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 The objective of this study was to investigate the potential of nanocrystalline 

hydroxyapatite [Ca10(PO4)6(OH)2, HA] and β-tricalcium phosphate [β-Ca3(PO4)2, β-TCP] for 

controlled protein release and bone implant material. HA and β-TCP nanopowders were 

synthesized using reverse micelle as template system. By varying synthesis param

nanopowders were synthesized with a particle size between 32 and 135 nm, different aspect 

ratios, and BET specific average surface area varying between 57 and 103 m2/g. 

 Bovine serum albumin protein (BSA) release from β-TCP and CDHA nanopowders was 

studied by ex situ adsorption of bovine serum albumin (BSA) onto nanoparticle surface. HA-

BSA nanopowders were also synthesized by in situ co-precipitation technique. 2 mol% Zn2+ and 

Mg2+ were used as dopants to synthesize Zn2+ /Mg2+ doped HA-BSA nanopowders by in situ 

synthesis route. BSA release rate from ex situ synthesized β-TCP-BSA nanopowders found to be 

faster compared to that from CDHA-BSA nanopowders. For in situ synthesized HA-BSA 

nanopowders, BSA release rate from Zn doped HA nanopowder found to be the highest, whereas 



 

 vi

 days. 

MTT a

 

This study showed that BSA release rate can be controlled by varying particle size, 

surface area, phase composition of HA and β-TCP nanocarriers. Nanostructured HA exhibited 

superior mechanical strength and bioactivity com ared to micron grained HA compacts.  

 

 
 

undoped HA nanopowder found to release BSA at the slowest rate. BSA release from ex situ 

synthesized β-TCP and CDHA nanocarriers found to be very fast, whereas much slower and 

sustained protein release was observed from in situ synthesized HA-BSA nanocarriers.  

 Nanostructure HA compacts were processed using microwave sintering with ultrafine 

microstructures and improved mechanical properties for orthopedic implant applications. 

Nanostructured sintered HA compact showed superior compressive strength (395 ±36 MPa), 

indentation hardness (8.4 ± 0.4 GPa) and indentation fracture toughness (2.0 ± 0.1 MPa m1/2). 

HA compacts were assessed for cell material interaction using SEM, MTT assay and confocal 

microscopy after culturing human osteoblast cell line on HA disc surface for 1, 5 and 11

ssays showed higher number of living cell and faster proliferation on nano HA surface. 

Also osteoblast cells on nano HA surface expressed significantly higher amount of vinculin and 

alkaline phosphatase (ALP) protein markers for adhesion and differentiation respectively.
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CHAPTER ONE 

GENERAL INTRODUCTION 

1.1 Motivation 

1.1.1 Bone implants as biomedical devices 

Musculoskeletal injuries have a substantial impact on the health and quality of life of 

millions of Americans. More than $10 billion per year is spent in the U.S. on hospital care 

associated with fracture treatment as reported at the annual meeting of American Academy of 

Orthopedic Surgeons (AAOS), 2004.1 The percentage of the population older than 65 years of 

age is expected to increase from 12.4% to 23% between the years 2000 and 2010 in the US (US 

Bureau of Census 2003).3 In phase with this, the number of cases for debilitating age-related 

disease like osteoporosis, will rise from 10.1 million in 2002 to 13.9 million in 2020 (NOF 

2003).2 Approximately 1.5 million bone fractures per year are attributed to osteoporosis (NOF 

2003).2 Unfortunately, almost one-third of patients with hip fractures are forced to reside in 

nursing homes within one year of fracture and approximately 24% of hip fracture patients aged 

50 and over die in the year following the fracture (NOF 2003).2 Due to the above statistics, the 

increase in osteoporotic bone fractures worldwide for the next 60 years is projected to be over 

300%. 

 In addition to the above mentioned debilitating osteoporotic fractures, trauma and other 

bone-related diseases, such as osteoarthritis, require substitute materials to serve as artificial 

bone. It is expected that these materials will restore the structures and functions of disordered 

bone quickly and effectively so that the patient can return to a normal healthy lifestyle. However, 

of the144 400 hip implant surgeries performed in 1997 in the US to heal bone fractures, 37 000 

(or 25%) were simply revision surgeries to retrieve a failed implant.2,4 Moreover, it has been 
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speculated that the materials (including titanium, CoCrMo alloy, etc) used today as bone fixation 

devices have an overall average implant lifetime of only 10–15 years.5 Such a limited lifetime 

may be appropriate for older patients who may not live past this time frame, but for an aging 

active population this will not suffice.  

  In spite of enormous magnitude of this problem, there is still a lack of bone replacement 

material that is appropriate for restoring lost structure and function, particularly for load bearing 

applications. Hydroxyapatite (HA) is a biocompatible and bioactive material with a similar 

crystal structure to that of bone mineral. Hence there is a considerable interest in the 

development of synthetic HA to cope with such increasing demand. Although HA exhibits 

osteoconductivity and allows new bone to form along its surface the medical applications of HA 

are limited owing to its relatively low fracture strength and toughness. The mechanical properties 

of brittle materials, especially flexural strength and fracture toughness are critically dependent 

upon microstructural features such as grain size and flaw size. Highly dense nanocrystalline HA 

compacts possess greater reliability, better mechanical properties compared to conventional HA 

with a coarser microstructure and can be used in spinal fusion and other low load bearing 

applications. Also since crystal sizes of biological apatite are in the order of tens of nanometers, 

it has been suggested that better osteoconductivity would be achieved if HA implants were closer 

to bone mineral in crystal structure, crystal size, and morphology.6   

Bone is a dynamic tissue and it is obvious that the long-term maintenance of a rigid 

implant requires continuous remodeling of the bone-implant interface. Maintenance of a viable 

bone-implant interface involves relatively high rates of continuous remodeling activity. This 

constant activity renews interfacial and supporting bone by replacing the oldest bone and 

repairing foci of fatigue damage while maintaining the overall structural integrity of the 
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osseointegrated implant. Osseointegration is defined as a direct structural and functional 

connection between ordered living bone and the surface of a load carrying implant without 

intervening fibrous tissue.7 As natural bone always undergoes bone remodeling, consisting of 

osteoclastic bone resorption and osteoblastic bone formation, it is likely that ceramic implants 

also undergo cell-mediated resorption and bone substitution processes. The osteoclastic 

resorption process controls bone formation on the ceramic surface since bone resorption and 

bone formation occur together during natural bone remodeling processes. Conventional micron 

grained HA implants suffer from very slow rate of resorption and osseointegration with 

surrounding hard tissues. Nanostructured HA is much more bioresorbable and hence promotes 

faster mineralization at the bone tissue-implant interface. Thus activities of osteoclast and 

osteoblast cells are much more enhanced in contact with nanostructured HA implant, which 

results in faster bone remodeling and subsequently quicker osseointegration. 

1.1.2 Nanotechnology and nanomaterials in protein or drug delivery 

Nanotechnologies have already brought about a change in the scale and methods of drug 

delivery and show huge potential for future developments. New formulations and routes for drug 

delivery have shown the promise for the delivery of new types of medicine to previously 

inaccessible sites in the body. In addition to developing completely new therapeutic value, 

introducing upgraded formulations greatly reduces the risk, time and capital invested in new drug 

development. Nanoparticle based drug delivery technology allows reformulation of existing 

drugs to increase product lifecycle, increase profitability, and expand intellectual property estate. 

The total market for nanotechnology-enabled drug delivery is projected to be $26 billion 

by 2012 from its current size of $3.39 billion, which corresponds to annual growth rate of 37%.8 

Furthermore; the market could steeply rise after 2012, reaching potentially $220 billion by 2015. 
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With such enormous growth anticipated, over 60 different companies in U.S, including 38 drug 

formulation companies and 23 drug delivery companies, are analyzing where they are in their 

product pipeline, the available market, and the value that their products add to drug delivery.  

Different bone growth factors, such as transforming growth factors (TGF β-1), insulin 

like growth factors (IGF-1), bone morphogenetic protein (BMP), and antiresorptive drug like 

bisphosphonate can enhance the rate of osseointegration of HA implant.9-12 Bisphosphonates are 

particularly effective in the treatment of Paget’s disease, tumor associated bone disease and 

osteoporosis. These kinds of osteoinductive proteins and anti resorptive drug require appropriate 

carrier material as delivery vehicle. 

Calcium phosphate (CaP) nanoparticles found to be potentially good candidate for 

carrying biocompatible drugs and biomolecules to targeted site, since they can be resorbed by 

cells and promote new bone formation by releasing Ca2+ and PO4
3- ions. CaP nanoparticles 

possess versatile properties suitable for cellular delivery. These are widely available with 

variable stoichiometry and functionality. Because of high surface charge density, surface 

functionalization of CaP nanoparticles is relatively easy which attributes to their potential 

capability of targeted delivery of drugs and biomolecules to specific sites with controlled release 

property. 

Bone implant materials have a significant economic and clinical impact on the 

biomaterials field. The global orthopedics market is forecast to drive total revenues to $3.1 

billion by the end of 2010. In view of this huge market and anticipated growth in the application 

of nanotechnology in bone implant and drug delivery, the current study was to investigate the use 

of nanostructured CaP materials in controlling protein release and osteoblast cell –material 

interactions at the implant surface.  
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Preliminary investigations support the potential of nanobiomaterials in orthopedic 

applications; however, significant advancements are necessary to achieve its clinical use. The 

research is motivated by the growing market demands for nanobiomaterials and challenges in 

understanding and improving the tissue-materials interactions for long-term stability and shorter 

healing time. To understand the bone –cell material interaction at nanosurface of biomaterial and 

also to fabricate implant material which can mimic natural bone in terms of its mechanical and 

biological properties it is very important to have some basic understanding about human bone. 

1.2 Human Skeletal System  

The human skeleton consists of both fused and individual bones supported and 

supplemented by ligaments, tendons, muscles and cartilage. It serves as a scaffold which 

supports organs, anchors muscles, and protects internal organs of human body from mechanical 

damage. The longest and heaviest bone in the body is the femur and the smallest is the stapes 

bone in the middle ear. There are a total of 206 bones in a matured human body and the skeleton 

comprises around 20% of the total body weight. 

1.2.1 Bone  

Bones are rigid tissues composed of cells and a blood supply encased in a strong, 

interwoven composite structure. Bone tissue can be classified into two categories: (1) cortical or 

dense and (2) cancellous or spongy. The main difference between cancellous and cortical bone is 

the open-spaced and trabecular nature of the former as compared to later. The solid framework 

and pore network are continuous and interconnected domains. There are three types of cells that 

contribute to bone formation. Osteoblasts are bone-forming cells, osteoclasts resorb or break 

http://en.wikipedia.org/wiki/Bone
http://en.wikipedia.org/wiki/Ligament
http://en.wikipedia.org/wiki/Tendon
http://en.wikipedia.org/wiki/Muscle
http://en.wikipedia.org/wiki/Cartilage
http://en.wikipedia.org/wiki/Stapes


down bone, and osteocytes are mature bone cells. The dynamic equilibrium between osteoblasts 

mediated bone formation and osteoclasts mediated bone resorption maintains bone tissue. 

Compact bone consists of closely packed osteons or haversian systems.
13 

The osteon consists of a 

central canal called the osteonic (haversian) canal, which is surrounded by concentric rings 

(lamellae) of matrix. Between the rings of matrix, the bone cells (osteocytes) are located in 

spaces called lacunae. Small channels (canaliculi) radiate from the lacunae to the osteonic 

(haversian) canal to provide passageways through the hard matrix. In compact bone, the 

haversian systems are packed tightly together to form what appears to be a solid mass. The 

osteonic canals contain blood vessels that are parallel to the long axis of the bone. These blood 

vessels are interconnected, by way of perforating canals, with vessels on the surface of the bone.  

 

Figure 1.1: Structure of human bone14 

The main constituents of human bone are 20 wt% collagen (a natural polymer) and 69 

wt% CaP (main inorganic component) and 9 wt% water. Additionally, other organic materials 

such as proteins, polysaccharide and lipids are present in small quantities. Collagen, in the form 
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of small microfibers, forms the matrix of bone structure by 3-dimensional network formation. 

The diameter of collagen microfibers varies from 100 to 2000 nm. Presence of CaP in the form 

of crystalline hydroxyapatite (HA) and/or amorphous calcium phosphate (ACP) provides 

stiffness to the bone. HA crystals are present in the collagen matrix in the form of platelets or 

needles, which are 40–60 nm long, 20 nm wide and 1.5-5 nm thick. These crystals are deposited 

parallel to the collagen fibers such that the larger dimensions of the crystals are along the long 

axis of the polymer fiber. The deposited HA crystals are connected to each other and form a 3-D 

network structure.  

 Bone performs several functions in the human body. It provides a rigid support to human 

body structure, and protects internal organs of the human body from mechanical damage. Bone 

assists in the movement of human body parts with the help of muscles and tendons; and serves as 

a storage area for minerals such as calcium and phosphorus. The excess minerals present in the 

blood deposits in the bones to maintain optimum mineral concentration in the blood stream. In 

case, the supply of these minerals in the blood is low, the minerals are leached out from the 

bones to replenish the supply and thereby blood cells are produced by bone marrow located in 

the bones. An average of 2.6 million red blood cells is produced each second by the bone 

marrow to replace those worn out and destroyed by the liver. 
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Table 1.1. Chemical composition of human bone
13 

 
Composition Enamel Dentine Bone 

Ca
2+

 36.5 35.1 34.8 

P 17.7 16.9 15.2 
Ca/P molar ratio 1.63 1.61 1.71 

Na
+
 0.5 0.6 0.9 

Mg
2+

 0.44 1.23 0.72 

K
+
 0.08 0.05 0.03 

CO
3

2-
 3.5 5.6 7.4 

F
-
 0.01 0.06 0.03 

Cl
-
 0.30 0.01 0.13 

P
2
O

7

4-
 0.02 0.10 0.07 

Total inorganic 97 70 65 
Total organic 1.5 20 245 

Adsorbed H
2
O 1.5 10 10 

 
Mechanical properties of human bone are given in table 1.2. Because of its lower 

density, cancellous bone has a lower modulus of elasticity, and lower compressive and tensile 

strength than cortical bone.  

Table 1.2. Mechanical properties of human bone
13 

 
Properties Cortical 

bone 
Cancellous 

bone 
Enamel Dentine 

Compressive strength (MPa) 130-180 2-12 95-370 250-350 
Tensile strength (MPa) 60-160 10-20 10 21-53 
Young’s (tensile) modulus (GPa) 3-30 0.05-0.5 - 11- 19 
Fracture toughness (K

Ic
) 2-12 - - - 

Hardness (Knoop) 132-166 - - - 
 

1.3 Biomaterials  
A biomaterial is a nonviable material used in a medical device, intended to interact with 

biological systems (William 1987). Biomaterial by definition is “a non-drug substance suitable 
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for inclusion in systems which augment or replace the function of bodily tissues or organs”. 

These materials are capable of being in contact with bodily fluids and tissues for prolonged 

periods of time, exhibiting very little or no adverse reactions to body. 

1.3.1 Historical Background  
 

Use of biomaterials did not become practical until the advent of the aseptic surgical 

technique developed by Dr. J. Lister in the 1860s. Earlier surgical methods involved in tissue 

replacement were generally unsuccessful as a result of infection. The earliest successful 

implants, as well as a large fraction of modern implants, were in the skeletal system. Bone plates 

were introduced in the early 1900s to aid in long bone fracture. Many of these implants did not 

work well due to poor material properties and poor design. Several improvements and research 

studies have been done to get better performance of the implant structure. Table 1.3 shows the 

notable developments of implant research and applications.15  

Table 1.3: Notable development relating to implants15 

 
Year Investigators Development 

Late 18
th

- 
19

th 
century 

- Various metal devices to fix bone fractures; wires and 
pins from Fe, Au, Ag and Pt 

1860-1870 J. Lister Aseptic surgical technique 
1866 H. Hansmann Ni-plated steel bone fracture plate 
1912 W. D. Sherman Vanadium steel plates first developed for medical use 
1924 A. A. Zierold Introduced Stellites (CoCrMo alloy) 
1931 M. N. 

Smith-Peterson 
First femoral neck fracture fixation device made of 
stainless steel 

1936 C. S. Venable, 
W .G Stuck 

Introduced Vitallium (19-9 stainless steel), later 
changed the material to CoCr alloy 

1938 P. Wiles First total hip replacement 
1946 J. and R. Judet First biomechanically designed femoral head 

replacement prosthesis. First plastic (PMMA) used in 
joint replacement 

1947 J. Cotton Introduced Ti and its alloy 
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The development and application of surgical and orthopedic implants made it necessary 

to give increasing attention to the materials used to manufacture such implants. These materials, 

which are also referred to as biomaterials, must meet certain chemical, physical and biological 

requirements, in order to ensure optimum and lasting function of implants and success of the 

implantation procedure.  

1.3.2 Biocompatibility  

Biomaterials science is the physical and biological study of materials and their interaction 

with the biological environment. When the material is placed inside the body, within a few 

milliseconds, a biolayer consisting of water, proteins and other biomolecules from the 

physiological liquid is formed on the implant surface. Subsequently, stimulated by cytokines and 

growth factors in the biolayer, cells from the surrounding tissue migrate to the area around the 

implant. The interaction between an implant surface and the cells is thus mediated through this 

biolayer. Biocompatibility is the ability of a material to perform with an appropriate host 

response in a specific application (William, 1987). Examples of appropriate host responses 

include resistance to blood clotting, resistance to bacterial colonization and normal, 

uncomplicated healing. Biocompatibility is determined by the extent of chemical and biological 

interaction between host and implant, and stability (mechanical integrity) of the implant. A 

compatible implant would have no effect on the adjacent tissue, the nearby cells would show no 

abnormalities, no variant cell types would appear, there would be no inflammatory reactions, and 

there would be no cell necrosis. Biocompatibility of devices must be established and approved 

by regulatory agencies, for example Food and Drug Administration (FDA), International 
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Organization for Standardization (ISO) before any biomedical devices are marketed and used 

clinically. Table 1.4 lists a few applications for synthetic materials in the body. 

Table 1.4: Some biomedical applications of synthetic materials14 

Applications Types of materials 
Skeletal systems 

Joint replacements (hip, Knee) Titanium, Ti-Al-V alloy, Stainless steel. 
Bone plate for fracture fixation Stainless steel, cobalt-chromium alloy 

Bone cement Poly(methyl methacrylate) 
Artificial tendon and ligament Teflon, Dacron 

Dental implant for tooth 
fixation 

Titanium, Ti-Al-V alloy, Stainless steel. Titanium, 
alumina, calcium phosphate 

Cardiovascular system 
Heart valve Stainless steel, carbon, reciprocated tissue 

Catheter Teflon, silicone rubber, polyurethane 
Organs 

Artificial kidney Cellulose, polyacrylonitrile 
Skin repair template Silicone-collagen composite 

Senses 
Contact lens Silicone-acrylate, hydrogel 

Intraocular lens Poly(methyl methacrylate), hydrogel, silicone rubber 

1.3.3 Biomaterials classifications  

A. Based on material-tissue interactions 

Depending on the nature of biomaterial, tissue reacts towards the implant in a variety of 

ways. The tissue response to the implant biomaterial surface ultimately governs activity and 

efficiency of implant material inside the body. In general, biomaterials may be described in or 

classified into three categories such as bioinert, bioactive and bioresorbable depending on their 

interaction with tissues and cells. 
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Bioinert materials when placed inside the human body exert minimal interaction with its 

surrounding tissue. Generally a fibrous capsule is formed around the bioinert implants and hence 

biofunctionality of this kind of material depends on tissue integration through the implant. 

Examples of bioinert biomaterials are stainless steel, titanium, alumina, partially stabilized 

zirconia, ultra high molecular weight polyethylene etc.  

Bioactive material, when placed inside the human body interacts with the surrounding 

bone and soft tissues through the time dependent kinetic modification of the implant surface. A 

biologically active carbonate apatite (CHA) layer is formed on the bioactive implant surface by 

the ion exchange reaction between the bioactive implant and surrounding body fluids. This 

biologically active carbonate apatite (CHA) layer is chemically and crystallographically 

equivalent to the mineral phase in bone. Prime examples of these bioactive materials are 

synthetic hydroxyapatite [Ca10(PO4)6(OH)2], glass ceramic A-W and bioglass.  

Bioresorbable materials are the one which is dissolved or resorbed and slowly replaced 

by advancing tissues, such as bone, when used as an implant material inside the body. Common 

examples of bioresorbable materials are tricalcium phosphate [Ca3(PO4)2] and polylactic–

polyglycolic acid copolymers. 

B. Based on type of materials 
 

Depending on the type of materials, biomaterials can primarily be divided into three 

categories- metals, ceramic and polymer. Sometimes a combination of these materials is used as 

composite structure. Application of these materials include replacement of hips, knees, teeth, 
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tendons and ligaments; repair of periodontal disease; maxillofacial reconstruction; spinal fusion, 

and bone repair.  

(i) Metal as biomaterial 
 

Metals have been extensively used for load-bearing implants, such as hip and knee 

prostheses and fracture fixation wires, pins, screws, and plates. Metals also find application as 

parts of artificial heart valves, as vascular stents, and as pacemaker leads. Metallic alloys with 

improved materials properties, such as strength and corrosion resistance, are sometimes used as 

implant instead of pure metal. The main considerations in selecting metals and alloys for 

biomedical applications are biocompatibility, appropriate mechanical properties, corrosion 

resistance, and reasonable cost.  

The mechanical properties of materials are of great importance when designing load-

bearing orthopedic and dental implants. Mechanical properties of some of the most commonly 

used metallic implants are listed in table 1.5.  

Table 1.5: Select Properties of Metallic Biomaterials
14 

 
Material Young’s 

Modulus 
E (GPa) 

Yield 
Strength 
σ

y
, (MPa) 

Tensile 
Strength 
σ

UTS 
(MPa) 

Fatigue Limits 
σ

end 
(MPa) 

Stainless steel 190 221-1,213 586-1,351 241-820 
Co-Cr alloys 210-253 448-1,606 655-1,896 207-950 

Ti 110 485 760 300 
Ti-6Al-4V 116 896-1,034 965-1,103 620 

Cortical bone 15-30 30-70 70-150  
 
The elastic moduli of the metals listed in table 1.4 are at least seven times greater than that of 

natural bone. This mismatch of mechanical properties can cause stress-shielding of either 

condition characterized by bone resorption (loss of bone) in the vicinity of implants. Compared 

to the elastic moduli of either stainless or cobalt-chromium molybdenum alloys, Ti and Ti-6Al-
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4V have much lower moduli that are still almost an order of magnitude higher that of bone. 

Another advantage of Ti-based metals as bone implants is their favorable strength-to-density 

ratio. 

(ii) Polymer as biomaterial 

The structures of polymers determine their application in various medical domains. Their 

selection for subsequent employment in surgery, dermatology, ophthalmology, pharmacy, etc. is 

mainly determined by their chemical and physical properties. Biomedical polymers can be 

classified into either elastomers or plastics. Elastomers are able to withstand large deformations 

and return to their original dimensions after releasing the stretching force. Plastics on the other 

hand are more rigid materials and can be classified into two types: thermoplastics and 

thermosetting. Thermoplastic polymers can be melted, reshaped and reformed. Thermosetting 

plastics cannot be remelted and reused because of the irreversible nature of the chemical reaction 

during the formation of it. Current applications of biomedical polymers include vascular grafts, 

heart valves, artificial hearts, contact lenses, intraocular lenses, sutures, adhesives. Table 1.6 

shows some of the polymers and their uses. 

