prepared in distilled deionized water (resistivity 18.2 MΩ. cm). Deionised water was 

obtained with a Millipore ultra pure water system, which was previously distilled and 

decarbonised by boiling and bubbling N2. Reaction was carried out in acetate buffer 

(pH 5.5, 50mM) while keeping the constant temperature of 50 °C (optimum 

temperature for enzyme activity) with continuous stirring for 4 hours. Sodium phytate 

(3mM final concentration) and partially purified phytase (17.19 IU/ml) were added in a 

three neck round bottom (RB) flask. Calcium chloride (100mM) was dissolved in 

distilled water, under inert atmosphere and was added into this RB with an addition 

funnel. The whole assembly was kept nitrogen atmosphere, to avoid the CO3
2-

contamination. A white precipitate was obtained after reaction and aged in the mother 

liquid for 24h. The white solid products were isolated by repeated centrifuging and 

washing with decarbonated water and finally dried at 40 °C. During the centrifuging, 

sealed containers were used to avoid contact with air. The deionized-distilled water 

used for synthesis and washing, was decarbonated prior to use by boiling and 

subsequent cooling in the absence of CO2 by means of a gas-washing bottle filled with 

KOH solution. During the washing process, some of the HAP particles that remained 

suspended in the supernatant after centrifuging were discarded. Dried Samples were 

calcined at 1000 0C for 2 hour. 

Reaction was also carried out without enzyme as control experiment keeping all the 

conditions same. 

 

6.3 CHARACTERIZATION OF MATERIAL 

6.3.1 WXRD Analysis 

The WAXD patterns of the sample powder were obtained using a Rigaku 

(Japan) Dmax 2500 X-ray diffractometer with Cu-Kα radiation. The system consists of 

a rotating anode generator with a Cu target and a wide angle powder goniometer having 

a diffracted beam graphite monochromator. The generator was operated at 40 kV and 

150 mA. All the experiments were performed in the reflection mode. The samples were 

scanned between 2θ= 2° to 30 ° at a scan rate of 2°/minute. The d-spacing was 

calculated by Bragg’s formula, where the λ was 0.154 nm. 

 



Chitosan Based Nanocomposites for Biomedical Applications 
 

   132 

6.3.2 FT-IR Spectral Analysis 

Samples for Fourier transform infrared (FTIR) spectroscopy analysis analyzed 

on a Perkin-Elmer Spectrum One instrument. The samples were mixed with dry KBr, 

pelletized and then scanned in the range of 4000 cm-1 to 400 cm-1 at a resolution of 4 

cm-1. A total of 10 scans were used for signal averaging. Please note that the mass of 

materials used in the FTIR and XRD analysis were 2 mg and 10 mg respectively to 

obtain acceptable signal to noise ratios.  

 

6.3.3 Microscopic Analysis 

Samples for transmission electron microscopy (TEM) were prepared by drop 

coating films of nanosized HAP powder dispersed in water onto carbon-coated copper 

grids. TEM and selective area electron diffraction (SAED) patterns of synthesized 

products were obtained on a JEOL 1200 EX instrument operated at an accelerating 

voltage of 120 kV. For scanning electron microscopy (SEM) analysis, solution cast 

film of biogenic calcium phosphate was made on Si (111) substrates. SEM 

measurements were performed on a Leica Stereoscan-440 instrument equipped with a 

Phoenix energy dispersive analysis of X-rays (EDAX) attachment.  

 

6.3.4 Thermal Analysis 

The thermal gravimetric analysis (TGA) was conducted on a Perkin-Elmer 

TGA 7 – thermal analyzer from 50 °C to 900 °C with a heating rate of 10 °C min-1 

under nitrogen with flow rate 20ml min-1, in a platinum crucible.  

 

6.3.5 31P-NMR Spectroscopy 

 Solid state 31P nuclear magnetic resonance (NMR) spectra were obtained at 162 

MHz on a Bruker spectrometer Avance 400 (rotor 4mm, spinning rate 2-12 kHz) using 

Magic Angle Spinning (MAS). Phosphoric acid (H3PO4) was used a reference sample. 

Samples were spun at 10 kHz. Spectrometer frequencies were set to 100.62 for 13C. The 

numbers of scans were of 800. The cross polarization time was 0.5 ms. 

 

6.3.6 Bioresorption Studies: 

 Bioresorption is one of the key characteristics of biomaterials, in particular, 

bone graft materials, as it controls their bioactivity and other biological functions. 
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Therefore, in this study, in-vitro bioresorbability of HAP nanoparticles was evaluated 

in a Hank’s medium (a buffer solution used for cell/tissue cultures) of pH of 7.4 at a 

ratio of 1mg/ml in a thermostatic incubator at 37 ºC. The variations of buffer pH were 

recorded at predetermined time intervals using a pH meter according the reported 

procedure35. 

 

6.3.7 In vitro biocompatibility Studies: 

The synthesized HAP was subjected to standard cell-growth tests to assess the 

biocompatibility. The in vitro cell-growth studies were done in direct contact method 

(ISO 10993–5, 1999), using L929 (mouse fibroblast subcutaneous connective tissue) 

cell line procured from National Center for Cell Sciences, Pune, India. The test samples 

were cleaned ultrasonically and sterilized by autoclaving. The cells were maintained in 

RPMI 1640 (Himedia, Pune, India) medium supplemented with 10% foetal bovine 

serum (Sigma, USA) and 100 IU/ml penicillin and 100 μg/ml streptomycin (medical 

grade).  Cells were sub- cultured and 1x106 cells/ ml seeded into 24 multi-well dishes 

to form a monolayer. After allowing 24 hours for cell adhesion, the cells were analyzed 

everyday (3 flasks per day) for 6 days. The samples (100μg-1000μg/ml) were placed 

gently under sterilized conditions onto the cells and incubated at 37 °C under 5% CO2 

and 95% Humidity for 72 h. The viability of the cells in the vicinity of the material was 

examined by MTT assay 34. Test was done in duplicate, along with control samples. 

 

6.3.8 Gel Electrophoresis 

The biomolecules occluded in the nanostructures were analyzed using 10% 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) according to 

the procedure published by Laemmli36. For protein analysis, the synthesized uncalcined 

particles of HAP, along-with occluded proteins were treated with β-mercapto ethanol 

(2-mercapto ethanol) for 5-10 min in boiling water bath. Free proteins were removed 

by repeated washing and centrifugation at 10000 rpm for 30 min in supernatant. 

Following dissolution, the protein sample was dialyzed against deionized water over 7 

days, lyophilized, and analyzed using SDS-PAGE along with protein molecular weight 

markers. 
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6.4 RESULTS AND DISCUSSION 

We are interested to know how the phytase enzyme and the substrate could 

affect the crystallization of HAP in the reaction mixture. The HAP powder obtained by 

the above biosynthetic route appears as white color and free-flowing bouncy particles. 

 

Scheme 6.1 Schematic illustration of preparation of HAP. 

 

The white precipitate of calcium phosphate was formed by phytase and phytic acid at 

50°C and pH 5.5, were found to be amorphous as shown in XRD pattern of uncalcined 

HAP (Figure 6.1).  

Figure 6.1 WXRD pattern of the uncalcined HAP. 

 

XRD traces showed powders of low crystallinity, represented by broad diffraction peak 

at around 28.16 and at 5.32, and free of secondary phases owing to its low temperature 
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processing. However, the obtained results are comparable to the diffraction pattern of 

the biological apatite and are in good agreement with the previous results37. The 

possible reason for the poor crystalline nature of precipitated HA must be emerged 

from the preparation methodology owing to low temperature procedure. To prove this, 

a small amount of precipitated HA was calcined at 900 °C for 2 h in a muffle furnace 

under air atmospheric pressure and furnace cooled.  