Table 1.6 Examples of Biomedical Applications of Polymers14 

Applications Polymers 
Cardiovascular implants Polyethylene, Polyvinyl chloride (PVC), polyester, silicone 

rubber, polytetrafluoroethylene 
Orthopedic implants Ultra-high-molecular-weight polyethylene (UHWMPE), 

polymethylmethacrylate 
Drug release Polylactide-co-glycolide 

Tissue engineering Polylactic acids, polyglycolic acid, Polylactide-co-glycolide 
 

The mechanical properties of polymers depend on several factors, including the 

composition and structure of the macromolecular chains and their molecular weight. Compared 
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to ceramic and metals, polymers have much lower strength but they can be deformed to a greater 

extent before failure. Table 1.7 shows some of the mechanical properties of selected polymeric 

biomaterials. Ultra high molecular weight polyethylene is used for bearing surface in hip and 

knee replacements.  

Table 1.7: Mechanical Properties of Polymers16 

 
Polymers Tensile strength 

σ
UTS 

(MPa) 
Young’s 

Modulus E (GPa)
% Elongation 

Polymethylmethacrylate 30 2.2 1.4 
Nylon 6/6 76 2.8 90 

Polylactic acid 28-50 1.2-3 2-6 
Polypropylene 28-36 1.1-1.55 400-900 

Polytetrafluoroethylene 17-28 0.5 120-350 
Silicone rubber 2.8 Up to 10 160 

Collagen 141.2-85.7 5-11.5 250-450 
 

(iii) Ceramic as biomaterial 

Bioceramics are employed as components of hip implants, dental implants and heart 

valves. They are also designed and fabricated for repair and reconstruction of diseased, damaged 

or “worn out” parts of the body. Some of the ceramics that have been used for biomedical 

applications are listed in table 1.8. 
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Table1.8. Ceramics Used in Biomedical Applications
14, 17 

 
Ceramic Chemical Formula Types of Attachment Comment 
Alumina 

 
Al

2
O

3
 

Zirconia ZrO2 

Pyrolytic carbon  

Mechanical interlock 
(morphological fixation) 

Bioinert 

Bioglass Na
2
O CaOP

2
O

3
-SiO 

Highly dense pure 
Hydroxyapatite 

Ca
10

(PO4)6 
(OH)

2
 

Interfacial bonding with  
tissues (Bioactive fixation) 

Bioactive 

Hydroxyapatite 
(sintered low 
temperature) 

Ca
10

(PO4)6 
(OH)

2
 Ingrowths of tissues in 

pores (Biological fixation) 

Tricalcium phosphate Ca
3
(PO

4
)

2
 Replacement with tissues 

Biodegradable

 

The major drawback of bioceramics is that they fail catastrophically due to the presence 

of cracks or other defects. Although some of the bioceramics exhibit outstanding strength when 

loaded in compression, they fail at low stress in tensile or bending environment. The mechanical 

properties of CaPs and bioactive glasses make them unsuitable as load-bearing implants. Table 

1.9 shows some of the mechanical properties of ceramic biomaterials. Among the biomedical 

ceramics, alumina has the best mechanical properties, but its tensile properties are still below 

those of metallic biomaterials. Additional advantageous properties of alumina are its low 

coefficients of friction and wear rate. Because of these properties, alumina has been used as a 

bearing surface in joint replacements.  

Table 1.9 Mechanical properties of ceramic biomaterials
17 

 
Bioceramics Young’s Modulus 

E (GPa) 
Compressive Strength, 

σ
UCS 

(MPa) 
Tensile Strength, 

σ
UCS 

(MPa) 
Alumina 380 4500 350 

Bioglass-ceramics 22 500 56-83 
Calcium Phosphate 40-117 510-896 69-193 

Pyrolytic carbon 18-28 517 280-560 
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Bioceramics are corrosion resistant, but susceptible to other forms of degradation when 

exposed to a physiological environment. The mechanism and rate of degradation vary depending 

on the type of bioceramic. Even alumina, a predominantly bioinert ceramic, suffers from time-

dependent deterioration in strength when placed in physiological environment in vitro and in 

vivo. CaP based bioactive ceramics are also degraded in the body by virtue of its dissolution in 

physiological fluid and osteoclasts mediated bioresorption. The rate of degradation of CaP 

ceramics will vary depending on their phase, chemical composition, and  crystal structure.  

Table 1.10 shows different types of CaP compound. 

Table 1.10 Calcium Phosphate Ceramics18 

Chemical 
Name 

Abbreviation Chemical 
formula 

Phase Ca/P Solubility 
Product at  
37 o C 
in H2O 

Monocalcium 
Phosphate 

MCP Ca(H2PO4), H2O -------- 0.50 1X 10-3 

Dicalcium 
Phosphate 
Hydrate 

DCPD CaHPO4, H2O Brushite 1.00 1.87X 10-7 

Dicalcium  
Phosphate 
Anhydrous 

DPCA CaHPO4 Monetite 1.00 1.26 X 10-7 

Octacalcium 
Phosphate 
pentahydrate 

OCP Ca8H2(PO4).  
5 H2O 

 1.33 5.1 X 10-15 

α-TCP Ca3 (PO4)2  1.50  Tricalcium  
Phosphate β-TCP Ca3 (PO4)2 Whitlockite 1.50 2.83 X 10-30 
Pentacalcium 
Hydroxyal 
Apatite 

HA Ca10 (PO4)6(OH)2 Hydroxyapatite  2.35 X 10-59 

Tetracalcium 
Phosphate  
monoxide 

TTCP Ca4O(PO4)2 Hilgenstockite 2.00  
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The solubility of different CaP minerals changes in the following order. 

ACP>DCP>TTCP>α-TCP>β-TCP>>HA 

The slowest rate of dissolution of HA among all the CaP ceramics is not surprising, 

because it is the only stable CaP compound at and above pH 4.2. The applications of CaP based 

bioresorbable ceramics include drug delivery vehicle, repairing damaged bone, repairing and 

fusion of spinal and lumbo-sacral vertebrae, repairing maxillofacial and dental defects. 

Bioactive ceramics mostly include CaP based materials and bioactive glasses. A common 

characteristic of all bioactive implant is the formation of a hydroxya carbonated apatite (HCA) 

layer on their surface when implanted. Depending on the nature of bioactive ceramics, the 

formation of HCA layer may take from days to weeks. The application of bioactive ceramics 

includes coating on prostheses, reconstruction of dental defects, bone plate and screws, 

replacements of middle ear ossicles and correcting periodontal defects. 
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CHAPTER TWO 
 

NANO BIOMATERIALS IN ORTHOPEDIC APPLICATION 
 

2.1 Introduction  

Due to the increase in average life time and consequent increase in the aging population, 

the market for orthopedic implants 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.1 Metals are most commonly used for total bone replacement or implant fixations, 

primarily because of its excellent mechanical properties necessary for load-bearing 

applications.14 The versatility in chemical and mechanical properties of polymeric materials has 

led to the development of biodegradable, biocompatible polymeric implants for orthopedic 

applications.18 However, both metal and polymeric implants suffer from stress-shielding, joint 

loosening due to wear, and limited compatibility with bone tissue, which ultimately leads to 

failure of implants.13 Failed implants require several challenging revision surgeries with 

consequent increase in cost and recovery time. 

 One of the key factors identified in the failure of orthopedic implants was insufficient 

tissue regeneration around the biomaterial immediately after implantation, mainly because of 

poor surface interaction of biomaterials with the host tissue.14 It is known that implantation of 

biomaterials into a living organism causes specific reactions in the biological environment.19 The 

biomolecules and cells together with the intrinsic as well as surface properties of the biomaterials 

determine the biocompatibility and longevity of the implants.20 Since the biomolecule or cell –

material interaction at the surface of biomaterial is an important phenomenon in the evaluation of 

the biomaterial, biomaterial scientists investigate the pertinent host–cell interactions in order to 

design materials that facilitate favorable interactions and enhance tissue regeneration. 
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Research results indicate that all living systems are governed by molecular behavior at 

nanometer scales. The properties of proteins, nucleic acids, lipids, and carbohydrates, which are 

molecular building blocks of life, are determined by their size, folding, and patterns at the 

nanoscale. Specifically, cellular organization and corresponding tissue properties are found to be 

highly dependent on the structure of the extracellular matrix (ECM).20 ECM is characterized with 

a complex hierarchical structure with spatial organization spanning several orders of magnitude 

from nm to cm scale. That is why; cells in our body are predisposed to interact with 

nanostructured surfaces.21 Indeed, research evidence shows that a biomaterial substrate 

composed of nanometer-scale components is biologically preferred.22 Structural components 

with nanoscale features are thus being considered as promising biomaterials. 

2.2 Cellular recognition of nanoscale structure 

A common objective in orthopedic research is to design biomaterial compatible to cell 

and tissue growth. Cell functions such as proliferation, migration, and ECM production are 

determined by nanoscale protein interactions in native tissues.23 Surface features of biomaterials 

such as roughness, charge, chemistry, wettability etc. in turn control protein adsorption 

characteristics onto implanted biomaterial.24 The particulate or grain size of the biomaterial 

influences these surface properties and the corresponding protein interactions. Recent reports 

suggest that the unique properties of nanobiomaterials promote favorable interactions with the 

proteins that control cellular function.25, 26 Nanobiomaterials possess a higher surface area to 

volume ratio than conventional microscale biomaterials due to the presence of increased number 

of atoms and crystal grains at their surfaces. The corresponding surface energy for protein 

adsorption onto nanobiomaterial is greatly changed due to the differences in surface topography. 

In particular, the interaction of four proteins such as fibronectin, vitronectin, laminin, and 
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collagen, which are known to enhance osteoblast function, was found to increase greatly on 

nanobiomaterials as compared to conventional micron grained biomaterials. Webster et al. 

correlated enhanced vitronectin adsorption, conformation, and bioactivity to the increased 

osteoblast adhesion on nanophase alumina.25 

Osteoblasts have been shown to adhere to select amino acid sequences (such as Arginine- 

Glycine-Aspartic Acid or RGD) in proteins adsorbed onto biomaterial surfaces. Since the 

foremost condition for orthopedic implant to synthesize bone on its surface is osteoblast 

adhesion, optimization of initial protein adsorption is integral to implant success. Two other 

factors, which are extremely important for orthopedic implant, are its ability to ECM production 

and mineralization. Thus, optimization of biomaterial surfaces for ECM production and 

subsequent mineralization are essential criteria for orthopedic implant that promote cell 

adhesion. It is evident that the key to modulating these critical protein interactions, and 

subsequent cellular behavior and tissue regeneration, lies in utilizing nanobiomaterials as 

orthopedic implant. 

2.3 Nano Biomaterials as Bone Implant 

 The advent of nanobiomaterials has generated significant opportunities to modulate 

cellular function at the surface of orthopedic implant. Depending on design strategies 

nanomaterilas can be used in various ways in different orthopedic applications which are 

described below. 

2.3.1 Biomimetic Nanocomposites 

 The nanoscale structure of ECM motivates scientists and engineers to tailor orthopedic 

implant surfaces with nanoscale features. Nanoscale CaP crystallites similar to hydroxyapatite 

are the main inorganic component of bone ECM. That is why, CaP materials are natural choices 
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as biomaterials. Indeed, CaP ceramics exhibit good biological properties because of their ability 

to form a chemically bonded interface with bone.27 However, due to poor mechanical properties 

the bulk synthetic CaP materials are not used at load-bearing, orthopedic sites. Consequently, 

CaPs are mostly used as coatings on metallic (mostly titanium and its alloys) bulk materials. In a 

recent study, osteointegration was observed in tantalum porous scaffolds coated with nano 

hydroxyapatite particles within 6 weeks of implantation into rat calvaria.28 

  Several techniques are available for the deposition of CaP-coatings on metals, including 

plasma spraying,29 biomimetic deposition,30 laser deposition,31 ion beam deposition,32 

radiofrequency (RF) magnetron sputter deposition,33 and electrostatic spray deposition (ESD).34 

Although plasma spraying is frequently used to deposit CaP coatings on orthopedic and dental 

implants, this technique suffers from lack of controlling coating structure, relatively low 

cohesion within the thick coatings (~50 μm), and the limited bond strength with the metallic 

implant substrate.29 Biomimetic deposition of CaP-coatings results in the deposition of CaP 

crystals with nanoscale dimensions.30 An interesting aspect of the biomimetic process of CaP 

deposition is that it can be combined with the deposition of biologically active compounds.35 

Through this co-precipitation process, the resulting CaP coatings do not only introduce 

bioactivity but can also actively influence cellular processes and reduce bacterial infections. 

2.3.2 Nanostructured Biomaterials 
 

Several literature reports suggest that decrease in ceramic grain size results in enhanced 

bone cell function. Specifically, compared to conventional micron grained ceramic, 

nanostructured alumina, titania, and hydroxyapatite show enhanced in vitro adhesion of 

osteoblasts. Osteoblast functions were also found to be increased at ceramic spherical grain sizes 

below 60 nm.36 Studies further reported enhanced in vitro calcium deposition by osteoblasts as 
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well as increased functions of osteoclasts on nanophase alumina and titania.37 Particle aspect 

ratio is another important feature for orthopedic nanomaterials. Compacts of nanofibrous 

alumina (diameter: 2 nm, length >50 nm) exhibited significantly enhanced in vitro osteoblast 

functions in comparison to similar alumina compacts formulated from nanospherical particles.38 

Not only ceramics, but nanophase metals (such as titanium, Ti6Al4V, and CoCr alloys) 

and polymers have also demonstrated promising properties for enhanced bone cell functions. In a 

disease-specific study, researchers have reported increased in vitro osteoblast functions on 

nanophase compared to conventional selenium.39 The anticancer properties of selenium has 

explored the potential use of nanophase selenium in implants for the treatment of bone cancer.  

 Nanotopographies on metal surfaces have been found to be advantageous for osteoblast 

cell adhesion and growth. Compared to unanodized titanium, greater in vitro osteoblast adhesion 

and mineral deposition were observed on anodized titanium possessing TiO2 nanotubes on 

surface.40 The similar behaviors of osteoblast cells have also been observed for anodized 

aluminum.41 Similarly, increased in vitro osteoblast functions were observed on poly(lactic-co-

glycolic acid) (PLGA) cast from nanophase titania compared to conventional titania.42 The 

results suggest that the proactive surface roughness of nanophase materials can be transferred to 

polymers to enhance the efficiency of orthopedic implant. 

2.3.2.1 Nanostructured Hydroxyapatite  

Apatite-related compounds, which are CaP based compounds, have crystallographic and 

chemical characteristics similar to various hard tissues such as bones and teeth of vertebrata, and 

thus strongly bind to biotissues when they are transplanted in a body. HA [Ca10(PO4)6(OH)2] is 

known as a representative apatite. Taking advantage of its bioactivity there have been efforts to 

replace impaired teeth and bones with HA. It is sensitive to nonstoichiometry and impurities due 
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to its complex composition and crystal structure (Ca10(PO4)6(OH)2, (P63/m). As a result, 

conventionally processed HA materials lack phase purity and homogeneity. Densification 

typically requires high temperatures, which results in grain growth and decomposition into 

undesired phases with poor mechanical and chemical stability.43 To avoid densification at high 

temperature, glassy additives can be introduced to promote liquid phase sintering at a lower 

temperature. However, the presence of a secondary glassy phase gives rise to poor mechanical 

strength.44 Since mechanical properties such as strength and fracture toughness of micron 

grained HA are poor, its use is limited to non load-bearing implants, coatings and low loaded 

porous implant.  

Bone is a composite material consisting of biological apatite (length. 50 nm, breadth. 25 

nm and thickness up to 4 nm) and a matrix of collagen fibers (50–70 nm in diameter).45 

Nanocrystalline HA would be more interesting than micro-sized HA from a biological and 

medical viewpoint because of its similarity to minerals in natural bone. Compared to 

conventional microscale HA, which lacks phase purity and homogeneity, nano HA offers the 

possibility to enhance the rate of bone-bonding formation and possess greater reliability, 

improved mechanical properties to be applied as load bearing implant. With minimized flaw 

sizes, nanocrystalline HA can be densified without sintering additives at substantially lower 

temperature and demonstrate unusual strength and ductility compared to the conventional 

polycrystalline HA. The nanostructured HA not only provide superior mechanical properties but 

also offer the potential for net-shape forming for inexpensive rapid prototyping.  

2.4 Objectives and Research Plan 

The objective of this research was to understand the influence of grain size on mechanical 

properties and bioactivity of HA compacts. The efficiency of HA ceramics as orthopedic implant 
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greatly depends on its grain size. Not only the osteoblast cells show grain size dependent 

activities on HA compacts, but mechanical properties of HA compacts also greatly vary with 

change in grain size in sintered HA microstructure. Particularly, as already been discussed 

earlier, orthopedic implant exhibits remarkably different bioactivities and mechanical reliability 

at nanoscale. Thus it is interesting to investigate how one can monitor the biological as well as 

mechanical properties of HA ceramics by changing its grain size. The research has been focused 

on following different areas. 

1. Consolidation and sintering of HA compacts: HA nanopowders were synthesized by reverse 

microemulsion based template system. The synthesized HA nanopowders were calcined for 

different time and then ball milled to get rid of agglomerates. The ball milled HA nanopowders 

were mixed with ammonium polymethacrylate dispersant, freeze dried, and then consolidated by 

uniaxial pressing at 50 MPa followed by cold isostatic pressing at 345 MPa. The green HA 

compacts were sintered in microwave furnace at 1000 C, 1100 C and 1150 C for different time 

from 20 minutes to 45 minutes. HA compacts with variation in average grain size from 150 nm 

to 12.5 μm were prepared.  

2. Evaluation of mechanical properties of HA compacts: Mechanical properties such as 

compressive strength, indentation hardness, and fracture toughness of HA compacts were 

evaluated with variation in grain size in sintered HA microstructure. The mechanical property 

data of these nano HA compacts will be compared with trabecular and cortical bone.

3. Study of biological and surface properties: Biological properties of these different grained HA 

compacts were evaluated with an in vitro hFOB 1.15 human osteoblast cell line cultured for 1, 5 

and 11 days. Protein expression with vinculin molecules and enzymatic behavior with alkaline 
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phosphatase both were evaluated on different grain sized HA compacts. Surface properties like 

surface energy and contact angles were also measured on different grain sized HA compact
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CHAPTER THREE 

NANOTECHNOLOGY AND DRUG DELIVERY 

3.1 Introduction 

The nanotechnology based drug delivery system offers an extraordinary opportunity to 

make significant advances in medical diagnosis and treatment. Corporate investment for nano 

technological development in the fields of drug delivery and medical diagnostics is increasing 

year by year and a lot of companies have already commercialized some of the nanotechnology-

based drug delivery systems. 

Traditionally nanotechnology based drug delivery system mainly focuses on utilizing 

nanoscale vehicles to transport the drug molecules to desired locations. Recently, new nanoscale 

platforms are under development for not only therapeutic purpose, but also diagnostics 

applications.46 Apart from functioning as a nanoscale drug carrier, these nanotools can also be 

used for medical diagnostics via fluorescent imaging 47 or magnetic resonance imaging. 48 

Multifunctional nanoparticles with the combination of therapeutic, targeting, and imaging 

functions for advanced drug delivery systems have drawn more and more attention from current 

researchers. 49, 50 

3.2 Advantages of nanostructured delivery systems 

The common ways of administration of active pharmaceutical ingredient (API) are oral, 

transdermal, and nasal delivery methods.51 Though oral delivery pathway is the most sought after 

delivery method, it has many limitations from reduced bioavailability and ineffectiveness to 

deliver protein and peptides due to the effects of pH in the digestive system, and the effects of 

stress from the intestines.52 The nasal and transdermal methods cause patient discomfort and also 
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have reduced efficiency and availability in the system.53 Other challenges with the conventional 

drug delivery systems involve difficulties for targeting specific regions without affecting healthy 

tissues.54 Nanotechnology-based drug delivery systems have potential to address all those 

challenges associated with conventional drug delivery systems. 

3.2.1 Localized and targeted delivery  

Nanotechnology based drug delivery systems can be utilized to control drug delivery to 

specific sites and target cells only, without affecting the neighboring healthy cells.55, 56 Several 

external stimuli such as ultrasound and magnetic field have been effective in drug targeting in 

nanocarriers for tumor eradication. Several biologically relevant molecules such as transferin,57 

folate 58 and antibodies 59 play important roles in internal targeting and internalization of drugs. 

The localized and targeted delivery greatly helps in reducing side effect and increases 

effectiveness of the therapeutic ingredients.52 

3.2.2 Controlled delivery  

The nanotechnology based drug delivery systems have enabled researchers with options 

of deliver highly toxic drug intermediates and complexes, as well as DNA and viral vectors at 

optimum dosage at controlled time periods. 53 Release profile from materials largely depends 

upon the nature of the delivery system. By choosing the correct type of materials for preparation 

of nanoparticles, the release profile can be modified.60 In addition, nanotechnology opens the 

door for atomic scale modification in materials for the creation of nanosystems with extremely 

controllable delivery rates. 61 

3.2.3 Enhanced circulation time and biodistribution 

Nanocarriers may increase the circulation time of drugs within the body. Particle size is 

intrinsically related to rate of clearance from the circulation. Larger particles tend to be removed 
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much faster than smaller particles. Not only the enhanced circulation time, nanoparticles also 

exhibit improved biodistribution over their larger counterparts. In animal study, it was found that 

larger particles tend to accumulate in high concentrations in spleen and liver rather than in the 

target locations. Smaller particles are more likely to be distributed to other cells within the body, 

including target cells. 

3.2.4 Drug solubility 

Nanotechnology allows for the delivery of all types of drugs. Particularly, the drugs 

exhibiting poor solubility in water can be effectively transferred to living tissues when loaded on 

a nanocarrier. Micelles are composed of a hydrophobic core surrounded by a hydrophilic outer 

layer, known as corona. Hydrophobic drug molecules can be easily encapsulated in the 

microenvironment of the core. The hydrophilic corona facilitates travel of the nanoparticles 

through water –based solutions. This ensures delivery of hydrophobic therapeutic compounds in 

aqueous environments of the human body. 

3.2.5 Intracellular drug delivery 

Intracellular drug delivery helps in reducing toxicity and improving dosage efficiency. 

Hydrophobic drug carriers at nanoscale are able to easily pass through the membrane. 

Endocytosis in cells is limited by particle size and targeting tissues. The maximum size of 

material that can penetrate the cell membrane is about 500 nm. The ability of nanocarriers to be 

internalized into cell also enables drugs or biomolecules to be activated and targeted to specific 

cell organelles such as the nucleus or the mitochondria. 