 

6.4.1 X-Ray Diffraction (XRD): 

To further verify the crystallinity of particles, XRD analysis of as synthesized as 

well calcined HAP particles was performed. The results are shown in Figure 6.2.  The 

room temperature XRD profile (2θ value) of the calcined material matches very well 

with HAP, β TCP (Tri calcium phosphate), DCP (Di calcium phosphate). The peaks of 

the resulting diffractogram were observed near 29.60 and 31.10 and are diagnostic for 

the presence of calcium hydroxyapatite (ICDD No. 9-432). In addition, the presence of 

organic molecules greatly influences the crystalline behavior of the HAP.  

 

Figure 6.2 XRD pattern of prepared and calcined HAP. 
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We revealed the PC-PDF no. 34-0010, space group: P63/m, crystal structure: tetragonal, 

unit cell parameters a=b=9.414 A°, c=6.879 A°, α=β= γ=900 53, β-TCP, PC-PDF no. 

40.0008, SG: P21/n, crystal structure: monoclinic, unit cell parameters a=9.332 A°, 

b=18.13 A°, c=7.841 A°, α= γ≠ β =106.690. ≠γ. DCP, PC-PDF no. 41.0483, SG: P21/n, 

crystal structure: monoclinic, unit cell parameters a=7.667A°, b=12.88 A°, c=7.144 A°, 

α= γ≠ β =107.00. ≠γ. The material is polyphasic in nature. The XRD pattern of the HAP 

powder resembles closely to the diffractogram of bone material. Hence, the prepared 

HAP in this investigation has more similarity with natural bone mineral in terms of 

degree of crystallinity and structural morphology. The calcined HAP exhibited all the 

characteristic diffracted peaks of stoichiometric HAP with higher degree of 

crystallinity. The obtained results did not show any peaks corresponding to calcium 

carbonate and calcium oxide and hence suggesting that the ingredients were reacted 

completely and produced a homogeneous HAP, without any atmospheric carbon di-

oxide impurity.  

 

6.4.2 Transmission Electron Microscopy and Selected Area Electron Diffraction: 

Figure 6.3 (A-D) shows the transmission electron micrograph (TEM) of HAP 

and its polymorphs, demonstrating its nanosized regular structure. The as prepared 

uncalcined HAP was ~100 nm in size and formed a dense network.  

Figure 6.3 TEM images of HAP. 
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We observed interconnected hollow spheres like structures; those were having 3D, 

polyhedral or rounded and drop-like shape. The HR-TEM of calcined HAP (Figure 6.4 

A-D) showed that after heat treatment, due to the loss of occluded proteins the 

morphology changed to an irregular interconnected lattice type structure. The smallest 

particles were ~100 nm in size, but in general, they were larger, up to tens of microns. 

Figure 6.4 HR-TEM images of calcined HAP. 

 

In Figure 6.4 (INSET) selected area electron diffraction (SAED) analysis of calcined 

HAP particles shows sharp diffused ring patterns confirming the crystallinity of the 

calcined calcium phosphate, where the lattice planes exhibited spacing of ~ 2.077 Å 

and ~ 1.347 Å corresponding to the lattice planes (113) and (314) respectively. The as 

synthesized protein coated uncalcined HAP sample did not show any diffraction. 

SAED pattern for calcined HAP suggested that material was polycrystalline in nature. 

 

6.4.3 Scanning Electron Microscopy: 

In order to study the surface morphology, crystal orientation and growth of HAP, a 

scanning electron microscopy was done. The as prepared powder material was in the 

size of 100 nm to 200 nm, as shown in the SEM micrograph. A representative 

micrograph is shown in Figure 6.5 (a), which provides a good evidence for the 

nucleation and bionic growth of HAP in the presence of enzyme. The calcined HAP 
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possesses large amount of ultrafine crystals embedded in the substrate along their axial 

direction with irregular shape and surface and irregular surface texture. Majority of the 

crystals are spread out on the substrate and few of them agglomerated with a broad size 

distribution, owing to their high surface area and thus occasionally appear to be in 

cluster like deposits. The mean aggregating size of the calcined grains was 

approximately 500 nm to 5 μm. The SEM micrograph of precipitated HAP exhibited 

nano sized crystals with almost uniform particles size. The HAP particles prepared 

were stoichiometric, mono-dispersive; roughly particles, and were not fused together 

with other crystals. It can be inferred that majority of the particles were of single 

crystals, regular shape and cleaner contours with no agglomeration. Eventually it 

becomes an advantage because these properties make these uniform particles highly 

beneficial for coating of nano HAP onto biomedical implants. 

0 5 10 15 20

O

Ca
P

Energy (kEv)  

Figure 6.5 (a) SEM, and (b) EDAX result of the as prepared HAP. 

 

These results suggest the feasibility of in situ nucleation of HAP crystals. The presence 

of Ca and P, with the Ca/P ratio of 1.55 is revealed by energy dispersive X-ray 

absorption (EDAX) analysis, which is shown in Figure 6.5 (b). EDAX analysis 

showed strong peaks of calcium (Ca), Phosphorous (P) and oxygen (O), but Ca and P 

are primary elements in HAP, β TCP and DCP, confirming the presence of 

hydroxyapatite. 

 

 



Chitosan Based Nanocomposites for Biomedical Applications 
 

   139 

6.4.4 FT-IR- Spectroscopy: 

The FT-IR spectrum of calcined and non-calcined HAP and its polymorphs (β 

TCP+DCP) is given in Figure 6.6 (a-b), respectively. An intense band observed at 

3451 cm-1 corresponds to the combination of -OH group (HAP phase) and -NH group 

(Phytase phase). The apatitic PO4
3- ν4 modes, in the region of 600- 500 cm-1 and ν1 and 

ν3 modes at 1150-1000 cm-1, which corresponds to the factor group splitting of PO4
3- 

tetrahedral, were also detected38. The bands at ~953-961 cm-1 corresponds to ν1 

symmetric and ν4 P-O stretching vibrations of the PO4
3- ion, respectively. Samples have 

not been contaminated by atmospheric carbon dioxide, as no peak corresponding to a 

secondary carbonate is recorded. The presence of intense amide I and II bands at 1644 

and 1547 cm-1 respectively are also observed in the FT-IR spectrum. This observation 

indicates that the particles in the hollow spherical/circular morphology are present with 

proteins that are possibly occluded into the particles or are bound to the surface of the 

particles, as shown in SEM image.  

 

 

Figure 6.6 (a) FT-IR spectra of calcined and, (b) FT-IR spectra of uncalcined HAP. 

 

When the HAP particles are calcined at 1100 0C for 2 h, the amide signatures as well as 

the signatures from organic molecules around 1400 cm-1 in FTIR spectra fade away, 

indicating the removal of most of the biomolecules during calcinations. 
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6.4.5 NMR Spectroscopy 

To further confirm the synthesis of HAP and its polymorphs NMR analysis was 

done and the results are shown in Figure 6.7.  

 

Figure 6.7 31P-NMR spectra of calcined HAP. 

 

 

For HAP a sharp signal was observed at +2.65 ppm, corresponding to the phosphate 

(PO4
3-) anion of nanocrystalline HAP39. 