The delivery of hydrophilic or genetic components into cell possesses the greatest 

challenge. The mechanisms for cellular internalization of the nanoparticles include direct 

diffusion through the cell membrane owing to concentration gradients, crossing the voltage-gated 
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channels and receptor-mediated endocytosis. Lipid and micelle based delivery systems provide 

various opportunities to encapsulate or to bind to specific hydrophilic and hydrophobic 

constituents, hence producing nanoparticles that can be modified on the surface to cause 

endocytosis. 

3.2.6 Ability to cross biological membranes 

The difficulties in crossing the biological membranes like the blood-brain barrier (bbb), 

gastrointestinal system and the vascular endothelial system have posed great challenges to drug 

delivery. Conventional delivery methods such as intravenous delivery, oral delivery or 

transdermal delivery of microparticles have failed in regions that need to penetrate the BBB or 

the gastrointestinal systems because of various physiological environment aspects including the 

pH dependence and the size properties. Nanotechnology based drug delivery devices have the 

ability to cross biological membranes when tailored with appropriate properties. Metallic 

nanomaterials, polymeric drug carriers, and lipid based delivery systems have provided the 

researchers with opportunities to drive the drug through biological membranes. 

3.2.7 Enhanced surface areas 

It is a well known fact that due to size reduction per unit volume the surface area of 

materials increases. As compared to the conventional drug delivery systems, nanotechnology 

based drug delivery systems have improved surface areas. This increased surface area per unit 

volume leads to improvement on loading and releasing efficiency of drug. 

3.3 Nanoparticles used in drug delivery 

The nanoparticles used in drug delivery application are mostly less than 1 μm in 

diameter, spherical, and either porous or core-shell type particles. Typically, the API is entrapped 

within the particle during synthesis or can be uptaken after synthesis. 62 All kinds of therapeutics 
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like hydrophobic anticancer drugs doxorubicin 63,64, daunorubicin65 and paclitaxel 66 as well as 

hydrophilic dexamethasone phosphate,67 ribonuleases,68 and proteins69 can be encapsulated 

inside the nanoparticles. Controlled release of entrapped API from nanocarriers takes place over 

time or upon an external trigger such as pH,70 focused magnetic fields,71 ultrasound,72 or 

temperature.73 

Nanomaterials in various forms are used in drug delivery. These include hydrogels, 74 

lipids/liposomes/micelles, 75-78 virosomes,79 polymers (PLGA, 80 PMMA,81cyanoacrylates,82 and 

PAA,83 biopolymers (collagen84 and chitosan85), paramagnetic alginate beads,86 colloidal gold87, 

88  porous hollow silica,89 calcium carbonate, 90 and core-shell types (liquid filled nanoparticles,91 

polymer nanocapsules92). Of these, continuous polymers and liposomes have got the most 

attention and widely been investigated. 

Most of the polymeric nanoparticles being porous spheroids entrap API in their 

polymeric matrix and release their contents through either diffusion or matrix swelling. PLGA is 

highly biocompatible and biodegradable and can encapsulate anticancer agents, antihypertensive 

agents, immunomodulators, hormones, and macromolecules, but short term stability is the issue 

which restricts its wide application as drug delivery vehicle. 80 Also some organic solvent is 

required during synthesis of these materials which can pose a problem for some biomolecules. 

Liposomes have long been used as drug delivery vehicles 93-97and the fact that no organic 

solvent is required for its synthesis renders them slightly more biofriendly than polymer 

nanoparticles, but they also suffer from stability and leaking issues due to their thin lipid 

membrane.98 They can also encapsulate a wide range of both hydrophilic and hydrophobic API 

by encapsulating them within their aqueous compartments and lipid membranes.99, 100 
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Recently inorganic nanoparticles as new non-viral carriers have attracted much attention. 

Many inorganic materials, such as CaP, gold, carbon materials, silicon oxide, iron oxide and 

layered double hydroxide (LDH), have been studied. Viral carriers are to date the most effective, 

but severe side effects limit their successful application in cellular delivery. Liposome and 

polymer nanocarriers may avoid such problems but are often found to be toxic to living cells. In 

contrast, inorganic nanoparticles show low toxicity and significant promise for controlled 

delivery properties, thus presenting a new alternative to viral and organic carriers. However, at 

the present form, cellular transfer efficiency with existing inorganic nanoparticles is relatively 

low. 

3.4 Targeted drug delivery using nanoparticles 

For localized delivery of API within the body the nanoparticles need to be conjugated to 

a targeting molecule that attaches to specific cells with the receptor. This technique is referred to 

as receptor mediated delivery.101 There are a number of molecules, can be used for targeting 

labels, that includes carbohydrates,76 ligands,102 peptides, 103 antibodies 68, 104 selectins,105 

folate106 and lectins76, 107 oligosaccharides. Glycoconjugates are emerging as versatile targeting 

molecules because the surface of cells is rich in carbohydrates and attached 

glycolipids/glycoproteins.108 Folate is the most commonly utilized for targeting tumor cells. It 

has been found that folate functionalized particles localize selectively at the tumor molecule as 

many tumors over express the folate receptor.106, 109, 110 Attachment of these receptor molecules 

to the nanoparticles is accomplished through covalent, electrostatic, or biotynilated conjugation 

techniques. 111  
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3.5 Potential for calcium phosphate (CaP) nanoparticles in drug delivery 

CaP nanoparticles possess versatile properties suitable for cellular delivery, including 

rich functionality, exceptional biocompatibility, and potential capability of targeted and 

controlled delivery of carried API. Nano and microparticles of CaP are employed in the delivery 

of antibiotics,112proteins,113 plasmids,114 ocular drugs,115,116 nucleic acid-based drugs,117 as 

nonviral vectors for gene transfection into cells,118-120and other applications.121 Nanoparticles of 

CaP are used as a bioactive component in pastes and injectable cements122,123 for the 

reconstruction of orthopedic and dental defects. 124 Rigid combinations of nanoparticles125 and 

nanoparticle/polymer composites126 are applied as biodegradable/resorbable127,128 scaffolds for 

the guided regeneration of bone tissue.129, 130 Trehalose delivery from microneedles coated with 

porous CaP has been reported.131 Alginate–CaP microspheres are used as enzyme delivery 

matrices in vivo.132 As a bioactive coating, CaP also aids the osseointegration of titanium based 

orthopedic implants.133-138. 

Core-shell type nanoparticles are very demanding in the field of drug delivey.139-141 Due 

to the complexity in synthesis, with the exception of liposomes, very few of them have aqueous 

cores. The fluid compartment of the shell can also be used to entrap fluorophores, drugs, 

proteins, and genes. A CaP coating can provide structural rigidity to an otherwise fragile 

liposome or emulsion. Solid CaP nanoparticles donot exhibit any immune response. Thus coating 

a liposome with this material could functionalize them to avoid reticulo endothelial system 

(RES) without the use of PEG. 

3.6 Toxicological effect of nanoparticles used in drug delivery 

Nanotechnology shows remarkable promises in the fields of medical sciences. However, 

the same properties, such as small size, chemical composition, structure, large surface area and 
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shape, which are so attractive in medicine, may influence their toxicological profile in biological 

systems. In fact, the smaller particles with higher surface area make them very reactive in the 

cellular environment. Because of this increased reactivity, the intrinsic toxicity of nanoparticle 

surface will be enhanced .142 The respiratory system, blood, central nervous system (CNS), 

gastrointestinal (GI) tract and skin have been shown to be targeted by nanoparticles. 

 Nanoparticles can induce increased lung toxicity compared to larger particles with the 

same chemical composition at equivalent mass concentration. 144 It has been also shown that 

nanoparticles of different diameters can induce inflammatory reactions in the lungs of 

experimental animals. 145 Various types of nanoparticles can induce different inflammatory 

reactions. In fact, SWCNT has been found to be more toxic compared to other nanoparticles in 

inducing dose-dependent epithelioid granuloma and interstitial inflammation in lungs. 146 In 

addition, nanoparticle-induced pro-inflammatory reactions have been demonstrated in several in 

vitro models of exposure.145  Therefore, these results indicate that nanoparticles can lead to 

inflammatory and granulomatous responses in lungs and this could have important implications 

for human risk assessment.  

3.6.1 Nanoparticle translocation to the blood stream and central nervous system (CNS) 

Nanoparticles can avoid normal phagocytic defenses in the respiratory system and gain 

access to the systemic circulation or even to the CNS. Once inhaled and deposited, nanoparticles 

can translocate to extrapulmonary sites and reach other target organs by different mechanisms. 

The first mechanism involves passing of nanoparticles across epithelia of the respiratory tract 

into the interstitium and access to the blood stream directly or via lymphatic pathways, resulting 

in systemic distribution of nanoparticles. Berry et al. showed for the first time that nanoparticles 

can be rapidly observed in rat platelets after intratracheal instillation of particles of colloidal gold 



(30 nm).147  Nemmar et al. (2002) also found that inhaled (99 m) Tc-labelled carbon particles 

(<100 nm) pass to the blood circulation 1 min after exposure. 148  In contrast, Brown et al. (2002) 

did not find an accumulation of the same radiolabel in the liver after exposure.145 However, once 

nanoparticles are translocated into the blood stream they could induce adverse biological effects. 

The ability of mixed carbon nanoparticles and nanotubes, both MWCNT and SWCNT, to induce 

platelet aggregation in vitro has already been established.149 Furthermore, it has been found that 

nanoparticles can directly induce cytotoxic morphological changes in human umbilical vein 

endothelial cells, induction of proinflammatory responses, inhibition of cell growth and 

reduction of endothelial nitric oxide synthase.150 Inhibition of cell function and induction of 

apoptosis have also been reported in vitro in kidney cells treated with SWCNT.151 The 

translocation of nanoparticles to CNS may not only take place as a result of systemic 

distribution. The other mechanism involves the uptake of nanoparticles by sensory nerve endings 

embedded in airway epithelia, followed by axonal translocation to ganglionic and CNS 

structures. In addition, nanoparticles can be taken up by the nerve endings of the olfactory bulb 

and translocated to the CNS. It has been found that C60 fullerenes can induce oxidative stress in 

the brain of large mouth bass via the olfactory bulb.152 Recent studies have indicated that this 

translocation pathway is operational for inhaled nanoparticles. It has been shown that the 

exposure of rats to 13C ultrafine particles (35 nm) for 6 h resulted in a significant increase of 13C 

in the olfactory bulb on day 1 and this increase was even greater on day 7 post-exposure.153 This 

result contrasts with 15-day inhalation of larger-sized MnO2 particles in rats (1.3 and 18 μm 

median diameter) where no significant increase in olfactory Mn was found.154 The latter 

observation could have been expected given that the individual axons of the fila olfactoria 

(forming the olfactory nerve) are only 100–200 nm in diameter. However, there are substantial 
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differences between humans and rodents and therefore, these results should be interpreted with 

caution. In humans, the olfactory mucosa comprises only 5% of the total nasal mucosal surface, 

whereas in rats this amounts to 50%. Interestingly, human studies have shown that elevated 

levels of Mn could be associated with increased rate of Parkinson's disease.155 Recently, it has 

been found that exposure of PC-12 neuroendocrine cell line to nanosized Mn induced an increase 

in reactive oxygen species and dopamine depletion.156 However, further studies are required to 

evaluate whether Mn nanoparticles can induce dopamine depletion in vivo. 

3.6.2 Gastrointestinal tract (GI) and skin  

GI tract and skin are the other two port of entries through which nanoparticles can get 

into the body. Nanoparticles can be ingested into the gut by many ways. For example, 

nanoparticles can be ingested directly from the food, water, drugs and cosmetics, but inhaled 

nanoparticles can also be ingested by GI tract once they are cleared by respiratory tract. It is 

known that the kinetics of particle uptake in GI tract depends on diffusion and accessibility 

through mucus, initial contact with enterocytes, cellular trafficking and post-translocation events. 

The smaller the particle diameter is the faster they could diffuse through GI secretion. Following 

uptake by GI tract nanoparticles can translocate to the blood stream and distribute all over the 

body. Recently, it has been shown that Cu nanoparticles administered via oral gavage can induce 

adverse effects and heavy injuries in the kidney, liver and spleen of experimental mice compared 

to micro-Cu particles.157  

As with lungs, GI tract is easily exposed to stimuli that can induce an inflammatory 

response. Inflammatory bowel disease (IBD) that includes both ulcerative colitis and Crohn's 

disease (CD) is an inflammatory chronic condition whose aetiology remains still unclear. 
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However, several lines of evidence suggest that IBD can result from a combination of Genetic 

predisposition and environmental factors .158 It has been shown that a diet low in Ca2+ and 

exogenous microparticles alleviated the symptoms of human CD with a significant improvement 

in the CD activity index.159 These results are particularly relevant to CD as an abnormal 

intestinal permeability has been found in this disease. However, to our knowledge, no studies 

published to date showed direct toxicological effects of nanoparticles in GI tract. 

Nanoparticles can be also taken up by lymphatic nodes at skin level, translocating to the 

blood been found that SWCNT can induce oxidative stress and pro-inflammatory responses in 

human keratinocyte cells in vitro.151 However, no studies in vivo have been performed and 

therefore, more research is needed to investigate the effects of nanoparticles on skin. 

3.6.3 Toxicological effects of CaP nanoparticles 

Despite having many advantages, the use of CaP nanoparticles as controlled drug 

delivery system may involve some potential risks and health hazards. Increase in intercellular 

Ca2+ concentration can cause oxidative glutamate toxicity and ultimately leads to mitochondrial 

dysfunction. The impairment of mitochondrial function and perturbation of calcium homeostasis 

can cause cell death. Thus introduction of CaP nanoparticles into cell can lead to apoptotic cell 

death since it has been described that apoptosis is characterized by depolarization of 

mitochondrial membrane, 160 generation of reactive oxygen species (ROS) and increase of 

intracellular Ca2+ levels. 161 

Delivery of CaP nanoparticles into cells can promote formation of nanobacterium. 

Nanobacterium is a nano-organism that synthesizes a shell of CaP to cover itself, and resembles 

an inorganic CaP nanoparticle. The shell ranges in size between 20 to 300 nm. It allows the flow 

of a slimy substance through its pores in CaP shell. This slime promotes the adhesion to 
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biological tissues and the formation of colonies. Nanobacteria are very resilient, being 

temperature- and gamma radiation- resistant.162 No other particle is known to manufacture such a 

calcified coating under human blood conditions, and until now medical science has never been 

able to prove why such calcification occurs in disease. Aside from being toxic on its own, the 

CaP layer binds proteins that have been implicated in disease. Calcifying nanoparticles have 

been detected in urine and kidney stones, bile and gall bladder stones, atherosclerotic plaques, 

heart valves, polycystic kidney disease cysts, liver cysts and human & fetal bovine serum. 

3.7 Research objectives and plan 

The objective of this research was to investigate whether protein loading and release from 

CaP nanoparticles can be controlled by varying particle size, morphology, specific surface area, 

and phase composition of CaP nanoparticles. The purpose behind controlling the drug delivery is 

to achieve more effective therapies while eliminating the potential for both under and 

overdosing. Other advantages of using controlled-delivery systems can include the maintenance  

of drug levels within a desired range, the need for fewer administrations, optimal use of the drug 

in question, and increased patient compliance. 

Bovine serum albumin (BSA) was used as a model protein in this study. BSA loaded CaP 

nanoparticles were synthesized using both ex situ and in situ synthesis routes to see the effect of 

synthesis parameters in controlling protein release for longer period of time. The effect of dopant 

incorporation to in situ synthesized HA-BSA nanoparticles on the release of BSA was also 

investigated. Since bioresorbability and thus crystal dissolution of CaP nanoparticles depends on 

phase composition and crystallinity, efforts were made to control protein release from CaP 

nanoparticles by modifying their phase composition and crystallinity. The research has been 

focused on two different areas: 
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1. Synthesis of BSA loaded CaP nanopowders by ex situ and in situ process: CaP 

nanopowders with Ca:P molar ratio fixed at 1.5:1, were synthesized using reverse micelle as 

template system. Powders were calcined from 600 to 800 oC and characterized for phase 

composition, particle size, morphology, specific surface area. BSA was loaded onto CaP 

nanoparticle surface and adsorptive property of BSA was investigated with change in specific 

surface area of CaP nanoparticles and the pH of BSA-nanoparticle suspension. 

 2 mol% Zn and Mg doped HA-BSA nanopowders were synthesized by in situ 

precipitation route. Incorporation of BSA into HA nanopowders with change in dopant was 

investigated. 

2. Study of BSA release from ex situ and in situ synthesized BSA-CaP nanoparticles: BSA 

loaded CaP nanoparticles were immersed in buffer solution of pH 7.2, 6 and 4, and then BSA 

release from these nanoparticles was evaluated as a function of elapsed time by BCA protein 

assay.
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CHAPTER FOUR 
SYNTHESIS OF NANOCRYSTALLINE HYDROXYAPATITE AND TRICALCIUM 

PHOPHATE POWDERS 

4.1 Introduction  

 Hydroxyapatite (Ca10(PO4)6(OH)2, HA) and β-tricalcium phosphate (β-Ca3(PO4)2, β-

TCP) are the two calcium phosphate ceramics (CPCs) which have been mostly researched 

among the CPCs due to their promising biological responses to physiological environments.163-

167 HA is considered as a bioactive ceramic as chemically HA resembles closely to the inorganic 

part of human bone and shows excellent osteoconductivity.165,166 β-TCP and HA implants 

become surrounded by new bone within a few weeks after implantation at bony sites in vivo.168 

β-TCP is considered as a bioresorbable ceramic. Ιt gets gradually replaced by new, natural, fully 

functional bone by virtue of its extraordinary bioresorbability in biological environments.168 TCP 

exists in two phases, namely α and β. The low temperature phase β is stable up to 1150 oC and 

structurally rhombohedral in its most abundant form, whereas α phase exists from 1150 oC 

to1430 oC and has monoclinic crystal structure. Synthesis of CaP powder in nanoscale is relevant 

in biological fields, because the dimensions of large biomolecules such as proteins and DNA as 

well as those of many important subcellular structures fall in the size range between 1 and 1000 

nm.169, 170  

4.1.1 Synthesis of CaP powders by different synthesis routes 

 A number of synthesis techniques have been used for the preparation of CaP powders, 

that can be divided into two broad categories, such as, solid-state process 171–174 and wet-

chemical method.175–179 Powder synthesized by solid-state process suffers from stoichiometrical 

inhomogeneity, wide particle size distribution and hard agglomeration which motivated 
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researchers to study wet chemical process for their synthesis. CaP nanopowders can be 

synthesized using different wet chemical synthesis routes which include wet precipitation180, sol 

gel,181 hydrothermal,182  microemulsion 183 and surfactant based template system.184  

 Sol gel synthesis process of amorphous HA using calcium salts, ethanol and phosphoric 

acid was reported by Layrolle et al.185 They showed that after calcination at 600 oC , amorphous 

calcium phosphate (ACP) was converted to crystalline HA. The average crystallite size of ACP 

was 22 nm, and that of HA was 200 nm. Water based sol gel synthesis of HA was investigated 

by Liu et al using calcium nitrate and triethyl phosphate. 186,187 The crystallite size was in the 

range of 8 to 10 nm and increase in temperature increased the crystallite size. Citrate nitrate 

combustion method for synthesis of nanocrystalline HA was reported by Han et al.188 The 

reaction between citric acid and nitrate gives exothermic reaction which led to the formation of 

HA. They found a particle size in the range of 80 to 150 nm. Destainville et al. has investigated 

synthesis of β-TCP nanopowders by aqueous precipitation method using a solution of calcium 

nitrate, Ca(NO3)2, and ammonium dihydrogen phosphate, (NH4)2HPO4, at neutral and alkaline 

pH with average specific surface area ranging from 89±2 to 95±2 m2/g.189 Pena et al. studied the 

synthesis of β-TCP by Pechini based liquid-mix technique  using CaNO3.4H2O, (NH4)2HPO4 and 

citric acid as precursor materials.190 In these wet chemical synthesis routes the precipitate derived 

from aqueous solution is not of pure TCP, but apatitic TCP Ca9(HPO4)(PO4)5(OH), which 

requires further calcination at temperatures between 700 and 800 oC to produce β−TCP phase. 

Bow et al. used anhydrous 99.5% methanol, instead of water to synthesize spherical  β−TCP 

powders with an average particle size of 50 nm at 80 oC using calcium acetate and phosphoric 

acid.191 In all those cases the synthesized  β−TCP nanopowder showed agglomerated 

morphology with wide particle size distribution that affected powder properties. 
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Synthesis of nanocrystalline CaP powders using different surfactants and template system 

have been reported.192-193 Uota et al. reported synthesis of HA nanopowders with very high 

surface area of 364 m2/g using a mixed surfactant system.192 Synthesis of HA nanocrystals using 

amino acid-capped gold nanoparticles has been studied by Rautaray et al.193 A novel method of 

preparation of HA nanopowder was reported by Bose et al using sucrose templated sol gel 

technique.184 Average particle size of synthesized HA nanopowders was 30 nm at 650 o C and 

increase in temperature increased the particle size. None of the aforementioned methods showed 

precise control over particle morphology as well as agglomeration. In the present case we report 

synthesis of CaP nanopowders using microemulsion technique with reverse micelle as template 

system. 

4.1.1.1 Microemulsion 

Microemulsions are true dispersions of liquid droplets, water or oil, in the size range 

between 10 nm and 100 nm within another immiscible liquid, oil or water, stabilized by a 

surfactant. Thus they are named as oil-in-water or water-in-oil microemulsion. In case of water-

in-oil (w/o) microemulsion the heads and tails of surfactants orient themselves into water 

droplets and continuous hydrocarbon phase respectively, a phenomenon called reverse 

microemulsion. Micelles are perhaps the smallest of self assembled organic structures at 

approximately 4-5 nm in diameter. In an aqueous environment, micelles are formed when two 

ampiphiles with large head groups and narrow tails come in proximity and form a sphere with 

the tails pointing inwards as shown in figure 4.1. Conversely, in hydrophobic solvents the heads 

point inward, forming a reverse micelle. Reverse (or inverted) micelles are small, dynamic 

aggregates of surfactant molecules surrounding a polar (typically aqueous) core dispersed in a 

nonpolar continuous (oil) phase. Reverse micelle solutions are clear and thermodynamically 



stable; as water is added to a reverse micelle solution, reverse microemulsion is formed that 

contains nanometer-sized water droplets dispersed in a continuous oil phase. 

The apparent loss in entropy due to the ordering of ampiphilic surfactants is more than 

compensated by significant gain in entropy of solvent molecules. The increase in conformational 

and orientational degrees of freedom of solvent molecules due to the ordering of surfactant 

molecules is responsible for total gain in entropy in the system. This makes the process 

thermodynamically feasible. These spatially and geometrically restricted, self-assembling media 

of reverse micelles can be used in the synthesis of nanophase materials without much 

agglomeration to achieve high surface area as well as controlled particle size and morphology in 

final nanoparticle system. 