 

6.4.6 TGA (Thermal Methods) 

To understand better the nature of occluded protein onto the biogenic calcium 

phosphate particles, TGA measurements of the as prepared powder were done and the 

result is shown in Figure 6.8 (a). It is observed that there are three prominent weight 

losses of material i.e. 15%, 7.39% and 8.57 % at 100-220 °C, 330-410 °C, and 620-830 

°C, respectively. The first weight loss is clearly due to the release of water entrapped in 

protein-calcium phosphate biocomposite, whereas the second weight loss is attributed 

to the decomposition/desorption of proteins bound to the material. A third additional 

weight loss is ascribed to the further decomposition of HAP at higher temperature. The 

TGA curve shows an overall weight loss of 31%. Considering the above results, the 

thermal stability of the biogenic as prepared product seems to be not high. The calcined 

material (HAP, β TCP, DCP) was prepared at 1100°C, so it did not show any weight 

loss in the TGA measurements (Figure 6.8 b). 

-100 -50 0 50 100 150
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Figure 6.8 (a) TGA thermogram of 
uncalcined HAP. 

(b) TGA of calcined HAP. 

 

It can be seen from the TGA thermogram of calcined HAP that there was no phase 

transformation taken place upon heating, which indicated its thermal stability even at 

high temperature. There was no notable occurrence of weight loss found for nano HAP. 

However, the observed weight loss at 120 °C can be due to the dehydroxylation of nano 

HAP.  

 

6.4.7 Stability under physiological conditions 

The stability of the Hank’s solution with commercial available HAP, with and 

without the apatite samples were quantitatively measured in-vitro at predetermined 

time intervals (Figure 6.9). The pH of the buffer solution without the apatite sample 

was quite stable throughout the experimental period, while the addition of apatite has a 

more or less alkaline effect on the pH of the buffer medium. The pH of the buffer 

solution with enzymatically synthesized HAP was found to be stable indicating its 

physiological stability during the period of study. The commercial and synthesized 

HAP exhibited almost similar pH profile.   However, the initial fluctuation of the pH 

may be due to the dissolution of trace carbonate ions of HAP. 
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Figure 6.9 Results from the bio-resorption studies of HAP under Hanks Medium. 

 

6.4.8 In vitro biocompatibility 

The prepared HAP nanoparticles were subjected to in-vitro cell-culture tudies 

and the results are shown in Figure 6.10 A-D. The in-vitro biocompatibility screening 

showed highly promising results. The images were taken by light microscope for 

different time interval (0h-72h) during the direct contact cell-culture test. 

Figure 6.10 Results from the in-vitro cell-culture studies. 
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As observed in the Figure 6.10 A-D, the mouse fibroblast cells  with material grew 

well and remained in the same normal morphology like the cells cultured with sample 

at 0 hour (A), showing the non-toxic nature of the hydroxyapatite. Many investigators 

have exploited this asset of in-vitro biocompatibility testing and have reported their 

findings on biocompatibility of various biomaterials. It has been well known that cell 

behavior and interaction with a bioactive material surface are dependent on properties 

such as topography and chemistry. Results of the cell culture were expressed by area 

fraction of cell in the surface of materials. As shown in the optical images, the presence 

of bioactive HAP particles may have positive biological effects. Most of area of the test 

sample was covered by osteoblasts, which indicated that introducing of HAP can be of 

advantage to the cell adhesion and proliferation. This improving of cell adhesion and 

proliferation is largely due to the better surface provided by HAP for cell attachment 

and spreading.  

To identify the biomolecules bound to the as- prepared HAP nanoparticles, the 

purified calcium phosphate particles were treated with β-mercapto ethanol (2-mercapto 

ethanol) for 5-10 min in boiling water bath which breaks the disulfide bond present in 

the quaternary structure of proteins, that leads to the conformational changes and 

finally detachment of occluded proteins from particles. Proteins when analyzed using 

10% SDS-PAGE (Figure 6.11), four major proteins were identified (line P). Molecular 

weights of band 1-3 varied between 116 to 29 KDa (line M) and these proteins also 

present in the partial purified enzyme preparation (line A). The proposed role of these 

proteins may be to stabilize the size and shape of nanoparticles during synthesis40. 

Fourth broad band likely to be the mixture of low molecular weight peptide traces (3-5 

KDa) of protein band 1-3, those may be produced during the detachment process.  

      These results suggest the possible application of synthesized bionic particles for 

purification of certain proteins. We also tried biological synthesis of calcium phosphate 

by the use of different phytase producing microorganisms (Fermentation media 

supplemented with phytic acid and salt of calcium) but as fungus grow in aerobic or 

micro aerobic conditions, we got calcium carbonate instead of calcium phosphate as 

major biosynthesis product. Pure synthesis of HAP nano particles by the direct use of 

fungus biomass and understanding of the role of fungal mechanism would definitely be 

an issue of great interest in future investigations. 
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Figure 6.11 Result from a gel-run. 

 

6.5 CONCLUSION 

In summary, the experimental results of this investigation provided evidence for 

the feasibility of in situ formation of HAP nanospheres through bionic approach with 

the most desirable physiochemical and bioresorbable characteristics. The 

physiochemical characteristics confirmed the nucleation and crystal growth of HAP in 

the presence of phytase enzyme. The structural integrity and chemical interactions of 

these two phases are also evident wherein anionic functional groups of the substrate 

play a key role for the growth of HAP crystals. The in-vitro solubility evaluation of 

HAP performed under the physiological conditions has provided a proof for its 

resorbable nature. The overall results therefore, suggest that the HAP nanospheres may 

be a good choice for bone grafting applications. 
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CHAPTER VII 

 

Ultrasound-Triggered Smart Release of Ibuprofen from a 

CS-Mesoporous Silica Composite- a Novel Approach for 

Controlled Drug Release 
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7.1 INTRODUCTION 

Chitosan (CS) is the deacetylated product of chitin, a pH dependent biopolymer 

found in the cell wall of fungi and microorganisms. Due to its biocompatibility, 

biodegradability, high mechanical strength, hydrophilicity, good adhesion, and non-

toxicity, CS has been used in many biomedical applications1 and is usually applied as a 

food additive and as an anticoagulant or wound healing accelerator. The ability of CS 

to form films permits its use in the formulation of film dosage forms or as a promising 

encapsulating agent in drug delivery systems2-8.  

Ibuprofen (Ibu) is a non-steroidal anti-inflammatory (NSAID) drug used for the 

relief of rheumatoid arthritis and osteoarthritis, and is frequently employed as a model 

drug for sustained release experiments due to its favorable molecular size, better 

pharmaceutical activity, and short biological half life. Due to frequent side effects, its 

therapeutic use is often limited9. This problem could be reduced by a formulation able 

to control the drug release. As matrices to prepare a controlled release formulation, we 

have taken into account the use of porous materials. The idea was to store the drug in 

the channels of a porous inorganic host and allow the drug release as a consequence of 

a de-intercalation and/or diffusion process.  

Recently, there has been increased concern in Mesoporous silica (MS) materials 

for use as carriers in controlled drug release, to necessitate the prolonged and better 

control of drug administration10. Mesoporous silica have been investigated as a 

sustained release carrier agent because of biocompatibility, non-toxicity, adjustable 

pore diameter, and very high specific surface area with abundant Si-OH groups on the 

pore surface11-16. Previous studies pointed out that the drug release rate could be 

modulated by manipulating MS by varying pore size, or different pore inter-

connectivity and pore geometry17.  

At present, most drug-delivery devices have release rates that are either constant 

or decay with time. However, there are a number of clinical situations where such an 

approach may not be therapeutically sufficient. These include the delivery of insulin for 

patients with diabetes mellitus, gastric acid inhibitors for ulcer control, birth control, 

general hormone replacement and immunization drugs, and cancer chemotherapy. So, it 

is highly desirable that drug-delivery patterns are optimized to a pulsatile fashion in 

which the molecules are naturally released from the implant body. The on/off or 

pulsatile control of drug release is especially important for diabetic patients requiring 

higher doses of insulin after meals. For a successful drug-delivery system, it is 
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desirable that drug-delivery pattern is optimized to a pulsatile behavior in which the 

drug molecules are naturally released at the targeted site from the implant body.  