 

Figure 4.1 Cartoon of self assembled surfactant systems that form in an oil-in-water 
or a water-in-oil (reverse) system. 
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Synthesis of HA nanopowder using nonionic surfactant organized in a micelle based 

template was reported by Lim etal 194,195 Ultrahigh-aspect-ratio HA nanofibers using reverse 

micelles system consisting of cetyltrimethylammonium bromide (CTAB)/cyclohexane/n-

pentanol/water have been synthesized by Cao et al.196 Sun et al. studied reverse microemulsion 

directed synthesis of HA nanoparticles crystallized under hydrothermal conditions using 

cetyltrimethylammonium bromide (CTAB) surfactant.197 They found significant effect of 

surfactant (CTAB) on morphology of synthesized HA nanoparticles. Bose et al. reported both 

micelle and reverse micelle based microemulsion templated synthesis of HA nanopowders.184, 198,  

Here we report synthesis of nanocrystalline HA and β-TCP powders with different aspect 

ratio using reverse micellization technique. The surfactant that was used to stabilize the 

microemulsion, was an ether based neutral surfactant chemically named as polyoxyethylene(n) 

nonylphenyl ether. The structural formula of polyoxyethylene(n) nonylphenyl ether is shown in 

figure 4.2. Depending on the number of carbon (n=5, 12) in the ether chain it is termed as NP-5 

or NP12. The molecular chain linked to ether linkage was hydrophilic and formed the head of the 

surfactant oriented towards the center of the aqueous core. The hydrocarbon chain attached to 

cyclohexane ring was hydrophobic and projected toward continuous oil phase of cyclohexane. 

 

 Figure 4.2 Structural formula of the surfactant, polyoxyethylene(n) nonylphenyl ether, 
used to prepare reverse micelle. when n=5, NP-5; when n=12, NP-12.  
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Powder particle size and morphology were controlled by varying different synthesis 

parameters such as aqueous to organic phase volume ratio, nature of surfactant, pH of the 

reaction mixture, aging or ripening time of the reaction. Powders were characterized using X-ray 

diffraction (XRD), Fourier transformation infrared (FTIR) spectroscopy, dynamic light scattering 

(DLS) technique, transmission electron microscopy (TEM) and Brunauer, Emmett and Teller 

(BET) surface area analysis.  

4.2 Experimental 

4.2.1 Materials:  

For synthesis of HA and β-TCP nanopowder, calcium nitrate (Ca(NO3)2.4H2O, J. T. 

Baker, Phillipsburg, NJ) and orthophosphoric acid (H3PO4, Fisher Scientific, Fair Lawn, NJ) 

were used as source of Ca2+ ion and PO4
3- ion, respectively. Cyclohexane (J. T. Baker, 

Phillipsburg, NJ) was used as organic solvent. Poly (oxyethylene)5 nonylphenol ether (NP-5, 

Sigma Aldrich, St. Louis, MO) poly(oxyethylene)12 nonylphenol ether (NP 12) (Sigma-Aldrich, 

St. Louis, MO) were used as surfactant. Ammonium hydroxide (NH4OH, J. T. baker, 

Phillipsburg, NJ) was used to adjust the pH of the emulsion system.  

4.2.2 Synthesis of HA nanopowders: 

 HA nanopowders were synthesized using a standard method established in our 

laboratory.183 5 M aqueous solution of Ca2+-ion was prepared by dissolving 0.01 moles (2.362 g) 

of Ca(NO3)2, 4H2O in 2 ml distilled water. 0.006 moles (0.686 g) of phosphoric acid (H3PO4) 

(85.7%) was added to the system to maintain Ca to P molar ratio 1.67. Organic phase was 

prepared by addition of 10 vol% surfactant (NP12) in cyclohexane with vigorous stirring. HA 

nanopowder was synthesized at aqueous to organic ratio (A/O) of 1:15 by mixing aqueous and 

organic phase in that proportion and pH of the medium was adjusted to 9 with dropwise addition 
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of NH4OH to initiate reaction between Ca(NO3)2, 4H2O and H3PO4 to form HA nanocrystals. All 

reactions were aged for 24 h at room temperature to grow non-agglomerated HA nanocrystals 

with high crystallinity. After aging, the emulsion was evaporated on the hot plate at 150 oC 

followed by complete drying at 450 oC. Dry precursor powder was calcined at 650 oC for 4 h to 

get carbon free crystalline HA nanopowder. 

4.2.3 TCP nanopowder synthesis: 

First a 5 M Ca2+ solution was prepared by dissolving 0.01 moles (2.632 g) of 

Ca(NO3)2.4H2O in 2 ml distilled water. The mole ratio of Ca to P was maintained at1.5:1.0 by 

dropwise addition of 0.0066 moles (0.767 g) of H3PO4 into it. Surfactants, poly (oxyethylene)5 

nonylphenol ether (NP-5) and /or poly (oxyethylene)12 nonylphenol ether (NP-12) were added 

dropwise to the extent of 10 volume% to cyclohexane with constant stirring to prepare the 

organic phase. The aqueous phase was then mixed with the organic phase in different aqueous to 

oil volume ratio (1:05, 1:10,1:15) by constant stirring for 30 min on a hot plate to make a water- 

in- oil emulsion. The pH of the emulsion was adjusted to 10 by slow addition of 90% 

concentrated NH4OH to the reaction mixture to initiate the reaction between Ca(NO3)2.4H2O and 

H3PO4. The emulsion was converted into a transparent gel during mixing. The reaction mixture 

was aged at room temperature for 12 h and dried on a hot plate at 300 oC followed by calcination 

at 800 oC for 4 h in a muffle furnace to obtain carbonaceous residue free nanocrystalline TCP 

powders.  
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4.2.4 Phase composition, particle size, morphology, and surface area of the CaP 
nanoparticles 
 
4.2.4.1. Powder x-ray diffraction (XRD) of the nanoparticles  

The phases of synthesized CaP nanoparticles calcined at 600, 650, 700 and 800 oC were 

determined using a Philips fully automated x-ray diffractometer with Cu-Kα radiation (1.54018 

A) and a Ni- filter. The diffractometer was operated at 35 kV and 30 mA. The XRD data were 

collected at room temperature over the 2θ range of 20o-60o at a step size of 0.02o and a count 

time of 0.5 s/step. The crystallite size was determined  from the x-ray peak broadening at half 

maxima. If the peak in XRD has a width Bo at half maxima and width due to instrumental 

broadening is Bi, then the remaining width Br  is due to crystallite size and lattice strain. When 

the nature of the peak is not clear i.e. whether the peak has Lorentzian or Gaussian profile, the 

following equation can give a more correct value of Br. 

 Br= [(Bo- Bi) (Bo
2- Bi

2)1/2]1/2 

The value of Br depends on crystallite size and lattice strain. But at smaller value of θ, the value 

of Br mostly depends on crystallite size. Therefore at lower value of θ, the crystallite size (L) can 

be directly calculated using the equation L= Kλ/ Br Cos (θ), where K is constant equal to 0.9, 

λ is the wavelength of X-ray and θ is the half of the diffraction angle. In the present case, the 

crystallite size of synthesized β-TCP nanopowders was calculated from (0210) peak.  

4.2.4.2. Dynamic light scattering (DLS) 

 Particle size of synthesized CaP nanoparticles was measured by DLS technique using 

NICOMPTM 380 (Santa Barbara, CA, USA) particle size analyzer. 0.002 gm CaP powder was 

added to 50 ml of water at pH-10 and ultrasonicated for 15 min to minimize the degree of 

agglomeration. The aqueous suspension of CaP nanoparticles at pH-10 was stable against 
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flocculation for long time under the influence of strong electric double layer repulsion around the 

negatively charged particle surface. The particle suspension was filled in a 6 x 50 mm size 

borosilicate glass tube and inserted in NICOMPTM 380 chamber for particle size analysis. The 

particle sizes were automatically determined from the autocorrelation function using the Stokes–

Einstein equation: r = kT/ 6Dπη, where r is the particle radius, k is the Boltzmann constant, T is 

the absolute temperature, D is the diffusion coefficient, and η is the viscosity of the liquid in 

which the particles were suspended. The values for the above parameters at room temperature 

were199, k =1:38 x 10-23 m2 kg s-2 K -1, T = 293K, η= 0:891 cP. 

4.2.4.3. Transmission electron microscopy 

 A very dilute aqueous suspension of CaP nanoparticles in water was prepared following 

aforementioned method. One drop, approximately 5 μl, of particle suspension was deposited 

onto a formvar coated Cu grid (Ted Pella, Inc.) and allowed to equilibrate for 3 min. The grids 

were then allowed to air dry. Images were taken using a JEOL, JEM 120 (MA, USA) 

transmission electron microscope (TEM) set to an accelerating voltage of 100 kV. 

4.2.4.4. Brunauer, Emmett and Teller (BET) surface area analysis: 

The BET theory is the most popular model used to determine surface area. Samples are 

commonly prepared by heating while simultaneously evacuating or flowing gas (N2) over the 

sample to remove moisture and organic impurities from the surface of the particles. The samples 

are then cooled with liquid nitrogen and analyzed by measuring volume of gas (typically N2 or 

Ar) adsorbed on particle surface at specific pressures. The volume (V) of gas adsorbed is 

measured at a fixed temperature for different pressures P. A graph of V vs P, referred to as 

adsorption isotherm, is plotted. If the gas is at pressure below its saturation vapor pressure Po, 

then the relative pressure P/ Po is used instead of P. Further manipulation of the adsorption data 
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gives monolayer capacity Vm, defined as the amount of gas required to cover the surface of the 

powder with a monolayer, from which surface area is obtained. The important equation for the 

BET adsorption isotherm is expressed in the form of 1/ (V(P/ Po -1) = 1/VmC + (C-1)/ VmC (P/ 

Po), where C is a constant. A plot of 1/ (V(P/ Po -1) vs P/ Po  gives  a straight line with slope (S) 

and intercept (I) are given by, S= (C-1)/ VmC and I= 1/VmC. 

Therefore, the monolayer volume Vm can be calculated as Vm= 1/(S+1). 

Finally, the specific surface area Sw is obtained from the equation Sw= NA σVm/ Vo, where NA is 

the Avogadro’s number, s is the area of adsorbed nitrogen gas molecule and Vo  is volume of 1 

mol of gas at STP. 

In this experiment approximately 0.5 gm of CaP nanopowders was taken in a round 

bottom glass tube and heated at 350 C for 4 h to drive out any moisture in it. After cooling in air 

tight condition the round bottom glass tube containing CaP nanopowders was put inside a 

chamber three quarter filled with liquid nitrogen. Specific average surface area of powders was 

determined by the BET method (5 points analyzer, Tristar Micromeritics, USA) with a 

continuous flow of nitrogen. Three samples from each powder were used for BET surface area 

measurement and data were represented as mean ± standard deviation. 

4.2.4.5. FTIR analysis of CaP nanoparticles 

Fourier transform infrared spectroscopy (FTIR) was conducted on CaP nanoparticles 

synthesized at different calcination temperature. For this, 1mg of each of the synthesized 

powders was put on an ATR (attenuated total reflection) diamond crystal and pressed with an 

indenter so that powder could remain in contact with ATR diamond crystal. The FTIR spectra of 

these samples were then obtained using a FTIR spectrophotometer Nicolet 6700 FTIR (Madison, 



WI, USA). Before every measurement a background FTIR spectra was taken and deducted from 

the sample spectra. All of the spectra were collected in the 400–4000 cm -1 wavenumber range. 

4.2.4.6 Statistical Analysis 

 Aspect ratio data for all powders were analyzed with SAS 9.1 statistical package ( Cary, 

NC , USA)200 using one way analysis of variance (ANOVA) and Tukey’s method for pairwise 

multiple comparison was carried out at a significance level of p=0.05 to find out the differences 

in aspect ratio of β-TCP nanopowders with variation in synthesis parameters. 

4. 3 Results  

4.3.1 Characterization of HA nanopowders 

Figure 4.3 shows the x-ray diffraction pattern of synthesized HA nanopowders. The 

synthesized HA nanopowders exhibited phase pure HA according to JCPDS 09-0432.  
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Figure 4.3: X –ray diffraction pattern of synthesized HA nanopowders 
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Figure 4.4: FTIR spectra of synthesized HA nanopowders 

The FTIR spectra for HA nanopowders contained various bands from the respective 

phosphate and hydroxyl groups of HA as indicated in figure 4.4, which were in agreement with 

other reported results.201, 202 The bands at 1020 and 1085 cm-1 were assigned to the components 

of the triply degenerate ν3 antisymmetric P–O stretching mode. P–O symmetric stretching mode 

was detected at 962 cm -1. The bands at 599 and 563 cm-1 were attributed to components of the 

triply degenerate ν4 O–P–O bending mode and the doubly degenerate ν2 O–P–O bending mode 

was evident at 475 cm-1. Characteristic bands corresponding to the hydroxyl group was observed 

at 631, 1457, 1668 and 3572 cm-1. 
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Figure 4.5: TEM micrograph of synthesized HA nanopowders 

Figure 4.5 shows the TEM micrograph of synthesized HA nanopowders. The aspect ratio 

of synthesized HA nanoparticle was found to be 4.28±0.59. The size distribution of synthesized 

HA nanoparticles was between 35 to 90 nm. The number average particle size from DLS 

measurement was found to be 52 nm as depicted in figure 4.6. 
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Figure 4.6: Particle size distribution of synthesized HA nanopowders 
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4.3.2 Characterization of β-TCP nanopowders 

4.3.2.1 Phase identification and evolution  

 Figure4.7 shows the x-ray diffraction (XRD) pattern of synthesized nanopowders using 

NP-12 surfactant with aqueous to organic ratio (aq:org ratio) of 1:15 in the reaction mixture, 

calcined at different temperatures at 600, 700 and 800 oC for 3 h. The XRD patterns obtained 

from the powders calcined at 600 and 700 oC mostly resembled with that of calcium deficient 

hydroxyapatite (CDHA) phase which is consistent with the earlier reports.203 
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Figure 4.7: XRD pattern of synthesized powders calcined at different temperatures. # -
CDHA, ( )- β-TCP 
 

All powders were calcined at 800 oC and their XRD exhibited β-TCP as the major phase 

(JCPDS No 9-169), shown in figure 4.8. The crystallite size was calculated using the (0210) 

peak of highest intensity in the XRD patterns on the basis of Debye-Scherrer equation. 
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Irrespective of the nature of surfactant used, with decrease in aqueous content in the reaction 

mixture the (0210) peak of the synthesized powders became broader.  
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Figure 4.8: XRD pattern of the synthesized powders calcined at 800 oC for 4 h 

Figure 4.9 shows the change in powder crystallite size with aq:org ratio in the reaction 

mixture. Crystallite size of synthesized β-TCP powder decreased with increase in organic 

content in the reaction mixture.  
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Figure 4.9: Change in crystallite size of synthesized β-TCP nanopowders with variation in 
aqueous to organic phase ratio in the microemulsion 
 

The nature of surfactant did not have significant effect on the phase formation of calcined 

β-TCP powders. This is also revealed from FTIR analysis. Figure 4.10 illustrates the FTIR 

spectroscopy of synthesized nanoscale TCP powders using different surfactants at a fixed aq:org 

ratio of 1:15 and calcined at 800 oC. β-TCP phase can be identified by the large band at 900–

1200 cm-1.201, 203 The bands at 1022 and 1120 cm-1 are assigned to the components of triply 

degenerate ν3 antisymmetric P–O stretching mode. ν1, the non degenerate P–O symmetric 

stretching mode, is detected at 972 cm -1. The bands at 606 and 544 cm-1 are attributed to 

components of the triply degenerate ν4 O–P–O bending mode and the doubly degenerate ν2 O–

P–O bending mode is evident at 438 and 498 cm-1. The absence of any characteristic bands at 

631 and 3572 cm -1 corresponding to the hydroxyl group denies the presence of any 

hydroxyapatite phase in 800 oC calcined powders.202, 203 
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Figure 4.10: FTIR spectroscopy of powders synthesized using surfactant at a fixed aqueous 
to organic phase ratio of 1:15 in the reaction mixture. 
 
4.3.2.2 Change in particle size, morphology and surface area  

 To study the effect of synthesis parameters on particle size, morphology and BET surface 

area, TCP powders were synthesized by varying aq:org ratio from 1:05 to 1:15 using surfactants 

NP5, NP12 and a mixed type, NP5+NP12 in 1:1 volume ratio, maintaining a constant aging time 

of 12 hours and pH 10 in the reaction mixture. Figure 4.11 illustrates the NICOMP number 

average particle size distribution of nanopowders as a function of aq:org ratio and calcined at 

800 oC for 4 h.  

 56



0 50 100 150 200 250
Particle Diamter(nm)

In
te

ns
ity

 (a
.u

.)

NP-5

NP12 

NP5+NP12 (1:1)

(1:10) (1:05)

(1:15) (1:10) (1:05)

 
 (1:15)

(1:15) (1:10) (1:05)

 
Figure 4.11: Variation in Particle Size of the synthesized powders with change in aqueous 
to organic ratio in the reaction mixture. 
 

Change in BET specific average surface area of TCP nanopowders synthesized using 

different surfactants and aq:org ratio is shown in figure 4.12. The lowest particle size of 32 nm 

with NP-5 surfactant and 1:15 aq:org ratio showed the highest BET surface area of 103 m2/g. 

Both figures 4.11 and 4.12 show that the synthesized powders had a gradual decrease in particle 

size and an increase in BET surface area with increase in organic content in the reverse micelle. 

Powders synthesized with fixed aq:org ratio of 1:05 using NP-5 surfactants showed the highest 

number average particle size of 135 nm ,but not necessarily the lowest BET surface area of all 

the synthesized powders. BET surface area was the lowest, ~57 m2/g, for the powders with 

number average particle size of ~110 nm synthesized with NP5+NP12 a mixed surfactant system 

at aq:org ratio of 1:05. 

 57



60

70

80

90

100

1:151:101:05

 

B
ET

 S
ur

fa
ce

 A
re

a 
(m

2 /g
)

Aqueous to organic ratio

 (NP5+NP12)
 (NP 12)
 (NP5)

 
Figure 4.12: Change in surface area of the synthesized powders as function of aqueous to 
organic ratio in the reaction mixture. 
 

TEM micrographs of TCP nanoparticles synthesized at a fixed aq: org ratio of 1:15 using 

surfactants NP5, NP12 and 1:1 mixture of NP5 and NP12 by volume are shown in figures 4.13 

a, b and c respectively. The aspect ratio of particles was calculated from TEM images and 

shown in tables 4.1 and 4.2. No outlier was found within ±σ for any powder. Powders 

synthesized using NP5 and mixed surfactant of NP5 + NP12 gave particles with lower aspect 

ratio of 1.1 ± 0.15 and 1.3 ± 0.2 respectively which were not (p=0.6714) significantly different. 

Elongated β-TCP particles with aspect ratio of 3.9 ±0.4 were obtained for powders synthesized 

using NP12 surfactant which were significantly different in aspect ratio from β-TCP particles 

synthesized using NP5 (p <0.0001) and NP5+NP12 (p <0.0001). 
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 (a)    (b)                   (c)  

Figure 4.13: TEM micrographs of β-TCP particles synthesized at fixed aqueous to organic 
phase composition using different surfactant  (a) NP-5 (b) NP-12 and (c) NP5+NP12 
 
Table 4.1: Aspect ratio of synthesized TCP nanopowders using different surfactant at a 
fixed aq:org ratio of 1:15 in reaction mixture 
 

Surfactant Aspect Ratio 

NP5 1.1 ± 0.15 

NP12 3.9 ± 0.4 

NP5+NP12 1.3 ± 0.2 

 
(a) p <0.0001 for NP5 Vs NP12  (b) p <0.0001 for NP12 Vs NP5 + NP12  and (c )  p 

=0.6714 for NP 5 Vs NP5 + NP12 
 

Figures 4.14a, b and c show the TEM micrographs of β-TCP powders synthesized using NP-12 

surfactant varying aqueous to organic phase composition in microemulsion. It is evident from 

table 2 that with increase in aqueous content in reaction mixture the particles became more and 

more spherical. The aspect ratio of β-TCP nanopowders synthesized at aqueous to organic phase 

composition of 1:15, 1:10, and 1:05 were 3.9± 0.4, 2.4 ± 0.5 and 1.5 ± 0.4 respectively. In this 

case, significant variation aspect ratio of β-TCP nanopowders was found as the aqueous to 

organic phase composition in microemulsion was varied from 1:15 to 1:10 (p=0.0002), 1:15 to 

1:05 (p <0.0001) and 1:10 to 1:05 (p=0.0044).  
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Table 4.2: Aspect ratio of TCP nanopowders synthesized using NP12 surfactant varying 
the composition of microemulsion 
 

Aqueous to organic ratio Aspect ratio 

1:15 3.9 ± 0.4 

1:10 2.4 ± 0.5 

1:05 1.5 ± 0.4 

 
(a)  p =0.0002 for 1:15 Vs 1:10  (b) p <0.0001 for 1:15 Vs 1:05  and (c )  p =0.0044 for 1:10 Vs 
1:05   

. . . 
  (a)    (b)            (c)  
Figure 4.14: TEM micrographs of β-TCP particles synthesized by using NP-12 surfactant 
with varying aqueous to organic phase ratio in the reaction mixture (a) 1:15 (b) 1:10 and 
(c) 1:05. 
 
4.4 Discussion 

The precipitates obtained from the aqueous solution was a non-stoichiometric apatite 

with chemical formula of Ca10-x(HPO4)x(PO4)6-x(OH)2-x (0 1≤≤ x ) where Ca/P molar ratio can 

vary from 1.33 to 1.65. Ca:P molar ratio of 1.5:1 represents TCP. When x=1 the above 

mentioned general formula becomes Ca9(HPO4)(PO4)5(OH) which is called calcium deficient 

apatite (CDHA) phase. This CDHA transformed into β-TCP on heating at and above 800 oC 

according to following equation.175  

Ca9(HPO4)(PO4)5(OH)  →  3 Ca3(PO4)2 + H2O…………………………..(1) 
. 

 60



 In reverse micelle based synthesis, powder morphology is directly related to the shape of 

nuclei formed during reverse micellization and it’s change during synthesis. The shape of the 

polar core in the reverse micelle domain is governed by two mutually opposing forces (a) an 

attractive force due to the hydrophobic attraction of the hydrocarbon chain units at the 

hydrocarbon-water interface, and (b) a repulsive force between the adjacent head groups with 

similar charge characteristics due to hydrophilic, steric and ionic repulsion. The droplets of water 

that were stabilized by surfactants act as nanoreactors where hydroxyl ions from NH4OH 

decreased the solubility product of calcium deficient apatite [Ca9(HPO4)(PO4)5(OH)] which 

gradually grew on aging. The chemical reaction that occurred inside the nanodroplets of water is 

as follows. 

Ca(NO3)2 + 6 H3PO4 + 18 NH4OH = Ca9(HPO4)(PO4)5(OH)    +18 NH4NO3 + 17 H2O……(2) 

With increase in organic content in microemulsion the size of polar core in reverse 

micelle domain decreased resulting in a decrease in crystallite size as well as particle size of 

synthesized β-TCP powders. Surface area of synthesized nanopowders depended not only on 

particle size, but also on particle morphology and inherent porosity of particles, the fact is well 

reflected in the finding that synthesized β-TCP powders with the lowest particle size didnot show 

the lowest surface area. 

Both hydrocarbon chain length of surfactant and aq:org ratio in the reaction mixture had 

effect on morphology or aspect ratio of synthesized powders. Polar core size in the reverse 

micelle domain was smaller for the lowest aqueous content in the reaction mixture. Separation 

distance between the hydrocarbon chain units was minimum when they oriented themselves 

around the spherical hydrophilic core. This caused an increased hydrophobic attraction between 

C5, C5+C12 hydrocarbon tails of NP5 and NP5 + NP12 surfactants and dominated over the ionic 
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or hydrophilic repulsion between the closely packed heads groups. Thus the nuclei formed 

during reverse micellization synthesis process using NP5 and NP5 + NP12 surfactants became 

more spherical with the lowest water content in microemulsion resulting in β-TCP nanoparticles 

with lower aspect ratio as shown in Figure 4.13a and 4.13c. In case of powders synthesized 

using only NP 12 surfactant, long C12 carbon chains needed bigger surface area to orient them 

around hydrophilic core of reverse micelle. This may result in formation of nuclei with higher 

aspect ratio and thus particle morphology became elongated for powders synthesized using NP12 

surfactant at the lowest aqueous content in microemulsion. As water content in the 

microemulsion increased both steric hindrance from C-12 hydrocarbon chains and repulsion 

between the hydrophilic head groups decreased and by doing so, reverse micelle domain became 

more and more spherical. As a result, with change in aq:org ratio from 1:15 to 1:10 and then to 

1:05 in the reaction mixture the aspect ratio of β-TCP nanopowders synthesized using NP12 

surfactant gradually decreased, as reflected in Table 4.2 and Figure 4.14. 

4.5 Summary 

The key objective of this work was to synthesize nanocrystalline HA and β-TCP powders 

using reverse micelle as template system. In the previous work in our laboratory, Saha et al. 

studied the effect of different parameters in reverse microemulsion on physicochemical 

properties of HA nanopowders.183 He extensively studied the effect of composition of 

microemulsion, chemical nature of surfactant, aging time of reaction mixture, pH, and 

calcination temperature on particle size, morphology, surface area, phase composition and 

crystallinity of synthesized HA nanopowders. My present work was an extension to his research 

results for TCP nanopowder synthesis using microemulsion system. The stiochiometric Ca to P 

molar ratio of HA is 1.67:1, whereas that for TCP is 1.5:1. Though I have synthesized HA 
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nanopowders using the same synthesis route for fabrication of sintered nanostructured HA 

comapcts, the primary objective of my work was to study physicochemical properties of 

synthesized β-TCP nanopowders with variation in reaction parameters, such as aqueous to 

organic composition in reaction mixture, hydrocarbon chain length of the surfactant in reverse 

microemulsion. The key conclusions from this works are as follows. 

• Phase pure HA nanoparticles with size varying between 35 and 90 nm were synthesized. 

• Nanocrystalline β-TCP powders were synthesized with number average particle size between 

30 nm to 135 nm and average aspect ratio between 1.1 and 3.85 by varying aqueous to organic 

phase composition and hydrocarbon chain length of the ether based surfactant. 

• At a fixed aqueous to organic composition of 1:15, the β-TCP nanoparticles synthesized 

using NP-5 surfactant showed the lowest particle size, whereas the nanoparticles synthesized 

using NP-12 surfactant showed the highest aspect ratio. 

• Depending on synthesis parameters, average specific surface area of synthesized β-TCP 

powders varied between 57 and 103 m2/g. 

• Particle size of synthesized TCP powders decreased with increase in organic cyclohexane 

content in the reaction mixture irrespective of the nature of surfactant used. 

 β-TCP being a bioresorbable ceramic, offers significant opportunities in the fields of 

tissue engineering and drug or biomolecule delivery system. Bioresorbability of β-TCP 

nanopowders can be tailored by varying particle size, morphology, surface area, and 

crystallinity. Thus synthesis of β-TCP nanopowders with different particle size, morphology 

and surface area finds validity for hard tissue regeneration and carrier for controlled release of 

biomolecule and drugs. 
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CHAPTER –FIVE 

PROTEIN DELIVERY USING DOPED AND UNDOPED TCP, CDHA AND HA 
NANOPARTICLES  

5.1. Introduction 

The prospect of cellular delivery involving the transfer of various drugs and bio-active 

molecules, such as peptides, proteins and DNAs, through the cell membrane into cells has 

opened up many promises in the field of medicine and drug delivery. Inorganic nanoparticles as 

new non-viral carriers have immense potential as drug and biomolecule carrier system. Risk of 

immune response, a common problem with viral vectors, 204 is manifold reduced with inorganic 

nanoparticle based carrier system. Most of the inorganic nanoparticles are non-toxic or mildly 

toxic to living cells. Inorganic nanoparticles are resistant to degradation in contact with bile salts 

and lipases in contrast to liposomes.205 Above all, surface fictionalization in inorganic 

nanoparticle is relatively easy which attributes to their potential capability of targeted delivery 

and controlled release of carried drugs and biomolecules. Many inorganic materials, such as 

CaP,206 silicon oxide,207 gold,208-211 carbon materials, 212, 213 iron oxide,214,215 and LDH,216 have 

been studied as a carrier for biomolecules. CaP nanoparticles found to be most promising among 

them primarily because of their excellent biocompatibility and biodegradability 217–219 in 

physiological environment. Most commonly used synthetic CaPs in orthopedic and dentistry are 

bioactive hydroxyapatite (HA, Ca10(PO4)6(OH)2 ) and bioresorbable tricalcium phosphate 

(TCP,Ca3(PO4)2). 

HA has long been recognized as having excellent affinity to biological substances, such 

as collagen, proteins, enzymes, cells, and viruses.218, 219 HA scaffold impregnated with growth 

factors has been investigated for bone regeneration.220 ,221 Ono et al. used HA granules with bone 



 65

morphogenetic protein (BMP) and revealed new bone formation around HA granules.222 

However, low efficiency of drug encapsulation due to limited surface area and lack of control 

over the drug release primarily because of very limited and unpredictable bioresorbability of HA 

implant have been the issues remained to be resolved. To address these problems, in past decade 

much research efforts have been directed towards the synthesis of HA micro-carriers or nano-

carriers delivering antibiotics and growth factors with controlled release kinetics. Ijntema et al. 

employed HA microcrystals as microcarriers to load bovine serum albumin (BSA) of 5–10 wt.% 

and concluded that these can be used for a variety of biomedical purposes such as drug delivery, 

orthopedics and dentistry.223 Liu et al. studied BSA loaded calcium deficient HA nanocarriers for 

controlled drug delivery.224 The effect of powder crystallinity and surface area on loading and 

release of cytochrome-c from HA nanoparticles was investigated by Matsumoto et al.225  

TCP being much more bioresorbable than HA offers significant opportunities to be used 

as a carrier for controlled release of drug and biomolecules. Cho et al found recombinant human 

bone morphogenetic protein-4 (rhBMP-4) loaded β-TCP particles with particle size between 50 

to 500 μm did not exert any particle size effect on bone formation in rat calvarial defects.226 

Groot et al studied porous CaP ceramic, impregnated with 0, 1, 10 and 40 mg of bone 

morphogenetic protein (rhBMP-2), as an osteoinductive biomaterial in dorsal muscles of rabbits 

for five weeks.227 Takaoka et al studied bone forming ability of porous β-TCP implants coated 

with PLA-DX-PEG polymer containing more than 0.0025% (w/w) of rhBMP-2 in the dorsal 

muscles of mouse.228  Recombinant human transforming growth factor-b 1 (rhTGF-b 1) carrying 

capability of collagen-hydroxyapatite/ tricalcium phosphate (Col-HA/ TCP) microspheres  was 

investigated by Hsu et al.229 Active bone with mature marrow tissue formation was observed in 

the bone defect treated with Col-HA/TCP microspheres containing rhTGF-b1. Even though 
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within our scope, no literature was found to study the use of TCP nanocarriers as controlled 

release system. We want to investigate the possibility of using CaP nanoparticles as a controlled 

release carrier of growth factors for bone regeneration. Growth factors such as bone 

morphogenetic protein (BMP), basic fibroblast growth factor (bFGF), transforming growth factor 

b (TGF-b) are basic proteins, so bovine serum albumin (BSA) was selected as the model growth 

factor protein in this study.  

5.1.1 Bovine Serum Albumin (BSA): Serum albumin is one of the most the most abundant 

protein in plasma with a typical concentration of 5g/100ml. It is chiefly responsible for the 

maintenance ofblood pH .230 Albumins contain high amount of charged amino acids like aspartic 

and glutamic acids, lysine, and arginine, but low amount of tryptophan and methionine. It is also 

characterized with high content of cystine. The glycine and isoleucine content of BSA are lower 

than in the average protein.231 Table 5.1 shows the amino acid composition of BSA. 

Table 5.1: Amino Acid composition of BSA231, 232,234 

Ala 48 Cys 35 Asp 41 Glu 58 

Phe 30 Gly 17 His 16 Ile 15 

Lys 60 Leu 65 Met 5 Asn 14 

Pro 28 Gln 21 Arg 26 Ser 32 

Thr 34 Val 38 Trp 3 Tyr 21 

The BSA molecule consists of three homologous domains (I, II, III). Each domain is divided into 

nine loops (L1-L9) by 17 disulphide bonds. Each domain in turn is the product of two 

subdomains (IA and IB). There are 17 disulphide bonds in each BSA molecule. Location of 

different disulphide bonds in BSA is shown in figure 5.1. 



 
Figure 5.1: Location of disulphide bonds.233 

 
 The albumin molecule is not uniformly charged within the primary structure. At neutral 

pH, Peter et al. calculated a net charge of -10, -8, and 0 for domains I, II, and III for bovine 

serum albumin.235 Serum albumin undergoes reversible conformational change with changes in 

pH as depicted in figure 5.2. 

   E <-------> F <-------> N <-------> B <-------> A  
 
pH of transition:                2.7            4.3         8                10 
Name:       Expanded   Fast     Normal        Basic       Aged 

Figure 5.2: Relationship of isomeric forms of bovine serum albumin with change in pH.216 

The N-F transition involves the unfolding of domain III. At pH values lower than 4, 

albumin undergoes another expansion with a loss of the intra-domain helices. This expanded 

form is known as the (E) form. At pH 9, albumin changes conformation to the basic form (B). If 

solutions of albumin are maintained at pH 9 and low ionic strength at 3 °C for 3 to 4 days, 

another isomerization occurs which is known as the (A) form.233, 234, 236 

5.1.2 Protein loading onto CaP nanoparticles by different technique 

5.1.2 1 Ex situ process: Bovine serum albumin (BSA) is a protein with well defined primary 

structure and high content of charged amino acids. Thus depending on the zeta potential on 

nanoparticle surface there will be electrostatic attraction between BSA and CaP particles. 
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Gauckler et al. studied the influence of zeta potential on the amount of BSA adsorption on 

alumina, silica, titania, and zirconia nanoparticles and found that the extent of electrostatic 

interaction determined the amount of BSA adsorption on particle surface.237 BSA can easily be 

adsorbed on CaP nanoparticle surface by electrostatic interaction, because of wide difference 

between the isoelectric points of CaP and BSA molecule.  

Bioresorbability of CaP nanoparticle varies depending on its phase composition and 

crystallinity. CaP nanoparticles synthesized from aqueous precipitation route at a fixed Ca: P 

molar ratio of 1.5:1 showed different phase composition depending on the calcination 

temperature. Not only the phase composition, but particle size, surface area and crystallinity of 

CaP nanoparticles also changed with variation in calcination temperature. Since dissolution of 

CaP nanoparticles vary with change in particle size, surface area, crystallinity and phase 

composition, protein release from CaP nanoparticle surface can be controlled by controlling its 

physical and chemical properties.  

Here we have synthesized nanocrystalline β-TCP and CDHA powders using reverse 

micelle based template system in microemulsion with surface area varying between 57 m2/g and 

73 m2/g. The variation in BSA adsorption with change in particle size, surface area, phase 

composition, and pH of BSA- nanoparticle suspension was evaluated. The release behaviors of 

resulting BSA-loaded CaP nanoparticles were evaluated and correlated with the dissolution 

kinetics of CaP nanoparticles under the same experimental conditions. 

5.1.2 2 In situ process: The protein loaded nanocarriers synthesized by ex situ process show a 

short term protein release because of lack of control over the protein release for longer period of 
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time. However, for a carrier system to be therapeutically effective, it should ensure prolong and 

steady protein release to function as a sustained protein delivery system. Liu et al. synthesized in 

situ BSA-loaded CDHA nanocarriers varying synthesis parameters and observed a continued 

steady protein release for 4 days from such system.238 Boonsongrit et al studied protein release 

from BSA-loaded HAp microspheres encapsulated with poly(lactic acid-co-glycolic acid) 

(PLGA) and found that the BSA release could be made remarkably prolonged by PLGA 

encapsulation on HA.239  

Though a number of literature reports are available on studying the effect of crystallinity, 

particle size, and surface area of HA micro and nanocarriers on protein loading and release from 

carrier system, the role of dopants in modifying protein release from HA nanocarriers has seldom 

been studied. Modification of crystallinity of HA nanocarrier by heat treatment is undesirable in 

many cases, as heating may lead to denaturation and inactivation of many biomolecules loaded 

on the nanocaarriers. Addition of dopant generates defects and disorder in HA crystal lattice and 

thus changes the crystallinity of HA nanocarriers without any application of heat. In this case we 

studied BSA- HA nanocarriers for the processing of a prolonged and steady protein delivery 

system and investigate the role of magnesium (Mg) and zinc (Zn) in controlling the protein 

release from HA nanocarriers. Mg and Zn are well known as two of the main cationic substitutes 

for calcium in the HA lattice.240, 241  Biological apatites in enamel, dentin and bone contain trace 

amount of Mg and Zn.241 Therefore, Mg and Zn-substituted HA nanoparticles are expected to 

have excellent biocompatibility and biological properties. Furthermore, the importance of Zn in 

medicine is well established because of its role in as many as 200 enzymes.242 Incorporation of 

Mg and Zn in HA lattice results in decrease in crystallinity, and hence increase in extent of 
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dissolution.243 Our hypothesis is that we can modify the rate of dissolution of HA nanocrystal by 

doping it with Zn and Mg and thus can control the protein release from doped and undoped HA 

nanocarriers. 

Here we report synthesis of 2 mol % Mg and Zn doped BSA-HA nanopowders by in situ 

precipitation process. The cation doped and undoped BSA-HA nanopowders were characterized 

by X-ray diffraction (XRD), dynamic light scattering (DLS) technique, transmission electron 

microscopy (TEM), and Fourier transform infra-red (FTIR) spectroscopy. To understand the 

effect of dopants on the interaction between BSA and HA nanocrystal the nanopowders were 

studied using differential scanning calorimetry (DSC). The protein release behaviors of the BSA-

loaded HA nanoparticles were studied in phosphate buffer solution at pH 7.2±0.2. 

5. 2. Protein release from ex-situ synthesized CaP-BSA nanoparticles 
 
5.2.1 Materials and Methods 

5.2.1.1 Synthesis of TCP and CDHA nanoparticles 

 The synthesis of CaP nanoparticles with Ca: P molar ratio of 1.5:1 has already been 

discussed in Chapter 4. After calcination at different temperature from 600 to 800 °C phase pure 

CDHA and β-TCP nanoparticles were obtained. The CaP nanopowders were characterized by 

following techniques. 

5.2.1.2 Physico-chemical properties of TCP and CDHA nanoparticles 
 

The synthesized CaP nanoparticles calcined at 600,700 and 800 oC were characterized for 

phases, particle size, morphology and specific surface area as described in chapter 4 in section 

4.2.4. 
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5.2.1.3 BSA loading on TCP and CDHA nanoparticles 

 Stock suspension of CaP nanoparticles (10 mg/ml) in water was prepared. Separately, a 

BSA (Sigma-Aldrich, St. Louis, MO) stock solution (5 mg/ml) in water was prepared and diluted 

in water to various concentrations of BSA (0.5, 1.5, 2.5, 3.5, 5 mg/ml). 1 ml of each of the above 

BSA solutions was mixed with 4 ml of nano particle suspension at pH 7.5 on a shaker for 6 h at 

37 oC. Then samples were centrifuged at 8000 rpm, washed with water and the supernatants were 

analyzed for the BSA concentration using UV spectrophotometer at 570 nm on comparison to 

established standard curves. The amount of BSA adsorption per unit mass of CaP nanoparticles 

were then determined using the equation (BSA)adsorbed = ([BSA]o-[BSA]s ) / WCaP, where [BSA]o 

represented total amount (μg) of BSA initially present in the suspension, [BSA]s represented 

total amount (μg)of BSA present in the supernatant, and WCaP represented the total amount (mg) 

of CaP nanoparticles present in the suspension. After washing the BSA adsorbed CaP 

nanoparticles were dried at room temperature and stored at -10o C in a freezer. 

Background-corrected FTIR spectra of BSA loaded CaP nanopowders were analyzed in 

the amide I band regions for their component compositions and peak frequencies using Microcal 

origin 7.0 software. Gaussian curve-fitting, using GRAMS/ 386, was performed on the original 

(non-smoothed) amide I band region. The number of components and their peak positions were 

used as starting parameters. In all cases, linear baseline was fitted. The secondary structure 

content was calculated from the areas of the individual assigned bands and their fraction of the 

total area in the amide I region.244 The determined areas were averaged, and standard deviations 

were calculated. 
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5.2.1.4 Study of release kinetics of BSA from TCP and CDHA nanoparticles 

 Twenty mg of BSA loaded CaP nanoparticles were suspended in 20 ml buffer solution in 

three separate vials containing phosphate buffer solution (PBS) at pH 7.2±0.2, bis-tris HCl buffer 

solution at 6.1±0.1 and acetate buffer solution at 4.1±0.1. Sample vials were incubated at 37 oC  

with continuous shaking. In this study, we selected pH 4.1 solution on the assumption that the 

local pH around the ruffled border of osteoclasts varies between 4.0 and 5.0 during the bone 

remodeling period.245, 246 At early stage of inflammation the pH of blood remains around 5.0 to 

6.0 which justifies the selection of pH 6.1, while PBS solution of pH 7.2 was chosen because of 

its resemblance to the pH of homeostatic body fluid. The vials were centrifuged and 0.5 ml of 

supernatants were removed at each time point, kept in cryovials and frozen at -10 oC. The sample 

vials were vortexed to resuspend the BSA-CaP nanoparticles, and placed back in the incubator. 

The released amount of BSA in the supernatant was measured by BCA protein assay at 0.5, 1, 2, 

4, 6, 12 and 24 hours of time period. The rate of dissolution of CaP nanoparticles calcined at 600, 

700 and 800 oC was evaluated by measuring Ca2+ ion concentration in buffer solution at different 

pH using atomic absorption spectrophotometer (AAS). Twenty milligrams of CaP nanopowders 

calcined at different temperature was suspended separately in 10ml of pH 4.0, 6.0 and 7.2 buffer 

solutions. The suspension was centrifuged at different time interval and the supernatant was 

analyzed for Ca 2+ ion concentration by AAS. The blank solution was prepared by adding 90.0 

ml double distilled deionized water to 10.0 ml 1% NaCl, 20% HNO3. Samples were prepared by 

combining 2.0 ml of sample from dissolution media to 0.2 ml of 1% NaCl and 20% HNO3. 

Samples were diluted with 0.1% NaCl and 2.0% HNO3. The samples were measured at 422.7 nm 

using a Vapan FS 220 (Mulgrave, Victoria, Australia) AAS with a VWR (San Diego, CA, USA) 

calcium lamp with a slit of 0.5 and a current of 10 mA.  



5.2.1.5 Statistical Analysis 

Statistical analysis of data was performed using the same software package and following 

the same procedure as described in chapter 4 in section 4.2.4.6. 

5. 2.2. Results  

5.2.2.1 Physical properties of synthesized powders 
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Fgure5.3: X-ray diffraction pattern of synthesized CaP nanopowders calcined at different 
temperature. ≠ indicates CDHA and (  ) indicates β-TCP. 
 

Figure 5.3 shows XRD pattern of CaP nanopowders synthesized using NP-12 surfactant 

at a fixed aqueous to organic composition of 1:15 in the microemulsion and then calcined at 

600,700 and 800 oC for 4 h. The nanopowders calcined at 600 and 700 oC consisted primarily of 

CDHA phase, but β-TCP was the major phase (JCPDS No 9-169) in CaP powder calcined at 800 

oC which is consistent with the earlier reports.175 
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Figure 5.4: FTIR spectra of synthesized CaP nanopowders calcined at different 
temperature. 
 

The change in phase composition of synthesized CaP nanopowders with increase in 

calcination temperature was also evident from the FTIR spectroscopy of the powders as shown in 

figure 5.4. Characteristic bands of phosphate group were detected at wave numbers 476, 563, 

601, 985, 1025, and 1091 cm-1 for all the CaP nanopowders.201, 202 The bands at 1025 and 1091 

cm-1 were assigned to the components of triply degenerate ν3 antisymmetric P–O stretching 

mode. The non degenerate P–O symmetric stretching mode ν1 was detected at 985 cm -1. The 

bands at 601 and 563 cm-1 were attributed to components of the triply degenerate ν4 O–P–O 

bending mode and the doubly degenerate ν2 O–P–O bending mode was evident at 476 cm-1. 247 

The most noticeable change in the FTIR spectra with increasing calcination temperature was the 

disappearance of HPO4 2− band at 870 cm−1 and hydroxyl band at 3569 cm-1 which corresponded 

to the transformation observed by XRD. CaP nanopowders calcined at 800 oC showed a broader 
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band at 900–1200 cm-1 as compared to CaP nanopowders calcined at lower temperature, which is 

characteristic to β-TCP phase. The absence of ν4 PO4
3- band at 600 cm-1 confirmed the absence 

of α−TCP phase in the synthesized powders calcined at 800 oC.248 
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Figure 5.5: Particle size distribution of synthesized CaP nanopowders calcined at (a) 600, 
(b) 700 and (c) 800 oC. 
 

The number average particle size (NICOMP) distribution data has been presented in 

figure 5.5 which illustrates that the mean particle diameter increased from 48 nm to 69 nm as the 

calcination temperature increased from 600 oC to 800 oC. TEM micrographs of CaP 

nanopowders in figure 5.6 revealed that with change in calcination temperature from 600 oC to 

800 oC the aspect ratio of powder particles decreased. Figure 5.7 showed an expected decrease 

in average BET surface area of CaP powders from 73 m2/g to 57 m2/g with increase in 

calcination temperature from 600 oC to 800 oC. 
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Figure5.6: TEM micrographs of CaP nanopowders calcined at different temperature (a) 
600, (b) 700, and (c) 800 oC. 
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Figure 5.7: Variation in BET surface area as a function of calcination temperature 

5.2.2.2. Protein adsorption on TCP and CDHA nanoparticles 

Adsorption of protein on CaP nanoparticles was detected by FTIR analysis. The FTIR 

spectra of pure BSA and BSA loaded CaP nanopowders are also shown in figure 5.8 for 

comparison. The spectrum of BSA exhibited an apparent absorption band at 1654 cm-1 assigned 
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to amide I, CMO stretching mode, 1540 cm-1 assigned to amide II, N–H bending mode and 1397 

cm-1 assigned to amide III, C–N stretching mode and N–H bending mode.224 
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Figure 5.8: FTIR spectroscopy of pure BSA and BSA adsorbed CaP nanopowders. 