Release systems that are susceptible to external impulses such as oscillating magnetic 

fields18, thermal19, ultrasound20, or electric fields21 at the target site have therefore been 

investigated to achieve on-demand drug regulation. In connection to this, ultrasound 

(US) is considered as the most potential technique of external trigger for pulsatile 

delivery in which the release rate of the incorporated drug can be modulated by 

applying US irradiation. Ultrasound is one of the most promising external triggers for 

pulsatile delivery in which the release rate of the incorporated drug can be altered by 

applying US irradiation from the outside surroundings. Ultrasound is defined as any 

sound which is of a frequency beyond 20 kHz. There are three distinctly different 

biomedical applications of ultrasound which can be identified in terms of their 

frequency ranges and applications: 

1. High-frequency or diagnostic US (2-10MHz). 

2. Medium-frequency or therapeutic US (0.7-3 MHz). 

3. Low-frequency or power US (5-100 kHz).  

Advantages of therapeutic US arise from the fact that it is relatively a 

noninvasive technique, broadly applicable to a variety of cells, can penetrate deep into 

the interior of the implant body, and it can be carefully controlled through a number of 

parameters including frequency, power density, duty cycles, and time of application. 

 Although US irradiation technique is at its early stage of development, still a 

high-intensity and focused US has found many biological applications22. Moreover, the 

ultrasonic irradiation enhances the release of the drug from both biodegradable and 

non-biodegradable polymer matrices. However, most research has focused on the 

application of US on the conventional constant release system to improve the release 

kinetics; on/off control has not been achieved. Although enhanced drug release has 

been observed, accurate and repeatable dosing of drugs is still difficult. 

In general, mesoporous materials are derived from supra-molecular assemblies of 

surfactants, which template the inorganic component (commonly silica) during 

synthesis. After the surfactant is removed, commonly by pyrolysis or dissolution with 

the appropriated solvent, the silica mesoporous matrices are potential drug carriers with 

the following features: 

a) An ordered porous network, which is very homogeneous in size and allows fine 

control of the drug load and release kinetics; 
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b) A high pore volume (>1cm3/g), which accommodate the requisite amount of 

biomolecules; 

c) A high surface area of the mesoporous lumen, which implies high potential for drug 

adsorption; 

d) A Si-OH containing surface that can be functionalized to allow better control over 

drug loading and release. Such modifications can not only remain the ordered 

mesoporous channels, but also can strengthen the interaction force between functional 

groups and appropriate drug molecules. 

e) Chemically and mechanically stable inorganic oxide framework of MS shelters the 

bio- molecules from exposure to harmful species, such as proteases and denaturation 

chemicals. 

These unique features make mesoporous materials excellent candidates for controlled 

drug-delivery systems, and intensive research has been carried out on this topic during 

recent years. 

Recently, several silica based mesoporous materials have attracted attention as 

an alternative controlled drug-delivery systems (DDS)23. However, most of the 

documented work is still focused on continuous, not pulsatile release of the drug. So in 

this work US was used as an external trigger for the smart release of the incorporated 

drug. In contrast with the unidirectional channels present in the most commonly used 

MS, SBA-15 have attracted much attention due to their unique penetrating and bi-

continuous channel networks which are very useful for applications requiring easy 

molecular accessibility and fast molecular transport24.  

In an ideal case, DDSs have to interact with the physiological environment when 

performing their functions during oral intake or implantation. In the former situation, 

non-toxicity of the material is the key factor, while in the latter case the implants have 

to be considered as biomaterials. Therefore, the proper function of the implanted 

material is restricted by its long-term biocompatibility, which is a dynamic, two-way 

process that involves the time-dependent effects of the host on the material and of the 

material on the host. As already discussed in the Chapter 1 of this thesis, 

biocompatibility of any implanted material relies on several parameters regarding the 

site of implantation, the shape and size of the biomaterial, as well as its surface 

chemistry. A series of biological reactions occur when a material is exposed to blood 

begins with the rapid adsorption of certain proteins onto the surface of the material. 

This process is followed by platelet adhesion, and then immune and inflammatory cells 
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act to protect the body by isolating the foreign material in a fibrous capsule. 

Encapsulation in this context does not mean a non-biocompatible state and can be 

considered a normal response. However, the collagen capsule is a barrier for an 

encapsulated drug to diffuse into the surrounding tissue and for nutrients to supply the 

encapsulated cells. Also, the activation of adherent platelets leads to the formation of 

thrombus on the surface. Almost all biomaterials are known to cause surface-induced 

thrombosis, which, besides the medical complications related to thrombus formation, 

affects the drug-release profiles. Implantable DDS materials should provide an 

adequate combination of the desired biological response and the release of drugs 

against the inflammatory and encapsulation processes. Among the biomaterials that 

display biocompatibility are the silica-based systems. The biocompatibility of silica 

nanospheres that interact with cellular systems has been well documented25. Moreover, 

surface functionalization of MCM-41 nanoparticles has been shown to regulate the 

material endocytosis, an important factor for intracellular delivery26. This phenomenon, 

known as bioactivity, constitutes an advantage over currently used polymer-based 

devices. All these surface reactions affecting biocompatibility and bioactivity must be 

taken into account before application of a DDS.  

Of particular relevance to this study, during the release process, the loaded drug 

diffuses subsequently through the channels of MS and the CS molecular chains into the 

release medium. That is, the drug release is doubly controlled by the mesoporous shell 

and the biopolymer matrix. For Ibu loaded MS, only the MS shells control drug 

diffusion, which results in the sustained-release behavior alone. 

7.2 EXPERIMENTAL 

7.2.1 Preparation of Mesoporous silica (SBA-15) 

SBA-15 was prepared by the method already reported by Stucky et al27. In 

short, SBA-15 was prepared using tetraethyl orthosilicate (TEOS, Aldrich Co.) as silica 

source, Pluronic P123 (poly (ethylene glycol)-block-poly (propylene glycol)-block-

poly (ethylene glycol), EO20PO70EO20; average molecular weight = 5800, Aldrich Co.) 

as template and HCl as pH controlling agent. In a typical synthesis, 10 g of P123 was 

dispersed in 75 ml of water and 300 ml of 2 M HCl solution while stirring. To it, 22 g 

of TEOS was added over 45 min. The gel formed was continuously stirred at 40 °C for 

24 h and aged at 100 °C, for 48 h. Then, the solid product was separated by filtration, 

washed with deionized water, and dried, first, at 25 °C, and then, at 80 °C. The material 
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was finally calcined in air at 550 °C for 6 h to decompose P123 and to obtain a white 

powder, SBA-15. 

 

7.2.2 Preparation of Ibu loaded CS and CS-MS hybrids 

For the preparation of drug loaded samples and release experiments, Ibu was 

used as the model drug. Ibu was completely dissolved in hexane (30 mg/ml). To 

prepare Ibu loaded MS (MI-1); MS was dispersed in Ibu solution and stirred for 24 h at 

room temperature. The drug-loaded powder was washed carefully with hexane to 

remove Ibu, which is physically adsorbed or bound on the exterior surface of the 

prepared MI-1, and finally dried at 60 °C in air oven. The amount of Ibu in the MI-1 

was determined by thermogravimetry (TGA), and found to be around 20 weight %. 

Similar washing procedure of Ibu from hexane from the surface of MS was also 

followed by Zhu and coworkers28. However, from environmental concerns, pentane can 

also be used to wash the unadsorbed drug molecules. 

For preparation of CS-MS composite (CMI-1), Ibu-loaded MS i.e. MI-1, was 

mixed with an aqueous solution of CS. The drug-loaded MS powder was dispersed and 

stirred vigorously in the CS solution with the ratio of 1:10 (MS/CS), for 24 h. The final 

solution was poured on a glass Petri plate, and vacuum dried at 37 °C for 48 h and 

cured at 60 °C for 24 h. Drug-loaded CS (CI-1) film sample was also prepared for 

control experiments. For this, Ibu was dispersed in a CS solution of 10:90 (Ibu/CS). 

The drying and curing procedures were the same as for the CMI-1 system.  

 

7.3 CHARACTERIZATION METHODS 

7.3.1 X-Ray Diffraction: 

The WAXD patterns of the sample powder were obtained using a Rigaku 

(Japan) Dmax 2500 X-ray diffractometer with Cu-Kα radiation. The system consists of 

a rotating anode generator with a Cu target and a wide angle powder goniometer having 

a diffracted beam graphite monochromator. The generator was operated at 40 kV and 

150 mA. All the experiments were performed in the reflection mode. The samples were 

scanned between 2θ= 2° to 30 ° at a scan rate of 2 °/minute. The d-spacing was 

calculated by Bragg’s formula, where the λ was 0.154 nm. Small angle X-ray 

diffractograms (SXRD) were recorded on an X’Pert Pro (Philips) diffractometer using 

Cu Kα radiation and a proportional counter as detector at 0.01° step size and 2 s step-

time over a 0.5<2 θ<3° range. 
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7.3.2 Transmission Electron Microscopy: 

 Transmission electron microscopy (TEM) was carried with a JEOL 2000 EX-II 

instrument (JEOL, Tokyo, Japan) operated at an accelerating voltage of 100 kV. TEM 

samples were prepared by dipping carbon coated copper TEM grids into dilute 

suspensions of the sample powder in ethanol, followed by sonication in a probe 

sonicator for 30 minutes. 

 

7.3.3 FTIR- Spectroscopy: 

The Fourier-transform infrared (FTIR) spectra were obtained from the sample 

on a Perkin-Elmer Spectrum GX. The samples were mixed with dry KBr, pelletized 

and then scanned in the range of 4000 cm-1 to 400 cm-1 at a resolution of 4 cm-1. A 

total of 10 scans were used for signal averaging. 

 

7.3.4 Adsorption Isotherms: 

SBA-15 was characterized by type IV nitrogen adsorption-desorption isotherms. 

N2 adsorption/ desorption isotherms at -196 °C were measured using a Micromeritics 

Tristar 3000 sorptometer. Prior to the measurement, all samples were outgassed at 80 

°C and 10-6 mm Hg overnight. The specific areas of the samples were calculated using 

the multiple-point Brunauer-Emmett-Teller (BET) method. The pore-size distribution 

was calculated from the adsorption branch of the isotherms using the Barrett-Joyner-

Halenda (BJH) method. 

 

7.3.4 Thermal Methods: 

 The thermal gravimetric analysis (TGA) was conducted on a Perkin-Elmer 

TGA 7 – thermal analyzer from 50 °C to 900 °C with a heating rate of 10 °C min-1 

under nitrogen with flow rate 20ml min-1, in a platinum crucible. 

Thermograms of pristine CS powder and Ibu loaded CS-MS hybrid composite systems 

were obtained using a Mettler-Toledo DSC instrument equipped with an intra-cooler 

(Mettler-Toledo, Greifensee, Switzerland). Indium standards were used to calibrate the 

differential scanning calorimetry (DSC) temperature and enthalpy scale. The samples 

were hermetically sealed in aluminum pans and heated at a constant rate of 20 °C/min, 

over a temperature range of 0 to 550 °C. Inert atmosphere was maintained by purging 

nitrogen at the flow rate of 100 mL/min. 
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7.3.5 Cell-Growth Studies 

To demonstrate the in-vitro biocompatibility of Ibu loaded CS-MS composites, 

growth studies were performed for HeLa and CHO cells. Two series of experiments 

were designed for both types of cells: one series studies the natural cells growth on 

pristine CS (control) and the other was studied on the prepared CS-MS composites. 

After allowing 24 hours for cell adhesion, the cells were analyzed everyday (3 flasks 

per day) for 6 days. The relative cell-growth compared to control cells containing cell 

culture medium without CS was calculated by [A] test/[A] control. For this, after every 24 

h, 100 μl of the cell culture was incubated for MTT assay and the absorbance was taken 

at 490 nm wavelength in Spectrophotometer Plate Reader.  

 

7.3.6 In-vitro Release Studies: 

The in-vitro drug-release study was carried out by immersion of around 1.5 cm 

x 1.5 cm films of CMI-1 and CI-1 into 25 ml of simulated body fluid (SBF) (pH 7.4). 

For comparative studies, the release experiments were done in silent and ultrasound 

conditions. To study the effect of ultrasound on drug release and pulsatile release, the 

drug loaded sample flask was immersed in the ultrasound bath (frequency 33 kHz) and 

was continuously irradiated for ultrasound at 37 °C and the resultant release medium 

(5.0 ml) was removed for analysis at given time intervals, and replaced with fresh 

release media (SBF). The in-vitro medium thus collected was filtered through a 0.5-µm 

Millipore filter. The concentration of Ibu released was determined by UV-VIS 

spectrometer at λ 264 nm. Release studies were further performed by varying the 

temperature and pH of the release medium under silent conditions, i.e. without 

ultrasound. The temperature of the release media was kept constant by continuous 

addition of ice to the ultrasound bath. All the release experiments were run in a 

triplicate and the average values obtained are given. 

 

7.4 RESULTS AND DISCUSSIONS 

7.4.1 Characterization and General Features of CS-MS system 

 The TEM image of the MI-1 sample possesses an ordered mesoporous structure 

as shown in Figure 7.1. The small angle X-ray diffraction (SXRD) pattern of MS 

(SBA-15) and MI-1 is given in Figure 7.2. As compared with MS, there is a 

remarkable decrease in the intensity of the peaks of MI-1, which corresponds to (100), 
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(111) and (200) planes based on the hexagonal unidirectional structure. The peak 

positions were shifted to higher 2θ value because of the inclusion of drug molecules to 

the inter-pore region of MS.  

 

Figure 7.1 TEM image of MI-1 

 

This observation is similar with the reported result29, in which the authors demonstrated 

that this behavior is attributed to the filling of surfactant into MS pores. The d100 

spacing and unit-cell size (a0) for MI-1 measured to be 40.30 Ǻ and 45.42 Ǻ, 

respectively. As a0 represents the repeated distance between two pore centers in the 

hexagonal array, the pore diameter can be calculated from a0 by subtracting 10 Ǻ, 

which is an approximate value of the pore-wall thickness30. Therefore, a pore diameter 

of 35.42 Ǻ is obtained, which means that the pore size of MS is large enough to allow 

access to the large internal surface area to accommodate Ibu molecules31. The wide 

angle X-ray diffraction (WXRD) patterns of CMI-1 and CI-1 are given in the INSET of 

Figure 7.2. All the samples show a characteristic peak at around 21 ˚, which confirms 

the presence of crystalline CS in the composites. MS (SBA-15) and MI-1 were 

characterized by type IV nitrogen adsorption-desorption isotherms. MS has a 

Brumauer-Emmet-Teller (BET) surface area and pore volume of 900 m2/g and 0.92 

cm3/g, respectively. On the other hand, MI-1 has a BET surface area of 335 m2/g and 

pore volume of 0.31 cm3/g. In addition, the pore size distributions of the MS and MI-1 

are centered at 2.9 and 2.1 nm, respectively. The obtained results suggest that the 

impregnation of Ibu in the mesoporous channels leads to a decrease in the pore 

diameter, BET surface area, and pore volume. This observation confirms that Ibu 

molecules have been successfully retained inside the pore channels of mesoporous host. 
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Figure 7.2 Low Angle and Wide Angle 

(INSET) patterns of composites. 