The adsorbed amount of BSA on powder surface is significantly dependent on the pH of 

suspension where BSA-nanoparticle interaction took place. The adsorption of BSA onto 600 oC 

calcined CaP nanopowders was studied in suspensions at different pH of 7.5, 8.5, and 9. The 

maximum amount of BSA adsorption was observed at pH 7.5 and thereafter with increase in 

suspension pH the amount of BSA adsorption onto particle surface decreased as shown in figure 

5.9. The adsorptive property of BSA on CaP nanopowders was also investigated with BSA 

solution at various concentrations. The result showed that the adsorbed amount of protein on CaP 
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nanopowders increased linearly in the range of 0–800 μg/ml of the protein solution and remained 

constant in solution with BSA concentration higher than 800 μg/ml. The adsorbed amount of  
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Figure 5.9: Loading of BSA onto CDHA nanoparticle surface at different pH 

BSA on CaP nanopowders also changed depending on its average specific surface area as 

shown in figure 5.10. CaP nanopowders calcined at 600 oC with average specific surface area of 

73 m2/g showed the highest amount of BSA adsorption of 89 μg/mg, whereas 78 μg/mg of  BSA 

was adsorbed onto 800 oC calcined CaP nanopowders having an average specific surface area of 

57 m2/g.  
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 Figure 5.10: Loading of BSA onto CaP nanoparticles calcined at different temperature 
 
5.2.2.3 Secondary structure analysis of BSA 
 

The secondary structure of BSA adsorbed on CaP nanoparticle surface was analyzed 

using FTIR spectroscopy as shown in figure 5.11. Table 5.2 shows the compositional analysis of 

secondary structure in pure solid BSA powder and adsorbed BSA on CaP nanoparticle surface. 

The α-helix content as determined from FTIR spectra in amide –I region was found to be 30 %, 

31% and 34% for 600, 700 and 800 oC calcined CaP nanopowder respectively. The result 

showed a relative decrease in α –helix content in CaP- BSA nanopowder as compared to α- helix 

content of 38% in pure solid BSA powder. 
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Fig.5.11: Infrared spectra of BSA in the amide I region and their Gaussian curve-fitting 
(the individual Gaussian bands are shown as symmetrical peaks underneath the IR 
spectra). Spectra are shown on a relative scale. (a) Pure BSA powder and BSA adsorbed on 
(b) CaP600C, (c) CaP700C , and (d) CaP800C .  
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Table 5.2: Infrared band assignments of CaP nanoparticles 244, 249, 250 

 
Area Band 

position 

(cm-1) 

Secondary 

structure 

assignment 

Pure 

BSA 

CaP600+ 

BSA 

CaP700+ 

BSA 

CaP800+ 

BSA 

References 

1616±3 unordered 5±1 8±2 7±1 4±1 244 

1628±3 β-sheet 10±2 15±1 13±2 10±2 249 

1638±3 β-sheet 16±2 19±2 16±1 16±2 249 

1648±3 unordered 17±1 20±1 18±1 19±1 250 

1658±3 α-helix 24±1 18±2 16±2 21±1 250 

1665±3 Unordered 14±1 10±2 14±1 15±1 244,250 

1671±3 Unordered 10±3 7±2 10±1 9±2 249, 244 

1685±2 Unordered 4±2 3±2 6±1 6±1 250 

 

5.2.2.4 Release rate of protein from BSA adsorbed TCP and CDHA nanoparticles. 

The release rate of BSA from CaP nanoparticles was investigated by immersing BSA 

loaded CaP nanoparticles into buffer solutions at different pH.  

5.2.2.4 1 Effect of buffer pH on protein release rate 

Figure 5.12 a, b and c show the release rate of BSA from CaP nanoparticles immersed in 

pH 7.2, 6.1, and 4.1, respectively. For all CaP nanopowders, the amount of released BSA 

gradually increased with time. However, for BSA adsorbed nanopowders immersed in pH 7.2 

solution, the amount of released protein was significantly smaller than that in pH 4.0 and pH 6.0 

solutions as shown in Figure 5.12. Though the nanopowders immersed in pH 4 and pH 6 



exhibited almost 100% release of BSA within 24 hours of incubation, not more than 45 % of 

protein release was observed for CaP nanopowders immersed in pH 7.2 buffer within the same 

period of incubation time.  

5.2.2.4 2 Effect of calcination temperature on protein release rate 

 Irrespective of pH of the buffer in which BSA-CaP nanoparticles were immersed, 

nanoparticles calcined at 800 oC always showed significantly higher (p < 0.0001 in all cases) 

protein release compared to nanoparticles calcined at 600 and 700 oC. The BSA release from 

CaP nanoparticles calcined at 700 oC was also significantly higher in pH 7.2 (p < 0.0001) and pH 

6.1 (p= 0.0137) buffer solution as compared to 600 oC calcined CaP nanoparticles, except in 

buffer solution of pH 4.1 (p= 0.3842).  
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(c) 

Figure 5.12: BSA release rate from CaP nanoparticles at different pH (a) 7.2, (b) 6.1, and 
(c) 4.1 Tukey’s pairwise multiple comparison test. (a) at pH-7.2; p <0.0001 for CaP800  Vs 
CaP700 , p <0.0001 for CaP800  Vs CaP600 , p <0.0001 for CaP700  Vs CaP600; (b) at pH-6.1; p 
<0.0001 for CaP800  Vs CaP700 , p <0.0001 for CaP800  Vs CaP600 , p =0.0137 for CaP700  Vs 
CaP600; (c ) at pH-4.1; p <0.0001 for CaP800  Vs CaP700 , p =0.0007 for CaP800  Vs CaP600 , p 
=0.3842 for CaP700  Vs CaP600; 
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5.2.2.5 Dissolution kinetic of TCP and CDHA nanoparticles 
 

The rate of dissolution of CaP nanoparticles in different pH solution were evaluated by 

measuring Ca2+ ion concentration in supernatant using atomic absorption spectroscopy. CaP 

nanoparticles found to dissolve at increasingly faster rate with decrease in buffer pH from 7.2 to 

4. Also at all pH, the rate of dissolution for 800 oC calcined CaP nanoparticles was always higher 

(p < 0.0001) compared to 600 and 700 oC calcined nanoparticles as evident from Figure 5.13 a, 

b and c.   
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Figure 5.13: Dissolution kinetics of CaP nanoparticles at three different pHs (a) 7.2 (b) 6.1 
and (c) 4.1. Tukey’s pairwise multiple comparison test. (a) at pH-7.2; p <0.0001 for CaP800  
Vs CaP700 , p <0.0001 for CaP800  Vs CaP600 , p <0.0001 for CaP700  Vs CaP600; (b) at pH-6.1; 
p <0.0001 for CaP800  Vs CaP700 , p <0.0001 for CaP800  Vs CaP600 , p <0.0001 for CaP700  Vs 
CaP600; (c ) at pH-4.1; p <0.0001 for CaP800  Vs CaP700 , <0.0001 for CaP800  Vs CaP600 , 
<0.0001 for CaP700  Vs CaP600; 
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5.2.3. Discussion 

NP12 surfactant stabilized the aqueous core in reverse micelle domain by organizing 

polar head groups away from non polar cyclohexane in a definite shape. The polar aqueous core 

contained Ca2+ and PO4
3- ions with a Ca:P molar ratio equal to 1.5:1. Addition of NH4OH in the 

microemulsion increased OH- concentration and promoted nucleation of 

CDHA[Ca9(HPO4)(PO4)5(OH)] crystal inside polar core of reverse micelle which gradually grew 

on aging and finally precipitated out in the reaction mixture. The chemical reaction that occurred 

inside the nanodroplets of water was as follows. 

9 Ca(NO3)2 + 6 H3PO4 + 18 NH4OH = Ca9(HPO4)(PO4)5(OH)     +18 NH4NO3 + 17 H2O  (1) 

This CDHA phase transformed into β-TCP on heating at and above 800 oC according to 

following equation. 

Ca9(HPO4)(PO4)5(OH)  →3 Ca3(PO4)2 +H2O  (2) 

In this study, the synthesized CaP nanoparticles showed different crystalline phase with 

change in calcination temperature which is consistent with previous reports.235, 236 With increase 

in calcination temperature the particle size of CaP nanopowders increased due to the growth of 

CaP nanocrysal. The decrease in particle aspect ratio with similar increase in calcination 

temperature is attributed to the phase transformation of CDHA into β-TCP with loss of one 

molecule of water along c-axis of CDHA nanocrystal. CaP nanopowder calcined at 600 oC 

showed the highest average BET surface area not only because of its smaller particle size, but 

also due to higher particle aspect ratio.  

The interaction between BSA and CaP nanoparticle was a dynamic process of adsorption 

and desorption which reached equilibrium within 6 h. Here we studied BSA loading on CaP 

nanoparticles at pH ≥ 7.5, because at lower pH the dissolution of CaP nanoparticles could 
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destroy a stable interface between BSA-CaP nanoparticles. Since pH of BSA- CaP suspension 

was above the isoelectric points of each of BSA, β-TCP and CDHA, both BSA and CaP 

nanoparticles carried negative charges on their surface. The stern layer of hydroxyl ions attached 

to exposed Ca2+ ions was the source of negative charge on CaP nanoparticle surface. This was 

followed by a diffuse electrical double layer around the surface of CaP nanoparticles. BSA 

interacted with CaP nanoparticles through electrostatic interaction between COO- and Ca2+. For 

successful BSA adsorption on CaP nanoparticle surface the energy released due to Ca2+ -COO- 

interaction should supersede the sum of energy released for Ca2+- OH- attractive interaction and 

repulsion between BSA chain and electrical double layer around CaP particle surface. The 

electrostatic interaction between Ca2+ and COO- was energetically favorable when BSA chain 

length was greater than the thickness of electrical double layer around the particle surface. As pH 

of the suspension increased from 7.5 to 8.5 to 9 an enhanced charge density on particle surface 

made Ca2+-OH- interaction increasingly stronger with a consequent gradual increase in electrical 

double layer thickness around the CaP nanoparticle surface. This coupled with the shortening of 

BSA chain length with similar increase in pH rendered BSA-nanoparticle interactions 

increasingly unfavorable resulting in a decrease in the amount of BSA adsorption onto 

nanoparticle surface. As expected, the adsorbed amount of BSA increased with increase in 

surface area of CaP nanoparticles immersed in BSA solutions. Higher the surface area higher 

was the surface charge density of CaP nanopowders, resulted in a higher degree of electrostatic 

interaction between BSA and CaP nanoparticles.  

In general α-helix content is a preferred indicator of protein’s structural integrity.  

β-sheet content in protein may alter due to protein–protein interactions leading to the formation 

of intermolecular β-sheet. Consequently, the β-sheet content of a protein in solid form does not 
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reflect its actual intramolecular structural content. The decrease in α-helix content in CaP- BSA 

nanopowders indicates that BSA’s secondary structural integrity was somehow distorted on its 

adsorption to CaP nanoparticle surface. The distortion in secondary structure in BSA is attributed 

to unidirectional electrostatic interaction between Ca2+ and COO- . 

The first layer of BSA was adsorbed onto nanoparticle surface purely by virtue of 

electrostatic interaction between CaP nanoparticles and BSA. The adsorption of subsequent 

layers of BSA was mainly governed by intermolecular hydrophobic interactions as BSA 

molecules experienced gradually lesser extent of electrostatic interaction with increasing 

thickness of BSA layers on nanoparticle surface. That is why a number of the BSA layers were 

adsorbed on CaP nanoparticle surface which were not tightly bound. The initial burst release of 

protein from nanoparticle surface was mainly due to desorption of these loosely bound BSA 

molecules. At physiological pH, the solubility product of β-TCP (Ksp ≈ 2.27 X 10-27) is much 

higher compared to that of CDHA (Ksp ≈ 2.35 X 10-49). This explains why 800 οC calcined CaP 

nanopowders showed higher rate of dissolution than CaP nanopowders calcined at 600 and 700 

oC at all pHs studied here. The similar trend in BSA release rate with CaP nanoparticle 

dissolution rate revealed the fact that later stage of BSA release was mainly controlled by 

particle dissolution to release tightly bound BSA molecules. The higher BSA release from 700 

oC calcined CaP nanopowders as compared to 600 oC calcined CaP nanopowders is attributed to 

the presence of little amount of β-TCP phase in the former. The dissolution of CDHA and β-TCP 

nanoparticle can be explained by following equations. 

Ca9 (HPO4)(PO4)5(OH)  +19H+  ↔ 9Ca2+ + 9H2PO4
–

  + H2O………….(3) 

Ca3 (PO4)2 + 4H+ ↔ 3 Ca2+ + 2H2PO4 
–

........................................(4) 
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As the pH of buffer solution decreased, the H+ concentration in buffer solution increased. 

The increase in H+ concentration forced the dissolution equilibrium to be shifted towards right, 

making dissolution of CaP nanoparticles faster. At lower pH, CaP nanoparticle dissolution being 

much faster than that at physiological pH, the BSA release rate was also faster. 

5.3 Protein release from in situ synthesized Mg and Zn doped HA-BSA nanoparticles 

5.3.1. Materials and Methods 

5.3.1.1 Materials: For synthesis of BSA loaded HA nanopowders, calcium nitrate [Ca(NO3)2, 

4H2O] and ammonium hydrogen phosphate [(NH4)2HPO4, Alfa Aesar, Ward Hill, MA] were 

used as source of Ca2+ ion and PO4
3- ion and BSA (Sigma-Aldrich, St. Louis, MO) was used as a 

model protein. Mg2+ and Zn2+ doped BSA-HA nanopowder was synthesized using magnesium 

nitrate [Mg(NO3)2, 6H2O, J. T. Baker, Phillipsburg, NJ] and [Zn(NO3)2, 10H2O, J. T. Baker, 

Phillipsburg, NJ] as a source of Mg2+ and Zn2+ respectively. Ammonium hydroxide (NH4OH, J. 

T. baker, Phillipsburg, NJ) was used to adjust the pH of the reaction mixture. 

5.3.1.2 Synthesis of HA-BSA nanopowders: 5 M aqueous solution of Ca2+-ion was prepared by 

dissolving 0.03 moles of Ca(NO3)2, 4H2O in 6 ml distilled water. A BSA aqueous solution of 

1500 μg/ml was separately prepared by dissolving BSA powder into distilled water. NH4OH was 

added dropwise to adjust the pH of Ca2+ solution to 9. Five ml of BSA was dropped into Ca2+ 

solution with constant stirring. To maintain Ca to P molar ratio of 1.67:1 in the reaction mixture, 

0.018 moles of (NH4)2HPO4 was added to Ca2+- BSA solution. The pH of the reaction mixture 

was readjusted to 9 by dropwise addition of NH4OH. The suspension was centrifuged to drain 

supernatant out and the resulting precipitate was then washed with phosphate-buffered solution 

(PBS at pH 7.0) and DI water for 3 times to remove NO3
- ions and loosely bound BSA. 2 mol% 

Mg2+ and Zn2+ doped HA-BSA nanopowders were synthesized by addition of required amount of 



Mg(NO3)3, 6H2O and Zn(NO3)3, 6H2O respectively in the Ca2+ aqueous solution. After washing 

all the powders were dried at room temperature and stored in a freezer at -10o C. 

All the supernatants after every washing were collected and analyzed for concentration of BSA 

in it using BCA protein assay kit. The total amount of BSA incorporated into doped and undoped 

HA nanopowders was calculated by using the equation [ ] [ ]
[ ]I

SI

BSA
BSABSA − X 100 %, where [BSA] I 

= total amount of BSA added to the reaction mixture, [BSA]S = total amount of BSA present in 

the supernatant.  

 
5.3.1.3 Phase, crystallinity, particle size and partcle morphology of synthesized HA-BSA 

nanopowders: HA-BSA nanopowders were used for powder x-ray diffraction (XRD) following 

the same procedure as described in chapter 4 (section 4.2.4). The crystallinity of the apatite 

crystallites was evaluated by measuring the broadening of the XRD peaks in two regions: peak 

(002) between 25.0 and 27.0° and peak (310) between 37.5 and 41.0°.251 Broadening of the 

diffraction peaks was measured at half maximum intensity of the peaks using the Scherrer 

formula,252 D = kλ/β1/2 cos θ as illustrated in chapter 4 (section 4.2.4.1). Particle size and 

morphology of synthesized doped and undoped HA-BSA nanoparticles were measured using 

DLS technique and TEM following the same procedure as described in chapter 4 in section 4.2.4. 

5.3.1.4 Transmission electron microscopy: A very dilute aqueous suspension of doped and 

undoped HA-BSA nanoparticles in water was prepared following aforementioned method. One 

drop, approximately 5 μl, of particle suspension was deposited onto a formvar coated Cu grid 

(Ted Pella, Inc.) and allowed to equilibrate for 3 min. The grids were then allowed to air dry. 

Images were taken using a JEOL, JEM 120 (MA, USA) transmission electron microscope 

(TEM) set to an accelerating voltage of 100 kV. 
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5.3.1.5 Elemental analysis of HA-BSA nanopowders: The elemental composition of undoped 

and doped HA-BSA nanopowders were determined with inductively coupled plasma-optical 

emission spectroscopy (ICP-OES) using Optima 3200 RL (Perkin Elmer, CA, USA) instrument. 

For this analysis, ~ 0.1 g of doped and undoped HA-BSA nanopowders were calcined in a muffle 

furnace at 600 oC for 2 h to burn out BSA in it. The calcined powders were then dissolved in 10 

% HNO3.  All the standards and also the samples were diluted with 4 % HNO3 for final 

measurements. 

5.3.1.6 Differential Scanning Calorimetric (DSC) analysis. To understand the interaction 

between HA and BSA, both doped and undoped nanopowders were tested on a DSC thermal 

analyzer (NETZSCH, Burlington, MA, USA). The measurements were performed with a 

differential scanning calorimeter model STA 409 PC at a heating rate of 10 K/min in argon 

atmosphere with a flow rate of 40 ml/min. Samples were kept in an alumina crucible for analysis 

with an empty crucible as reference. Pure HA nanopowder was used for baseline correction.  

5.3.1.7 ATR-FTIR analysis of HA-BSA nanopowders: Fourier transform infrared 

spectroscopy (FTIR) was conducted on BSA loaded doped and undoped HA nanoparticles to 

analyze different absorption peaks of BSA and HA. Also the secondary structure of BSA was 

analyzed following the same procedure as defined in previous section 5.2.1.3. 

5.3.1.8 Study of release kinetics of BSA from HA-BSA Nanopowders: 20 ml of phosphate 

buffer solution at pH 7.2 was added to BSA-loaded doped and undoped HA nanoparticles. The 

nanoparticles were dispersed with a stirring rate of 100 rpm at 37 oC. The sample vials were 

centrifuged and 0.5 ml of supernatants were removed at each time point, kept in cryovials and 

frozen at -10 oC. The BSA release test was carried out by taking 0.1 ml of the supernatant and 

and mixing this with 0.1 ml of bicinchoninic acid solution (Sigma, bicinchoninic acid protein 



assay kit, BCA-1 and B9643). UV–visible spectroscopy (Agelent 8453) was used for the 

characterization of absorbance peaks at 562 nm to determine the BSA concentration through the 

use of a pre-determined standard concentration–intensity calibration curve. 

5.3.1.9 Statistical Analysis: Statistical analysis of data was performed using the same software 

package and following the same procedure as described in chapter 4 in section 4.2.4.6. 

5.3.2 Results  

Figure.5.14 shows the x-ray diffraction (XRD) patterns of BSA-loaded doped and 

undoped HA nano-powders. All the powders showed pure HA according to ICDD No. 09-

0432.253 As evident from table 5.3, the peaks for (002) and (310) reflections were broader for 

doped HA-BSA nanopowders. Zn doped HA –BSA nanopowder showed the highest broadening 

of above peaks among the three powders. The relative broadening of (002) and (310) diffraction 

lines indicated that crystallinity was the lowest for Zn doped nanopowders, whereas the undoped 

HA-BSA nanopowders showed the highest crystallinity. 
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Figure 5.14: X-ray diffraction pattern of doped and undoped HA- BSA nanopowders  
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Table 5.3: Peak width measurements of the (002) and (310) reflections of BSA loaded 
doped and undoped HA nanopowders 
  

Peak width (2θ) Sample  
(002) (310) 

HA-BSA 0.456 0.608 
MgHA-BSA 0.476 0.656 
ZnHA-BSA 0.512 0.752 

 

Figure 5.15 shows the FT-IR spectra of the BSA-loaded doped and undoped HA 

nanopowders. All the nanopowders showed typical ν3 asymmetric PO4
3- stretching mode at 1093 

cm−1 and 1024 cm−1, ν1 symmetric PO4 3- stretching mode at 974 cm−1, labile PO4
3- at 634 cm−1, 

triply degenerate ν4 PO4
3- bending mode at 601 and 561 cm−1, and doubly degenerate ν2 bending 

mode at 478 cm−1.201, 202, 254  The decreases in the relative peak intensities at 561, 601, and 1024 

cm-1 for Mg and Zn doped HA-BSA nanopowders as compared to undoped HA-BSA 

nanopowders also reflected a relative decrease in crystallinity with addition of dopants into HA-

BSA nanocrystal. The doubly degenerate ν2 CO3
2- bending mode at 871 cm−1 indicated the 

formation of the β-type carbonate in these HA nanopowders.201 The presence of BSA in all the 

powders were confirmed from band at 1655 cm-1 assigned to amide I C=O stretching mode, 1542 

cm-1 assigned to amide II N–H bending mode, 1475 cm-1 assigned to amide III C–N stretching 

mode, and 1475 cm-1 assigned to amide III N–H bending mode.224 
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Figure 5.15: FTIR spectra of doped and undoped HA-BSA nanopowders. 

 
Form number average particle size (NICOMP) distribution data presented in figure 5.16 

it is evident that doped HA nanopowders showed broader particle size distribution as compared 

to undoped HA nanopowder. The number average particle size of these nanopowders varied 

between 30 -110 nm. TEM micrographs of nanopowders in figure 5.17 revealed that aspect ratio 

of doped nanoparticles were higher compared to undoped nanoparticles. Zn doped HA-BSA 

nanopowder showed the highest aspect ratio among the three powders.  
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Figure 5.16: Particle size distribution of synthesized HA-BSA nanopowders. 
 

   
                  (a)                                            (b)                                                 (c) 
Figure 5.17: TEM micrographs of in-situ synthesized HA-BSA nanopowders. (a) undoped 
(b) Mg doepd and (c ) Zn doped.  
 

Quantitative estimates of weight and atomic percents of different element present in 

doped and undoped HA nanopowders are shown in table 5.4. The variation in measured dopant 

atomic percentages suggests that not all of the dopants added precipitated out as a part of the HA. 

Zn2+ appeared to be more effective compared to Mg2+ in substituting Ca2+ in HA nanopowders. 