Figure 7.3 FT-IR spectral pattern 

of the Ibu loaded composites. 

Figure 7.3 shows the FT-IR spectra of pristine Ibu and drug loaded MS samples.  As 

compare to the pristine Ibu, the band corresponding to a free carboxylic acid (1718 cm-

1) in Ibu, has changed to a carboxylate one (1461 and 1634 cm-1) in MI-1, which 

suggests the interactions between -COOH group of Ibu and Si-OH group of the MS 

host. Typical υ (CH) stretching vibrations of Ibu are observed at 2958, 2927, and 2871 

cm-1 for pristine Ibu as well as for MI-1. In addition to that, Si-OH vibration band at 

965 cm-1 present in MS32, almost disappears after Ibu loading, which suggests that the –

H bond has been formed between the –COOH group of Ibu and the Si-OH of the MS 

host33. Moreover, the FT-IR spectra of the prepared composites confirm that the 

structural integrity of the drug molecules is preserved upon intercalation with the MS 

pores with a structure and geometry similar to that of the drug molecule outside the MS 

pores. Figure 7.4 shows a typical 13C-MAS NMR spectrum for MI-1 sample. The peak 

of the carboxylic group of pristine Ibu at 182.85 ppm is shifted slightly to 184.02 in the 

MI-1 system due to the interaction between –COOH group of Ibu and Si-OH group of 

MS. 
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Figure 7.4 13-C-NMR spectrum for MI-1 sample. 

 

7.4.2 Thermal Methods: 

 TGA curves of the pristine MS and the Ibu loaded CS-MS hybrid composites 

are shown in Figure 7.5 (a) and the results are summarized in Table 7.1. All the 

samples showed a weight loss below 180-200 ºC that resulted from the physical loss of 

water. For MI-1, another weight loss (about 18-20 %) occurred between 240-320 ºC, 

which demonstrates that the Ibu storage capacity of the MI-1 is ~20%.  

Table 7.1 TGA results for the Ibu loaded MS and CS-MS composite systems. 

 50-200ºC 

(wt %) 

240º-320 ºC 

(wt %) 

320-480 ºC  

(wt %) 

SiO2 content 

(wt %) 

Storage capacity  

(mg Ibu/g SiO2) 

MI-1 18.4 34.77 - 33.61 885.12 

CMI-1 15.1 27.89 20.10 26.62 790.65 

 

In the Ibu loaded CS-MS hybrid composite systems three weight losses were detected 

from 180-480 ºC. The loss of 15%, between 180-320 ºC is attributed to the removal of 

Ibu from the CS-MS systems, while the other two weight losses occur by the removal 

of the CS macromolecular chains. Here the Ibu storage capacity in the CS-MS 
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composites is little lower than MI-1, which may have resulted from the loss of some 

Ibu molecules during the composite preparation process. However, this drug storage 

capacity is almost two times higher than that of the conventional mesoporous 

material34. Figure 7.5 (b) shows the DSC curves of pristine CS and other CS-MS 

composite samples. Due to the melting of the ibuprofen confined to the pores, a broad 

endotherm in the DSC curve was observed before the sharp melting of bulk ibuprofen. 

DSC studies were performed to understand the thermal behavior of the CS-MS 

composites. Polysaccharides usually have a strong affinity for water and in solid state 

these macromolecules have disordered structures that can be easily hydrated. The 

hydration properties of polysaccharides depend on primary and supramolecular 

structures. The endotherm related to evaporation of water is expected to reflect the 

molecular changes brought in after the composite fabrication process. In CSI the bound 

water molecules are associated with hydrophilic hydroxyl groups. The thermogram of 

pristine CSI showed endotherm at 141.24 °C with the enthalpy of fusion (ΔH) 210 J/g. 

The hydrophilicity of CS-MS composite samples is higher, which might be responsible 

for its increase in the water-holding capacity. On the basis of these results it can be 

stated that increase in the polar groups from Si-OH groups and reduction in crystalline 

domains caused an increase in the water-holding capacity of CS-MS composites. The 

second thermal event observed was an exotherm due to the decomposition of the 

biopolymer. Owing to the differences in the chemical characteristics, changes in the 

exothermic peak of CSI and CS-MS samples were also observed.  

  

Figure 7.5 (a) TGA of composites (b) DSC of the composites 
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7.4.3 Cell Growth studies  

The prepared samples were subjected to the cell-growth studies and the results 

are shown in Figure 7.6. On the basis of the results, we predict that the incorporation of 

MS may significantly enhance the interactions between biopolymer matrix and cells. 

The results indicated that the cell growth for blank and CS-MS hybrid system were 

very similar indicating that the increase in numbers of cells was not hindered by the 

presence of either CS or MS. Also, the Si-OH groups of MS may develop London-

Vander Valls forces and -H bonding with the cells. Suspended together with MS, the 

biopolymer matrix was surrounded and/ or adsorbed by the inorganic host, which acts 

as a bio-adhesive between the polymer and the cells.  

The developed London- Vander Valls forces and H-bonding may be mainly 

responsible for the increased polymer-cells interactions. In addition to that the 

mesoporous structure of the inorganic silica host may allow enhanced cell invasion in 

the matrix. Although cell-growth studies shown that the samples does not affect the 

normal growth of cells, still in-vivo testing should be done to provide a better insight 

on its biological suitability.  

 

Figure 7.6 In-vitro cell-growth studies of the prepared composite samples.  
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7.4.4 In-Vitro Drug Release Studies:  

7.4.4.1 Effect of temperature on drug release: 

We have studied the stimuli-responsive investigation of the effect of 

temperature on the drug release of CS-MS system. The results are given in Figure 7.7 

(a) and it depicts that the range of temperature over which the transition takes place is 

quite broad (30-40 °C), which is due to the steric hindrance of CS chains with the silica 

host, and a transition is detected at 35 °C for CMI samples. In other words, CS inside 

CMI can respond to thermal stimulation of the release media. At low temperature, the 

drug molecules are restrained in the porous MS channels, and along with CS molecular 

chains, Ibu molecules takes part in the formation of -H bonding between CS and Ibu 

molecules. CS has a high water retention capacity, and it absorbs enormous amount of 

water. So, when the Ibu loaded CS-MS samples immersed in the aqueous release 

media, the films absorbs enough water, eventually taking the form of a hydrogel. 

However, at low temperature this water is in the form of a bound state, and as the 

temperature increases these bound-water molecules gains an enthalpy and changes 

from a bound state to a free state, with subsequent release of the incorporated drug 

molecules from the matrix. Moreover, MS is not a thermo-sensitive material, so we 

may predict that as the temperature increases, the biopolymer chains swells within the 

MS pore network resulting in the disruption of weak -H-bonds, accelerating the drug 

molecules from the pores.  

  

Figure 7.7 (a) Effect of temperature (b) Effect of pH of release media. 
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The obtained results reflect a situation similar to that obtained by Li et. al35. 

Consequently, this implies that the swelling of the polymer chains, as a consequence of 

temperature can be used for controlled and thermally-stimulated drug release. 

 

7.4.4.2 Effect of pH on drug release 

Since Ibu is mainly adsorbed in the stomach and proximal intestine, the release 

profiles of Ibu loaded samples were determined in simulated gastric fluid (pH 1.4) and 

simulated body fluid (pH 7.4). It is evident from Figure 7.7 (b) that the release profile 

of both the systems (MI-1 and CMI-1) are very similar in the medium of pH 1.4, where 

the amount of drug released from the two systems reaches >75 % in 50 h. This behavior 

shows that both systems display sustained release, and the possible explanation is, at 

this low acidic pH, the –NH2 groups of CS gets protonated, leading to the dissociation 

of the H-bonds involving the CS –NH2 groups with the -COOH groups of the Ibu 

molecules. Hence, we can say that at this low pH, CS matrix could not cap the openings 

of the MS channels. Therefore, the drug molecules can easily diffuse out from the MS 

pores into the release medium. On the other hand, the release profile in the medium of 

pH 7.4 is apparently different. We observed that MI-1 also exhibits the sustained 

release property and the amount released reaches 90 % in 50 h, i.e. the release rate in 

the pH 7.4-release medium is higher than that in the pH 1.4 medium.  

This dramatic difference in release rates should mainly be attributed to the unusual 

solubility of Ibu in release media of different pH values. Ibu is sparingly soluble in 

low-pH solutions (pH<7) but is readily soluble in high pH (>7) solutions. The obtained 

results find similarity with the findings of Donath and coworkers36. For CMI system, 

the release rate is very low, and the released amount reaches 12 % over a period of 50 

h. This finding indicates the good storage space of MS and sealing effect of the CS 

chains at pH 7.4 solution; i.e. the CS chains are compact with MS, which leads in 

decreased permeability at the higher pH value, and the CS chains could easily cap the 

openings of the MS channels. It can be concluded that the CMI system has a much 

better controlled release than MI, and CMI can achieve a stimulated pH-responsive 

delivery profile by changing the pH value of the release medium. This kinetic profile 

offers a great interest for pharmaceutical applications in order to achieve better 

therapeutic efficacy and rapid delivery profile of poorly water-soluble drugs like 

Ibuprofen. 
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7.4.4.4 Effect of Ultrasound (US) 

Figure 7.8 (a-b) shows the release profiles of Ibu from MI-1, CI-1, and CMI-1 

under silent condition and subsequent release profile for CI-1 and CMI-1 samples 

under ultrasound irradiation, respectively. As shown in figure 5a, under silent 

condition, the release of Ibu stored in MS occurs only after the release medium has 

penetrated among the MS channels and subsequent dissolution of Ibu in the aqueous 

media.  

  

Figure 7.8 (a) Drug Release profile under 
silent condition. 

(b) Release profile under Ultrasound. 

 

Remarkably, MI-1 showed very fast release within first 100 min, while the subsequent 

release rate was quite low as compare to the initial rate. Similar release pattern was also 

observed by Linden et al37, while according to Xue et al38 this behavior of drug release 

could be ascribed to favorable physical hosting of the drug inside the inter-pore 

network of MS and ionic interactions of –Si-OH groups of MS and –COOH groups of 

Ibu molecules. For a successful controlled release of a drug, the initial burst from the 

inorganic host framework of MS should be controlled. As shown in Figure 7.8 (a), the 

initial drug release rate of CMI-1 was substantially reduced. The Ibu release profile of 

CMI-1 was quite similar to that of CI-1. Conceivably, this similar release rate could be 

attributed to a strong dipolar interaction and H bonding between the abundant Si-OH 

groups of MS, -NH2 of CS and –COOH groups of Ibu. The release profile was found to 

be a two step. In the initial stage a small amount of drug was continuously released for 

about the first 250 minutes, which may be due to the release of excessive drug 
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molecules which were weakly entrapped inside the pores or located at the external MS 

surface. The second stage shows extremely slow liberation of Ibu, which could be due 

to the physical blocking of the entrapped drug molecules inside the solvent filled 

channels of MS, along with CS chains. This demonstrates that the release of Ibu can be 

successfully controlled by the mixing of CS with MS. To understand the effect of US 

on the drug release profile of CI-1 and CMI-1, the samples were exposed to US for 

another 200 minutes to increases the release rates after 1100 minutes of release 

experiment under silent condition. For this the samples were immersed in the release 

media, and kept in an US bath, maintained at a constant temperature by continuous 

addition of ice. During the course of ultrasonic irradiation, it was observed that Ibu was 

continuously released from both CI-1 and CMI-1, while US was found to have an 

apparent effect to enhance the drug release kinetics of both the systems.  

It has been well documented that US could increase the drug-release rate in 

polymeric systems39 while, Kost40 reported the enhanced release kinetics in a 

nondegradable polymer, exposed to ultrasound. In addition to that, US has already been 

used to alter polymer membrane permeability to stimulate the release of polymer 

encapsulated drugs41. This release effect can be ascribed to the enhancing effect of US 

irradiation which is capable of reversibly losing the rigid packing of the hydrocarbon 

chains42 which results in increase the permeability of water and drug through the 

polymer. These effects can generally be explained by an important phenomenon called 

cavitation which is generated by ultrasonic irradiation. 

 

Figure 7.10 SEM image of CMI-1 after ultrasound 
irradiation for 48 h. 
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Figure 7.9 Effect of US on the pulsatile release of Ibu from the prepared 

composites. 

 

Cavitation is a well-known effect of US43 in which the burst of bubble takes place in an 

adiabatic fashion, which leads to concentrate the acoustic energy of the release system 

and creates conditions of temperature and pressure44.  

Moreover, the release effect of drug molecules from the CS-MS system is a 

combination of mechanical actions imposed by ultrasonically induced air pockets in the 

matrix, which may include (1) the disorganization of biopolymer film, and (2) 

subsequent formation of transport channels in the inter-pore network of MS (Scheme 

7.1). To investigate the effect of US on the pulsatile release of the drug from CI-1 and 

CMI-1, the specimens were given an US dose of 10 minutes for around 120 min. The 

results were shown in Figure 7.9, where the release of Ibu was observed to start 

immediately for CMI-1, and sustained until the US irradiation was discontinued, while 

in the case of CI-1, the amount of released Ibu continuously decreased after a second 

irradiation. On the other hand, for CMI-1 regular pattern was displayed with repeated 

ultrasonic dose and the amount of Ibu released in each step was nearly the same each 
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time, and was higher than that of CI-1 release profile. Since, the extent of Ibu loading 

for both the systems was same at around 15 mg g-1, this difference does not originate 

from the amount of Ibu present in the matrix. It suggests that CMI-1 released the Ibu 

more effectively than CI-1, and it is believed that the hydrophilicity, high permeability, 

and subsequent high ultrasonic susceptibility of CMI-1, makes it possible for 

ultrasound to be transferred deep into the biopolymer matrix, hence promoting the 

regularity of the pulsatile release of the drug from the CMI-1 system. This may allow 

repeated operation for a continuously controlled release of a drug into a patient’s body 

to maintain a therapeutically effective dose for a longer period of time to efficiently 

treat the disease. Polymeric materials can be predicted to undergo mechanical damage 

or surface rupture after the release experiment due to the cavitation created by high-

power ultrasound.  

However, as expected, the sample films were intact and we could not observe 

any microholes or cracks on scanning electron microscope (SEM) images after the 

ultrasonic irradiation as shown in Figure 7.10. Consequently, US could be applied to 

enhance the drug-release kinetics in a nondestructive fashion. Apart from increasing the 

interaction with Ibu, the extended polymer chains of CS would act as a holder to retain 

the drugs inside the pores as verified by the nitrogen isotherms showing the complete 

filling of the pores after adsorption. When the release of drug is governed by diffusion 

through the matrix, the kinetics of release from the matrices is generally explained 

using the Higuchi model45. 