For all the powders Ca/P ratio found to be higher than ideal Ca/P ratio of 1.67 for HA. 
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Table 5.4: Concentration of Ca, P, Mg and Zn in HA- BSA, Mg HA- BSA and Zn HA-BSA 
nanopowders, as determined by ICP-OES 
 

 Undoped HA-BSA Mg doped HA-BSA Zn doped HA-BSA 

Ca (wt %) 38.23±1.54 37.48 ±1.61 37.27± 1.54 

P (wt %) 16.41±0.89 16.61±0.34 16.78 ±0.45 

Mg (at %) ---------- 0.143 ±0.08 --------------- 

Zn (at %) ---------- -------------- 0.178 ±0.12 

Ca/P ( atomic) 1.81 ±0.02 1.75 ±0.39 1.72 ± 0.024 

 
The interaction between BSA and HA was explored by differential scanning calorimetric 

(DSC) analysis as shown in figure 5.18. The endothermic peak at 70 oC was attributed to thermal 

denaturation of BSA. The removal of water molecule from BSA was evident from the 

exothermic peak at 210 oC. Thermal decomposition of BSA molecule was detected by the 

exothermic peak at 350 oC.224 The most noticeable difference in DSC plot of undoped HA-BSA 

nanopowders from that of doped HA- BSA nanopowders was a sharp and intense exothermic 

peak in former as compared to relatively broad and less intense exothermic peak in the later at 

around 470 oC. The concerned exothermic peak was probably attributed to the thermal 

decomposition of the BSA–HA complex.224 
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Figure 5.18: DSC curves of BSA loaded undoped and doped HA nanopowders 
 

The amount of BSA uptake by doped and undoped HA nanoparticles is presented in 

figure 5.19. Zn doped HA nanopowder showed the maximum amount (24 wt %) of BSA uptake, 

followed by Mg doped (21 wt %) and undoped (18 wt %) HA nanopowders.  
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Figure 5.19: Amount of BSA uptake by in-situ synthesized doped and undoped HA-BSA 
nanopowders 
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Fig.5.20: Infrared spectra of BSA in the amide I region and their Gaussian curve-fitting 
(the individual Gaussian bands are shown as symmetrical peaks underneath the IR 
spectra). Spectra are shown on a relative scale. (a) Pure BSA powder and BSA adsorbed on 
(b) HA-BSA, (c) Mg HA-BSA and (d) Zn HA-BSA.  
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Table 5.5: Infrared band assignments of BSA in HA-BSA nanoparticles244,249, 250 

 
Area Band 

position 

(cm-1) 

Secondary 

structure 

assignment 

Pure 

BSA 

HA- 

BSA 

MgHA-

BSA 

ZnHA-

BSA 

References 

1616±3 Self 

association 

6±1 8±2 6±1 4±1 244 

1628±3 β-sheet 9±2 12±1 14±2 11±2 249 

1638±3 β-sheet 15±2 19±2 16±1 16±2 249 

1648±3 unordered 18±1 20±1 17±1 16±1 250 

1658±3 α-helix 26±1 17±2 18±2 21±1 250 

1665±3 α-helix 15±1 11±2 15±1 16±1 244,250 

1671±3 β-turns 9±3 9±2 9±1 10±2 249, 244 

1685±2 β-turns 4±2 3±2 6±1 6±1 250 

 

Table 5.5 shows the compositional analysis of secondary structure in pure solid BSA 

powder, doped HA-BSA nanopowders and undoped HA-BSA nanopowder. The α-helix content 

as determined from FTIR spectra in amide –I region as shown in figure 5.20 a-d was found to be 

37 %, 33% and 28% for Zn doped, Mg doped and undoped HA-BSA nanopowders respectively. 

The result showed a relative decrease in α –helix content in HA-BSA nanopowders as compared 

to α- helix content of 41% in pure solid BSA powder. The BSA release profiles of the BSA-

loaded doped and undoped HA nanocrystals are shown in figure 5.21. It was found that all the 

samples showed a pronounced bursting behavior for the initial time period of 4 h during which 



almost 40% of BSA was released. This was followed by a slower BSA release continued for 4 

days. BSA release rate from Zn doped HA nanocrystal found to be significantly higher compared 

to Mg doped HA-BSA (p=0.0044) and undoped HA-BSA (p<0.0001) nanopowder. Again Mg 

doped HA-BSA nanopowder exhibited a significantly higher (p<0.0001) BSA release rate 

compared to undoped HA-BSA nanopowder.  
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Figure 5.21: BSA release profiles of the BSA-loaded undoped and doped HA nano-carriers 
 

5.3.3 Discussion 

The ionic radii of Mg2+ and Zn2+  are 0.72 and 0.74 Å, which are significantly smaller 

than 1.00 Å of Ca2+. Thus substitution of Ca2+  by Mg2+  and Zn2+ caused bond strain and 

decreased crystallinity in HA –BSA nanocrystal. The lower ionic potential of Zn2+ imparted 

higher degree of covalent character in Zn2+ - PO4
3- bond as compared to Mg2+- PO4

3- bond and 

resulted in lower crystallinity of Zn doped HA-BSA nanopowder as compared to Mg doped HA-

BSA nanopowder. Addition of dopants, Zn2+ and Mg2+ into HA crystal lattice caused a reduction 
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in a –axis and an increase in c-axis and thereby increased the aspect ratio of HA-BSA 

nanoparticles as reflected in TEM micrographs.255 The broader particle size distribution for 

doped HA-BSA nanoparticles than undoped HA-BSA nanoparticles can be attributed to their 

greater degree of anisotropicity in translational motion in water suspension because of higher 

aspect ratio of former as compared to later. As synthesis of BSA loaded HA nanopowders was 

carried out in ambient atmosphere the presence of carbonate in HA-BSA nanopowders is quite 

expected due to the presence of carbon dioxide (CO2) in reaction mixture during synthesis 

process. HA exhibits higher selectivity for Zn2+ compared to Mg2+ which explains higher amount 

of Zn 2+ incorporation into HA lattice.256 The higher Ca/P ratio in all the HA nanopowders may 

have resulted from PO4
3-  substitution by CO3

2- in HA lattice.  

As BSA was added to the reaction mixture an intermediate HA-BSA complex was 

formed through the electrostatic interaction between Ca2+ on the C-sites of HA lattice and COO- 

of BSA molecule.257 The C-sites were developed as a result of Ca2+  ions on the HA surface and 

located on the crystal planes that were perpendicular to a-axis and b-axis of apatite crystal.258 

Preferential inhibition effect on the growth of HA nanocrystals along the ab axis, resulted in 

higher aspect ratio doped HA-BSA nanoparticle and exposed more number of C-sites for 

electrostatic interaction between Ca2+ of HA lattice and COO- ions of BSA molecules. Thus 

aspect ratio of Zn doped HA-BSA nanoparticles being the highest exhibited maximum amount of 

BSA uptake, followed by Mg doped HA-BSA and undoped HA-BSA nanoparticles.259   

BSA molecules were incorporated into HA nanocrystals by two types of interaction; one 

is physical adsorption on the surface of HA nanoparticles which is weak in nature and the other 

one is strong electrostatic interaction between Ca2+ of HA lattice and COO- ions of BSA 

molecules. The adsorption of BSA onto HA nano-crystals can be considered as a pseudo-
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Langmuir type, where a number of the BSA layers were adsorbed onto HA surface which were 

not tightly bound with HA nanocrystals.258 Therefore, for all the HA nanoparticles an exothermic 

peak was observed at 350 oC due to thermal decomposition of adsorbed BSA molecule which is 

close to that of pristine BSA. The exothermic peak at 470 oC is attributed to the thermal 

decomposition of tightly bound BSA molecules into HA nanocrystals through strong 

electrostatic force. A sharper and more intense exothermic peak at around 470 oC in undoped 

HA-BSA nanocrystals indicates a stronger HA-BSA interaction in undoped HA-BSA 

nanopowder compared to doped HA-BSA nanopowders.224 Undoped HA-BSA nanocrystals 

being more crystalline than doped HA-BSA nanocrystals exhibited stronger Ca 2+-COO-   

electrostatic interaction as compared to doped HA-BSA nanocrystals.  

The decrease in α-helix content in doped and undoped HA- BSA nanopowders indicates 

that BSA’s secondary structural integrity was somehow distorted due to its interaction with HA 

crystal lattice.264 The undoped HA nanopowders interacted most strongly with BSA which 

resulted in a maximum decrease in α-helix content to of loaded BSA molecules. Retention of α-

helix structural integrity found to be the greatest for BSA molecules in Zn doped HA-BSA 

nanopowders primarily because of less intense BSA-HA interaction in Zn doped nanopowders. 

Again, the secondary structural integrity of protein is retained to a greater extent in in situ 

synthesized HA-BSA nanopowders compared to ex situ synthesized CaP-BSA nanopwders. BSA 

incorporation in in situ synthesized nanopowders was mainly governed by hydrophobic 

interactons between BSA chains, whereas electrostatic interaction between CaP nanoparticles 

and BSA primarily controlled the BSA adsorption onto ex situ synthesized nanoparticle surface. 

This explains why secondary structure of BSA was retained to a greater extent in in situ 

synthesized HA-BSA nanopowders. 
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The initial burst release of BSA from HA nanocrystals could be attributed to desorption 

of BSA molecules which were not tightly bound with HA nanocrystals. The slower BSA release 

profile in the later stage can be assigned to gradual release of BSA molecules which were 

incorporated into HA crystals forming BSA–HA complex. The later stage of BSA release was 

governed by crystal dissolution along c- axis to release incorporated BSA from BSA–HA 

complex.260 The crystallinity of HA-BSA nanopowders was in the order, such as, Zn doped HA-

BSA< Mg doped HA-BSA< undoped HA-BSA and thus the rate of dissolution of Zn doped HA-

BSA nanopowders should be the highest, while undoped HA-BSA nanopowders should dissolve 

at the slowest rate in phosphate buffer solution at pH-7.2 ±0.2. This explains why the BSA 

release rate from Zn doped HA-BSA nanopowder was the highest and the slowest rate of BSA 

release was observed from undoped HA-BSA nanopowder. 

5.5 Summary 

 The objective of this work was to control BSA release from CaP-BSA nanoparticles 

synthesized via ex situ and in situ processes. The work has shown that several parameters can 

influence BSA release from CaP nanoparticles. For both ex situ and in situ synthesized 

nanoparticles, two stage BSA release profile was observed. The initial burst release of BSA from 

nanoparticle surface was mainly due to desorption of loosely bound BSA molecules. The later 

stage of BSA release was mainly controlled by nanoparticle dissolution to release strongly bound 

BSA molecules. Some of the general conclusions from this research are as follows. 

5.5.1 Ex situ Process 

• For ex situ synthesized CaP-BSA nanopowders, the adsorbed amount of BSA onto CaP 

nanoparticles decreased from 89 μg/mg to 78 μg/mg with change in average specific 

surface area from 73 m2/g to 57 m2/g, respectively. 
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• The rate of dissolution of β-TCP phase in buffer medium being much higher compared 

to CDHA phase, 800 oC calcined CaP nanopowder showed higher BSA release rate than 

CaP nanopowders calcined at 600 and 700 oC.  

•  At lower pH, the rate of dissolution of β-TCP and CDHA nanoparticles was much 

higher and hence increasingly higher rate of BSA release was observed. 

5.5.2 In situ Process 

•  For in situ synthesized HA-BSA nanopowders, the amount of BSA uptake was found 

to be the highest for Zn doped HA-BSA nanopowder, while undoped HA-BSA 

nanopowder exhibited the lowest amount of BSA uptake.  

•  BSA found to interact with undoped HA nanocrystal more strongly compared to doped 

HA-BSA nanocrystals to form HA-BSA complex.  

•  Addition of dopants significantly altered the BSA release behaviors of HA nano 

carriers. 

•  Zn doped HA-BSA nanocarriers being the least crystalline, released BSA at the fastest 

rate followed by Mg doped HA-BSA nanopowder and undoped HA-BSA nanopowders.  

The study showed that the BSA release rate can be controlled by varying the particle size, 

surface area, and phase composition of CaP nanoparticles. Addition of dopants such as, Zn and 

Mg, found to influence the BSA release rate of HA nanoparticles. Constructing a layered 

structured material that includes CaP nanoparticles having varying particle size, morphology, 

surface area, and phase composition with different kinds of proteins in each layer, would ensure 

a predesigned, controlled, and optimized protein release. 
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CHAPTER-SIX 

NANOSTRUCTURED HYDROXYAPATITE AS BONE IMPLANT 

6.1. Introduction 

6.1.1. Hydroxyapatite as bone implant 

 As already been discussed in section 2.3.2.1, HA shows significant potential to be used as 

an advanced orthopedic implant because it elicits a favorable biological response and forms a 

bond with the surrounding tissues.261-264 However, applications of HA are currently limited to 

powders, coatings, porous bodies, and nonload-bearing implants due to processing difficulties 

and the poor mechanical properties of conventional HA.261-263 Nanostructured HA have 

mechanical properties substantially different from their conventional coarse-grained 

counterparts.265-268 Nanostructure processing improves the sinterability of HA and enhances the 

mechanical reliability by reducing flaw sizes. The high volume fraction of grain boundaries in 

nanocrystalline HA compacts also provides increased ductility for low-temperature net-shape 

forming.266  Not only the mechanical reliability, but biological functions of synthetic HA are also 

largely determined by its particle or grain size, morphology, crystallinity, and composition, 

which depend on the synthesis precursors and processing. Fabrication of fully dense 

nanostructured HA compact is difficult, especially because most HA powders contain needle-like 

particles that hinder densification.268–271 To obtain a nanostructured HA, grain growth should be 

suppressed during densification, and a lower sintering temperature is thus required without 

deteriorating the densification. Microwave sintering has been found to be very effective in 

producing highly dense nanostructured ceramics with ultrafine microstructure.271 
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6.1.2. Microwave sintering of ceramics  

Microwave is the electromagnetic radiation in the wavelength range from 1m to 300 mm 

corresponding to a frequency of about 300 MHz to 300 GHz. This frequency range falls just 

above radio waves and just below visible light on the electromagnetic spectrum.  

61.2.1. Microwave-Material Interactions 

61.2.1.1. Dielectric Properties: Material dielectric properties are usually defined in terms of the 

dielectric constant and the loss tangent. The dielectric constant can be regarded as a measure of 

the polarizability of a material in an electric field. While the loss tangent is a measure of the 

absorption of microwaves by the material, the dielectric constant can be defined through the 

complex permittivity, which is given by the following formula: 

ε∗ = ε' − ιε’’ = ε°(εr,− iεeff), where ε* = complex permittivity, ε' = dielectric constant, ε" = 

dielectric loss factor, ε° = permittivity in free space, εr = relative dielectric constant, εeff = 

effective relative dielectric loss factor, and i = (-1)1/2. The loss tangent is defined as follows: tan 

θ = εeff / εr , where tan θ = loss tangent. Both the dielectric constant and the loss tangent are 

functions of temperature. 

According to their microwave properties materials can be classified into three categories. 

Materials with very low loss tangents are transparent to microwaves because they allow 

microwaves to pass through with very little absorption. Materials with extremely high loss 

tangents, i.e. metals, reflect microwaves and are considered to be opaque. Materials with 

intermediate loss tangents generally absorb microwaves. The amount of absorption is quantified 

by the term skin depth. The skin depth is defined as the distance into the material at which the 

electric field falls to 1/e or 37% of its initial value. The skin depth is related to frequency, 

magnetic permittivity and conductivity by the following equation: 
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SD = 1/(πfμσ)1/2, where SD = skin depth, f = frequency, μ= magnetic permittivity, and 

σ= conductivity. 

6.1.2.1.2. Loss Mechanisms: Electromagnetic energy can be dissipated in a crystalline dielectric 

through several loss mechanisms. These mechanisms include electronic polarization, ionic 

vibration, ion jump relaxation, conduction, and interfacial polarization. 

Electronic polarization and ionic vibration are resonance phenomena. Both have the capability to 

directly change the ion jump frequency, if operable during microwave heating. Electronic 

polarization would change the energy barrier to be overcome by the jumping ion. On the 

otherhand, frequency of attempted jumps would be altered by ionic vibration. Microwave 

frequencies are in the range of 109 to 1010 Hz, and the ion jump frequency is of the order of the 

Debye frequency, which is about 1013 Hz. Since electronic polarization takes place at even 

higher frequencies than ionic vibration, both electronic and ionic vibration related loss 

mechanisms are not thought to be operable at microwave frequencies. Ion jump relaxation in a 

crystalline ceramic occurs when an aliovalent ion and vacancy form an associated pair. An 

aliovalent ion-vacancy pair has a dipole moment associated with it that responds to the applied 

electric field. The vacancy is thought to jump around the aliovalent ion to align its dipole 

moment with the electric field. Structural inhomogeneity such as grain boundary, dislocation, or 

vacancy cluster in a material is source of interfacial polarization. In an ionic lattice there will be 

a localized disruption in electroneutrality at such a structural inhomogeneity with a net dipole 

moment that will align itself with the applied field. Conduction is of interest at mostly low 

frequencies. Conduction related loss mechanism occurs when vacancies are not paired with other 

defects, and hence are not localized. These types of vacancies are much more mobile than 

associated pairs and migrate in response to the electric field. 
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6.1.3. Overview of the work 

Interaction between cells and implanted materials depends on grain size, and surface 

properties, which include topography, surface energy, and wettability.272–275 Such characteristics 

determine the attachment and orientation of biological molecules that are adsorbed to the 

biomaterial surface, and affect subsequent cell behavior. Maximum vitronectin, fibronectin, and 

albumin adsorption were noted on hydrophilic surfaces with high surface roughness and 

energies. These proteins have been identified to mediate adhesion of specific anchorage-

dependent cells, such as osteoblasts, fibroblasts, and endothelial cells, on substrate surfaces.276, 

277 Cell attachment and adhesion are the first phase of cell-material interactions, which further 

influence cell’s capacity to proliferate and to differentiate on contact with the implant. Again 

surface property of an implant material greatly depends on its grain size. Thus it is very 

interesting to design implant material with different grain size and investigate cell behavior on 

the implant surface.  

The present work deals with the processing of HA compacts with different grain size 

using microwave assisted sintering. The variation in mechanical properties, such as compressive 

strength, indentation hardness and fracture toughness, were evaluated with change in grain size 

of sintered HA compacts. The bioactivity of different grain sized HA compacts were investigated 

using human osteoblast cell.  

6.2. Nanostructure processing of hydroxyapatite 

6.2.1. Experimental  

6.2.1.1. Consolidation of HA compacts 

Synthesis of HA nanopowders and their characterization have already been discussed in 

Chapter 4. The as synthesized HA nanopowders were ball milled for 6 hours and then freeze 
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dried. A suspension of freeze dried HA nanopowders were prepared by dispersing the powders in 

deionized water with the addition of ammonium polymethacrylate (NH4PMA) solution ( Darvan 

C, R T Vanderbilt, Norwalk, CT, USA), using mechanical stirring. The amount of NH4PMA 

used in suspension is expressed as a dry weight of the powder basis, equivalent to the wt./wt. 

basis of the HA nanopowders. The suspension was dried in an oven at 150 C and used for the 

preparation of HA compacts. 

Dried powders were pressed into tablets with approximately 12.4-12.7 mm in diameter 

and 2.1–2.3 mm in height using uniaxial pressing at 50 MPa, followed by cold isostatic pressing 

at 345 MPa. Cylindrical HA compacts with approximately 5.4 to5.6 mm in diameter and 9.1 to 

11.6 mm in height were prepared using the same technique. 

6.2.1.2. Sintering of HA compacts 

The green HA compacts were calcined in a conventional muffle furnace at 600 oC for 2 h 

to burn out the surfactant. HA compacts were then sintered in a 3 KW microwave furnace at 

different temperature for different time interval. The compacts prepared from HA nanopowders 

were sintered at 1000, 1100 and 1150 oC for 20 minutes. After sintering the compacts were 

thermally etched at 800 oC for 30 minutes in a conventional muffle furnace. 

6.2.1.3. Characterization of HA compacts 

Sintered compacts were characterized for bulk density, phase composition, 

microstructural analysis, microhardness, fracture toughness and compressive strength. 

A. Bulk density measurement: The bulk densities of the green and sintered compacts were 

measured from the sample dimension and mass of the compacts according to following equation. 
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B.D.= [(M/V)/ ρth] x 100, where M= mass of the compact, V= volume of the compact= 1/4πd2 l 

when d and l are the diameter and thickness of the compact, and ρth is the theoretical density of 

the sample. 

B. Phase analysis: The phases of sintered HA and β-TCP compacts were determined using a 

Philips fully automated x-ray diffractometer with Cu-Kα radiation (1.54018 A) and a Ni- filter. 

The diffractometer was operated at 35 kV and 30 mA. The XRD data were collected at room 

temperature over the 2θ range of 20o- 60o at a step size of 0.02o and a count time of 0.5 s/step. 

C. Microstructure analysis: The microstructure of sintered compacts was characterized using 

SEM (Hitachi S570, Hitachi Scientific Instrument, CA). The samples were gold-sputter coated 

and SEM analysis was performed at an acceleration voltage of 20 KV. HA grain sizes were 

determined from the SEM images via a linear intercept method. 278 

G = (L/N) C, where G is the average grain size (μm), L is the test line length (cm), N is the 

number of intersections with grain boundaries along test line L; and C is the conversion factor 

(μm/cm) of the picture on which the test lines were drawn as obtained from the scale bar.  

D. Mechanical characterization of sintered compacts 

The sintered HA tablets were characterized for microhardness and indentation fracture 

toughness measurement. Compression strength analysis was performed with cylindrical HA 

compacts. 

(a) Microhardness measurement: Microhardness of sintered HA compacts was evaluated using 

Vicker’s diamoand indenter (LECO Corporation, St. Joseph, MI. First the samples were mounted 

on epoxy resin and then polished on sand paper and cottonpads using alumina suspension. After 

polishing with 0.03 μm alumina suspension, microhardness measurement was carried out. 500 g 



load was used for microhardness measurements, and the value was calculated from the 

indentation size. 

(b) Indentation fracture toughness measurement: Fracture touighness was calculated from the 

radial crack length that appeared after the indentation test. The equation for the calculation of 

fracture toughness was given below. 279  

Fracture toughness (KIC = 0.016X (E/H)1/2X P/C3/2 . 

 Where E is Young’s modulus of the sample, H is microhardness in GPa, P is the applied load 

and C is the half of the crack length.  

(c) Compressive strength measurement: The cylindrical HA compacts were prepared to 

maintain diameter to height ratio > 1:2 for compressive strength measurement. Compressive 

strength of the samples was measured using a screw driven Instron compression test machine. 

Cross head speed was maintained at 0.0002 cm/sec. Compressive strength was calculated from 

failure strength and cross sectional area of the sample.  

Three sintered samples at each sintered cycle were used for the measurement of 

microhardness, fracture toughness and compressive strength.  