Mt/M = √t 

Where, Mt and M∞ denote the cumulative mass of drug released at time t and at infinite 

time, respectively, and K denotes the proportionality constant46. According to the 

model, for a purely diffusion-controlled process, the linear relationship is valid for the 

release of relatively small molecules distributed uniformly throughout the carrier. 

However, it was observed that all the releasing systems display a two-step release 

based on the Higuchi model, which is in good agreement with the Anderssons report47. 

The plot of the cumulative amount of Ibu released versus the square root of time 

resulted in a straight line as shown in Figure 7.11 (a). 
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Scheme 7.1 Schematic illustration of release of drug under US. 

 

Assuming that the diffusion coefficient is constant with respect to time and position in 

a plane sheet, the constant K is related to the diffusion coefficient by  

K = √4D/l2π 

Where, D is the diffusion coefficient of the drug, and 2l is the thickness of the plate48.  

As shown in Figure 7.11 (b), the diffusion coefficient of CS was 0.484 × 10–9 m2/min, 

whereas that of CS-MS was 0.65 × 10–9 m2/min, about 1.3 times higher. It is generally 

known that the polymer–SiO2 hybrid membrane shows excellent permeability and 

hydrophilic properties when non-modified silica is mixed with a hydrophilic polymer. 

The enhanced diffusion coefficient might be because the MS is a highly porous 

material and CS is a dense and hydrophilic polymer. When ultrasound was applied to 

both systems, the diffusion coefficients of CS and CS- MS were enhanced by a factor 

of 3.4 (1.664 × 10–9 m2/min) and 6.5 (4.232 × 10–9 m2/min), respectively. US was 

found to be more influential on the CS-MS system than on the pristine CS.  
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Figure 7.11 (a) Higuchi model for the 
release of Ibu from the composites. 

(b) Diffusion coefficient for CS and CS-
MS composite systems. 

 

Under ultrasonic irradiation, the hydrophilicity and high permeability of CS-MS should 

improve the penetration of water into the matrix body. Because water is a better contact 

medium for US than the organic solid CS, US energy could be more effectively 

transferred to the CS-MS matrix than to CS. As a result, the addition of MS into CS 

could enhance the ultrasonic susceptibility and subsequent high-diffusion rate of the 

drug. 

We envision that CS-MS system could serve as a novel biocompatible sustained release 

drug carrier, and allows us to think about new potential applications in medical 

sciences, and more specifically, in biomaterials and tissue engineering applications. 

 

7.5 CONCLUSIONS: 

In conclusion, we have designed a novel stimuli-responsive controlled drug-

release system where ultrasonic irradiation was used as an external trigger for smart 

drug release to obtain optimal therapeutic effects. The overall system was composed of 

MS as a drug storage device and CS as an implantable body. This system is efficient for 

storage and release of drug, further controlled by temperature and pH at will. CS 

successfully suppressed the initial burst of Ibu from the MS. Besides; the ultrasound 

was effective to improve the release kinetics of CS-MS system in a nondestructive 

manner. We envision that this novel system, which combines the advantages of both 
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high drug storage capacity and the property of stimuli-responsive controlled release, 

could play a significant role in the development of new generation, site specific, and 

mart drug release.  
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8.1 SUMMARY AND CONCLUSIONS: 

 The present study was investigated with a primary objective of intercalating 

Chitosan (CS) into Montmorillonite (MMT) clay and further modifies CS onto surface 

by chemical modification methods like grafting.  

Although there are several reports on grafting of other synthetic polymers onto CS, but 

our study was mainly focused on the chemical grafting of poly-lactic acid (PLA) by a 

simple polycondensation method, and photo-grafting of poly dimethyl siloxane 

(PDMS) chains onto CS. The influence of intercalation of CS into MMT, and surface 

modifications on the properties was deduced from their physio-morphic analysis, cell-

viability and protein adsorption studies, and the most important the controlled drug 

release experiments. 

  

The Chapter 1 portrays the literature background and main motivation for this 

study, and Chapter 2 describes the objectives and approaches focused in the present 

study.  

 

In Chapter 3, the intercalation chemistry of CS with MMT is described along 

with the grafting of PLA onto CS without any catalyst. The protonation of CS seems to 

be crucial for the intercalation into MMT by cation exchange process, assisted by H-

bonding between CS and MMT. The grafting of PLA chains imparts hydrophilicity and 

desirable swelling properties to the CS based nanohybrids. Moreover, the increasing 

content of MMT decreases the water absorption and contact angle values, and imparts 

little branched crystalline structure in the films. Porous scaffolds and smooth films of 

the Ibuprofen (Ibu) drug loaded CS-g-LA/MMT nanohybrids were also prepared and 

are subjected to the controlled release studies. We found that the incorporation of MMT 

platelets controls the initial burst of the drug from the nanohybrids.  

 

In Chapter 4, the photo-grafting of PDMS onto MMT intercalated CS is 

discussed. The grafted nanohybrids show interesting structural and bio-functional 

properties. The grafted PDMS chains acts as a plasticizer to give flexibility to CS films. 

Reduction in the amount of the single adsorbed protein on the CS-g-PDMS films was 

found to be around 40-50 %. It could be ascribed to the presence of highly hydrated 

thick layer around the grafted samples.  
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The use of CS was further extended to biomineralize anionic clay, Layered Double 

Hydroxide (LDH) onto the surface of CS by co-precipitation method, in Chapter 5. In 

this study, we have given a novel hypothesis of the biosynthesis of LDH with novel 

morphological and physio-chemical properties. The prepared nanohybrids were further 

studied for in-vitro controlled drug delivery and buffer capability. The release studies 

showed that the CS-LDH was a suitable candidate for site-specific release of a drug, 

and further it can be used as an effective antacid.   

 

Chapter 6 describes an interesting and novel approach of Biomimetic synthesis 

of Hydroxyapatite (HAP), a natural bone mineral, by a cheap agricultural waste called 

as wheat bran. The physio-chemical characteristics confirmed the nucleation and 

crystal growth of HAP in the presence of phytase enzyme. The prepared HAP 

nanoparticles were further evaluated for Bioresorption and physiological stability 

experiments. The biosynthesized HAP was found to be cell-compatible by in-vitro cell-

culture studies.  

 

In an another interesting study, CS is used to prepare composites with 

Mesoporous silica (MS) and Ibuprofen (Ibu) drug is loaded to study the stimulated 

release by varying temperature, pH and by applying Ultrasound (US) to the prepared 

drug loaded composites in Chapter 7.  Here, CS successfully suppressed the initial 

burst of Ibu from the MS and US can effectively improve the release kinetics of CS-MS 

system in a non-destructive manner. We envision that this novel system, which 

combines the advantages of high drug storage and the property of stimuli-responsive 

controlled release could play a significant role in the development of new-generation, 

site-specific, smart drug release. 

 

8.2 FUTURE PERSPECTIVES: 

On the basis of the above results of the present investigation, the further 

research can be extended to study the following aspects; 

 In-situ polymerization of PLA into MMT, and grafting onto CS, could 

be more interesting, and better thermo-mechanical properties can be 

expected. 
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 The preparation of surface modified CS with various elastomers, to 

improve the bio-functional properties, and to study the adsorption 

studies of various properties. 

  To study the biomineralization process of LDH on various biopolymers 

like cationic CS and anionic biopolymers like Alginate, Carrageenan etc, 

and to study the control over the LDH particle size, to get a better drug 

release. 

 To prepare CS-MS composites and study release rates in-vivo under the 

influence of ultrasound. 

 In-vitro and In-vivo sustained release studies of anti-cancer drugs like 

Taxol, under the pulsatile ultrasound effect from the prepared 

nanohybrids. 
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