• Calculation of hardness 

H= 1.854 F/d2= 1.854 x [0.5 Kg/ (0.033 mm)2] = 851.239 Hv= 8.345 GPa 

• Calculation of fracture toughness 
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6.2.2. Results  
 
6.2.1.1. Consolidation and sintering of HA nanocompacts 
 

The freeze dried HA nanopowders synthesized using reverse micelle as template system 

were consolidated and sintered in microwave furnace to fabricate dense HA compacts. The green 

density of HA nanocompacts that were processed without any dispersant was in the range 

between 45 to 47 % and not more than 89% of sintered density was obtained even after sintering 

at 1150 oC for 30 minutes. Different amount of ammonium polymethacrylate dispersant was used 

to prepare slurry from HA nanopowders and the dispersant added to HA nanopowders 

significantly improved the green density of HA compacts. Though from table 6.1 it is clear that 

only 6 wt% of NH4PMA was found to be effective in improving both green and sintered density 

simultaneously resulting in microstructure with finer and narrower grain size distribution.  

Table 6.1: Processing of HA nanocompacts by adding different amount of dispersant 
 

Surfactant 
(wt%) 

Relative 
green 
density 
(%) 

Sintering 
cycle 
(oC) /min 

Relative 
sintered 
density 
(%) 

Grain 
size 
(μm) 

Comments 

2 51.25 1100/20 87.27 0.8-1.5 Wide grain size 
distribution 

4 53.85 1100/20 90.52 0.44-0.9 Wide grain size 
distribution 

4 53.85 1150/20 89.81 ----------- Melted surface 
6 56.84 1100/20 96.98 0.41-0.64 Relatively narrow 

grain size distribution 
6 57.82 1000/20 98.72 0.12- 0.47 Relatively narrow 

grain size distribution 
, high sintered density

6 56.98 1150 /20 97.48 0.92-1.27 Relatively narrow 
grain size distribution 
, high sintered density

8 53.42 1100/20 86.89 ------------- Melted surface 
10 55.82 1100/20 85.82 -------------

-- 
Melted surface 



20 25 30 35 40 45 50 55 60
Angle 2θ

In
te

ns
ity

 (a
.u

.)

Synthesized HA

1000 C

1100 C

1150 C(3
11

)
(1

22
)

(0
02

)

(3
10

) (2
10

)

(2
11

)
(1

22
) (3

00
)

(2
02

)

(2
12

) (2
22

)

(3
12

)

(2
13

)

(3
21

)
(4

02
)

(0
04

)
(3

22
)

(3
13

)
(4

20
)

(3
15

)

(4
32

)

(5
22

)

 
Figure 6.1: X-ray diffraction of HA pellets sintered at different temperature in microwave 
furnace for 20 minutes. In all cases the green HA compacts were processed with 6 wt% 
dispersant and then consolidated. 
 

Figure 6.1 shows the diffraction pattern of HA pellets sintered in microwave furnace at 

1000, 1100 and 1150 oC for 20 minutes. All the sintered pellets showed phase pure HA (JCPDS 

09-0432). The relative green density of HA compacts were above 56 % and after sintering all the 

compacts showed a relative sintered bulk density greater than 97 %. Figure 6.2 shows the 

microstructures of HA compacts sintered at 1000, 1100 and 1150 oC for 20 minutes. With 

increase in sintering temperature from 1000 C to 1150 oC the average grain size of sintered HA 

compacts increased from 0.16 μm to 1.17 μm as shown in figure 6.3. 
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                       (a)                                               (b)                                       (c) 
Figure 6.2. Microstructure of HA pellets sintered for 20 minutes in microwave furnace at 
(a) 1000 oC, (b) 1100 oC and (c) 1150 oC  
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Figure 6.3. Grain size of HA discs with increase in sintering temperature in microwave 
furnace  
 
6.2.2.2. Mechanical characterization of HA compacts with fine microstructure 
 

The bulk densities of HA compacts sintered at 1000, 1100 and 1150 oC were greater than 

97 %. That means the change in sintering temperature from 1000 to 1150 oC did not exert any 

significant effect on the bulk densities of HA compacts, but the grain size of sintered HA 

compacts varied greatly with change in sintering temperature from1000 to 1150 oC as already 
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been discussed in earlier section. The effect of grain size on the compressive strength of HA 

compacts is shown in figure 6.4. As expected the compressive strength of HA compacts 

increased with decrease in grain size. HA compacts with a grain size of 0.16 μm showed an 

average compressive strength of around 400 MPa, which is greater than the compressive strength 

value of compact bone and dental enamel. The average values of Young’s modulus also 

decreased with decrease in grain size as depicted in table 6.2. 
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Figure 6.4: Effect of grain size on compressive strength of sintered HA pellets  
 

Table 6.2.Values of Young’s modulus for different grain sized HA compacts 

HA grain size (μm) Young’s modulus (MPa) 

0.168±0.086 129± 5 

0.54±0.035 123± 4 

1.1±0.128 115± 6 
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(b) 

Figure 6.5: Effect of grain size on indentation (a) microhardness (b) fracture toughness of 
sintered HA discs  
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Figures 6.5 (a) and 6.5 (b) show the variation in hardness and fracture toughness with 

change in grain size in sintered HA compacts. With increase in grain size hardness of sintered 

HA compacts decreased. The average microhardness value of HA compacts with an average 

grain size of 0.16 μm was 8.4 GPa, whereas the HA compacts with average grain size of 1.1 μm 

showed an average microhardness value of 6.3 GPa. Similarly fracture toughness of HA 

compacts increased with decrease in grain size. HA compacts with an average grain size of 0.15 

μm exhibited a maximum fracture toughness of 2.0 MPam1/2 which is close to the lower limit of 

fracture toughness of natural bone. SEM micrographs of some of the indents made at a load of 

500 g on nano and micron grained HA compacts are shown in figure 6.6. It is clear that the size 

of indentation as well as radial crack length decreased with decrease in grain size. 

44 μm44 μm
43 μm43 μm

 
(a) (b)  

Figure 6.6. Back scattered micrographs of indentations done on HA compacts with 
different grain size (a) 0.168±0.086 μm and (b) 1.1 ± 0.128 μm, at a load of 500 g 
 
6.2.3. Discussion 
 

Due to high surface area of synthesized HA nanopowders it experienced high frictional 

resistance during consolidation into compacts which resulted in poor green density. NH4PMA is 
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an anionic polyelectrolyte and can dissolve in aqueous solution, producing negatively charged 

carboxyl groups as shown in equation 6.1, which are very easily adsorbed on the positively 

charged HA surface. The dissociation of NH4PMA in water can be described as follows: 

RCOONH4 → RCOO-+ NH+4 ……(6.1). 
 

NH4PMA effectively dispersed HA nanopowders through an electrosteric mechanism of 

dispersing action. The role of NH4PMA was to disperse agglomerate free HA nanopowders as 

well as to minimize frictional resistance during consolidation to improve green density of HA 

nanocompacts. Optimization of the amount of NH4PMA was very essential during preparation of 

slurry to maximize its dispersing action. Lower amount of NH4PMA kept HA nanopowders 

agglomerated whereas excess amount NH4PMA led to bridging flocculation, which hampered 

consolidation of HA green compacts. In this case, 6 wt% NH4PMA found be the most effective 

in improving green density as well as sintered density of HA nanocompacts. An increase in 

sintering temperature had an obvious effect on increasing the grain size of sintered HA compacts 

due to growth of HA crystallites. 

There are several literature reports available, discussing superior strength and higher 

fracture toughness for finer microstructures in comparison with coarser ones.280 Since relative 

bulk density of HA compacts were all above 98 %, the hardness and fracture toughness of HA 

compacts were solely affected by its grain size. The influence of grain size on the hardness of 

HA compacts can be explained by Hall–Petch equation: H= Hi + kd -1/2, where Hi is the lattice 

friction stress, k is the Hall–Petch constant and d is the grain size of HA compact. With decrease 

in grain size in HA compacts, the relative volume of grain boundaries increased. Thus resistance 

to indentation was increased due to higher amount of stored energy from increased number of 

grain boundaries in smaller grained HA compact. Similarly the increase in fracture toughness of 
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HA compacts with decrease in grain size can be attributed to increased resistance to crack 

propagation due to the presence of more number of grain boundaries in nanograined HA as 

compared to submicron or micron grained HA compacts. Again the reduced flaw size with 

decrease in grain size in HA compacts was responsible for increase in compressive strength with 

similar decrease in grain size in HA compacts.  

6.3. HA compacts prepared from calcined powders 
6.3.1. Experimental 
 
6.3.1.1. Consolidation of calcined HA powders 

The as synthesized HA nanopowders were calcined at different temperature for different 

time as depicted in table 6.3  

Table 6.3: Calcination cycle of as synthesized HA nanopowders  

HA powders Processing steps Calcination 

HA (I) Ball milling, Freeze drying, 
Suspended with dispersant 
NH4PMA, oven dried  

None 

HA (II) None 800 oC / 4 h 

HA (III) None 900 oC / 10 h 

 
Particle size of HA (I), HA (II) and HA (III) powders were measured using DLS 

technique as described in section 4.2.4.2. HA (I) nanopowders were processed using the same 

procedure as described in section 6.2.1.1. Discs with approximate dimensions of 12.4-12.7 mm 

in diameter and 2.1–2.3 mm in height were prepared from HA (I), HA (II) and HA (III) powders 

by uniaxial pressing at 50 MPa, followed by cold isostatic pressing at 345 MPa. Cylindrical HA 

(I), HA (II) and HA (III) compacts with approximately 5.4 to5.8 mm in diameter and 9.1 to 11.2 

mm in height were also prepared using the same technique. 
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6.3.1.2. Sintering of HA (I), HA (II) and HA (III) compacts 

The discs and cylindrical HA compacts prepared from HA (I), HA (II) and HA (III) 

powders were sintered in a 3 KW microwave furnace at different temperature for different time 

interval as described in table 6.4. 

Table 6.4 Sintering cycle of different HA compacts 

HA compacts Sintering cycle (oC / min)

HA (I) 1000/ 20 

HA (II) 1150/ 30 

HA (III) 1150/ 45 

 

6.3.1.3. Characterization of HA (I), HA (II) and HA (III) compacts 

The phase, microstructure and mechanical properties of sintered HA (I), HA (II) and HA 

(III) compacts were analyzed using the same procedures as described in section 6.2.1.3. Surface 

properties such as wettability, surface energy of HA compacts were evaluated by measuring 

contact angle of different liquids on HA discs. Bioactivity and in vitro cell –materials interaction 

of HA compacts were studied using human osteoblast cell line (Hfob 1.19 osteoblast).  

A. Surface analysis  

(a) Contact angle measurement  
 

Contact angles of different liquids on sintered HA disc surface were measured using the 

sessile drop method on a face contact angle set-up equipped with a microscope and a camera. 

Contact angles were determined with liquids such as water, formamide, glycerol, and cell culture 

media. A 0.5-1.0 μl droplet of each liquid was suspended from the tip of the microliter syringe. 

The syringe tip was advanced toward the disk surface until the droplets made contact with the 
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disk surface. Images were collected using the camera and the contact angle between the drop and 

the substrate was measured from the magnified image. Three samples at each sintering cycle 

were used to collect the contact angle data. For each samples again three data points were used. 

 

(b) Surface Energy  
 

Contact angles were determined with three different liquids to calculate surface energy. 

Apolar liquid diiodomethane and two polar liquids formamide and glycerol were used in the 

following equation to calculate the surface energy. 

γ
L
(1+ cosθ) = 2 (γ

S 

LW
γ

L

LW
) 

1/2
+ 2(γ

S 

+
γ

L

-
) 

1/2
+ 2(γ

S

-
γ

L

+
) 

1/2
(6. 2)  

In equation (1) θ is the contact angle of liquid L and solid S, γ
LW 

is the apolar component 

of the surface energy, γ
+ 

is the Lewis acid component (electron acceptor) and γ
− 

Lewis base 

component (electron donor).
281

 

 
Table 6.5. Surface Tension Data (mJ/m

2
) on the three contact angle liquids.

265  

 
Liquid used γL ( mJ/m2) γL

LW ( mJ/m2) γL
+

 ( mJ/m2) γL
- ( mJ/m2) 

Water 72.8 21.8 25.5 25.5 
Glycerol 64 34 3.92 57.4 
Formamide 58 39 2.28 39.6 

 
• Example for the calculation of surface energy for nano HA surface

 
Table 6.6: Contact angle values of different liquids on nano HA surface
 

Water Glycerol Formamide Contact Angle 
(degree) 34.95±1.88 40.55±3.93 29.18± 4.07 

 
Inserting the contact angle values from table 6.6 and surface tension data from table 6.5 in 
equation (6.2) we get  
 
 (39 γ

S 

LW
) 

1/2
+ (2.28 γ

S 

+
) 

1/2
+ (39.6 γ

S

-
) 

1/2    =  54.32…………..    (6.3) 
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Solving these three equations 6.3, 6.4 and 6.5 by Cramer’s rule we get
γ

S

LW
= 39.87 mJ/m2,  γ

S

+
= 48.086 mJ/m2 

,
 γ

S

-
= 0.742 mJ/m2 

Now, γ
S
= γ

S

LW
+ γ

S

+ 
+ γ

S

-
 

γ
HA (I) 

= γ
S

LW
+ γ

S

+ 
+ γ

S

-
= 39.87 + 48.09 + 0.74 =88.7 mJ/m

2
 

 

Surface energy is a measure of the extent to which bonds are saturated or unsaturated at 

the surface of a material. At the surface, there is an asymmetric force field which results in a net 

attraction of surface atoms into the bulk. This asymmetric force renders the sample surface in 

tension. When a liquid drop is placed onto a solid surface it may wet the surface completely or 

partially by spreading over the solid surface or it may sit on the surface in the form of droplet 

without spreading at all, the phenomenon called absolute non wetting. Which event occurs 

depends upon the relative interfacial free energies of the liquid and solid substrate. The 

interfacial free energy is analogous to surface free energy but accounts for the interactions of the 

materials on either side of the interface.  

B. In vitro cell –material interaction 
 

In vitro cell-material interaction was studied using human osteoblast cells (OPC1) 

cultured onto disc samples for 1, 5 and 11 days. SEM, MTT assay and confocal microscopy were 

used to study osteoblast cell attachment, spreading, proliferation and differentiation on sample 

surface. 
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 (a). Osteoblast Cell line 

Human osteoblast cells (hFOB 1.19 Osteoblast) were purchased from ATCC (Manassas, 

VA). Cells were plated at a density of 10
5 
/cm

2 
in 100 mm tissue culture plates, and were cultured 

in Dulbecco’s modified eagle’s medium (DMEM) (with L-glutamine, without phenol red). 

Composition of the medium is shown in table 6.7. Cells were maintained at 37 oC under an 

atmosphere of 5% CO
2 

and 95% air to attain confluence. These cells were then splitted into 1:2 

ratios and seeded onto each sample surface.  

Table 6.7 Compositions of cell media for 1000 ml batch  
Chemicals Quantity 
Water 900 ml 
DMEM 15.6 g 
Sodium bicarbonate 1.2g 
Fetal Calf Serum 100 ml 

 
(b). Seeding of osteoblast cells onto disc surface  
 

Old medium onto the confluent culture plate was removed off. The plate was rinsed with 

phosphate based buffered saline and then 2 ml of trypsin enzyme was added onto the plate and 

incubated for 3-5 minutes. Trypsin helps in digesting the attachment proteins of the cell from the 

culture plate and detaches the cells from culture plate. Fresh 6 ml of the McCoy’s 5A medium 

was added to inactivate the trypsin. Part of the trypsinzed cells was used to seed on the surface of 

the sample and another part was kept for future use in cryogenic atmosphere. 

 The whole 8 ml solution with cell suspension was transferred to a conical vial. 

Approximately 7.5 ml of cell suspensions were spread under the cover slip on each side of the 

haemocytometer. There were 8 grids in hemocytometer and cells were counted on each of the 

grids using. The following calculations were performed to find the volume of cell suspension 

needed on each of the samples. 
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• Calculations to determine the volume of the cell suspension

Number of cells/8 grids= A  

A (1.0x 10
4
)= B, cell count, cells/ml  

For 12-well plate: (2x 10
4
)/B ml of the volume of cell suspension to seed onto each substrate in 

each well.  

For 100 mm plate: (1x 10
5
)/B  

Example of the calculation is provided below:  

No. of cells counted/grid= 478  

No. of cells counter/grids= 478/8 = 59.75=A  

59.75 (1x10
4
) = B  

For 100 mm plate: (1x10
4
) / (59.75x10

4
) = 0.167 ml =167 μl  

Discs samples were sterilized by autoclaving (AST Products Inc, VC Optima, Billerica, 

MA Billerica, MA) for 20 minutes at 121 oC before cell culture. Osteoblast cells were seeded 

onto the sterilized disc surface. Culture medium was changed every 2-3 days for the duration of 

experiment. Samples were then removed from culture medium at 1, 5 and 11 days of incubation 

to study cell-materials interactions. 

(c) Study of cell morphology using SEM 
 

There are six major steps for tissue preparation for electron microscopy which include: 

primary fixation, washing, secondary fixation, rinsing, dehydration, critical point drying.
282 

The 

purpose of fixation is to preserve the structure of living tissue unaltered from living state. 

Additionally fixation protects tissues against disruption during exposure to the electron beam. 

The primary fixative is a combination of 2% glutaraldehyde and 2 % formaldehyde in either 0.1 
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(M) cacodylate or 0.1 (M) phosphate buffer solutions. Formaldehyde ensures rapid initial 

fixation of the tissue because it penetrates the tissue more readily (1mm/ h) than glutaraldehyde. 

Glutaraldehyde, by virtue of its terminal aldehyde groups, fixes the cells onto substrate surface 

by cross-linking cellular proteins. Constituents of the cell would be unified into a single 

interlocking structure or mesh work held together by a multitude of glutaraldehyde molecules. 

Secondary fixative, osmium tetroxide, works primarily by reacting with lipid moieties. It is 

widely believed that the unsaturated bonds of fatty acids are oxidized by osmium tetroxide, with 

osmium tetroxide being reduced to black metallic osmium.
282 

This reduced heavy metal adds 

density and contrast to the biological tissue. Penetration of osmium tetroxide is slower than 

glutaraldehyde (about 0.5 mm/h). Buffers like cacodylate and phosphates are used for subsequent 

rinsing purposes. As fixative lowers the pH of the tissues during the fixative process, artifacts 

may be produced. The buffering system maintains physiologic pH (e.g. 7.2 to 7.4) resulting in 

fewer artifacts. After primary fixation with glutaraldehyde, the tissue is usually washed in the 

same buffer vesicle used in glutaraldehyde fixation step. Washing is extremely important 

because it eliminates any free unreacted glutaraldehyde that remains within tissues. Aldehydes 

remaining from the primary fixation will be oxidized by osmium tetroxide. Dehydration is the 

process of replacing the water in cells with a fluid that acts as a solvent between the aqueous 

environment of the cell and the hydrophobic embedding media. Water is a highly polar molecule 

that is, by far, the major component of virtually all cells. Common dehydrating agents are 

ethanol or acetone. Ethanol is a widely used dehydrating agent for acetone because anhydrous 

acetone absorbs water from the atmosphere and is a more powerful extractor of lipids within the 

cell. Usually 30% ethanol is the first solvent that tissue is exposed to after secondary fixation 

followed by 50%, 70%, 95% and 100%. As one reaches higher concentrations of the dehydrating 
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agents, the time that tissue is exposed to the dehydration agent are increased in order to eliminate 

the small amount of water remaining in the tissues. 

For SEM observation, cell-cultured disc samples were placed in 0.1M phosphate buffered 

saline (PBS) and rinsed quickly. Samples were subsequently fixed with 2% paraformaldehyde 

and 2% glutaraldehyde in 0.1 M cacodylate buffer overnight at 4 oC. Following three rinses in 

0.1 M cacodylate buffer, each sample was post-fixed in a secondary fixative (2% osmium 

tetroxide (OsO
4
) for two hours at room temperature). The fixed sample was then again rinsed 

three times in 0.1 M cacodylate and dehydrated in an ethanol series (30%, 50%, 70%, 95% and 

100% three times). Samples were then critical-point dried using acetone and 

hexamethyldisilazane (HMDS). Samples were mounted on aluminum stubs, gold sputter coated 

(Technis Hummer, San Jose, CA), and observed under SEM.  

(d) Study of cell proliferation using MTT assay  
 

To estimate the number of cells, we will employ a colorimetric assay (MTT assay), which 

quantities the ability of mitochondrial dehydrogenases to metabolize 3-[4, 5-dimethylthiazol-2-

yl]-2, 5-diphenyl-tetrazolium bromide to an insoluble formazan. MTT (Sigma, St. Louis, Mo) 

solution of 5 μg /ml was prepared by dissolving MTT in PBS, and filter sterilized. MTT was 

diluted with 50 μl of the solution in 450 μl of serum free phenol red-free Dulbeco’s Minimum 

Essential medium (DME). 500 μl of the above-diluted solution were used in each sample in 24-

well plates to form formazan by mitochondrial dehydrogenases. After 2-hours of incubation at 37 

oC, 500 μl of the solubilization solution (10% triton X-100, 0.1N HCl and isopropanol) were 

added in each well plate to dissolve the formazan crystals. The 100 μl of the solution was then 

transferred to new 96 wells plate and 8 data points were obtained from each sample. The purple 

color of the formazan provides an optical density number which is also a measure of cell density. 
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Optical density of the solution in each well was measured at wavelength of 570 nm using a 

Microplate reader (Cambridge Tech., Inc., EIA). Data are presented as mean of 8 values with 

standard deviation.   

(e) Immunochemistry and confocal microscopy  
 

Human bone cells can bind to implant surface via proteins called integrins (α5α1 and β1). 

Integrins mediated contacts between cells and their substratum influence cell adhesion, migration 

and spreading. It is important to see the effect of each of these proteins family on the substrate to 

understand the cell adhesion, differentiation, spreading and mineralization behavior. Vinculin is 

a membrane-cytoskeletal protein in focal adhesion plaques that is involved in linkage of integrin 

adhesion molecules to the actin cytoskeleton.283
 Cell spreading and movement occur though the 

process of binding of cell surface integrin receptors to extracellular matrix adhesion molecules. 

As an adhesive molecule, vinculin aids in the assemblage of focal contact by crosslinking and 

recruiting other proteins to form adhesion plaques.284 

Cell differentiation on HA compacts will be evaluated using alkaline phosphatase (ALP) 

phenotypic expression. ALP is a hydrolase enzyme responsible for removing phosphate groups 

from many types of molecules, including nucleotides, proteins, and alkaloids. ALP is produced 

by bone-forming cells called osteoblasts, a feature of the osteoblast phenotype. ALP expression 

appears strongly positive in differentiating osteoblastic cell. ALP is regarded as an early marker 

for osteoblast differentiation, and it is generally accepted that as the specific activity of ALP in a 

population of bone cells increases there is a corresponding shift to a more differentiated state.285 

Osteoblasts create a local environment of alkalinity through ALP and helps build bone. Adhesion 

of cells to HAp surface will be qualitatively evaluated by vinculin expression.  
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Cells cultured on disc samples for a pre-specified number of days were fixed in 4% 

paraformaldehyde in 0.1M phosphate buffer and were kept for 24h at 4 
o
C for future use. Those 

samples were rinsed in Triton X for 10 minutes and blocked with TBST/BSA (tris-buffered 

saline with 1% bovine serum albumin, 250 mM NaCl, pH 8.3) for 1 hour. Primary antibody 

alkaline phosphatase (ALP) (Sigma-Aldrich, St. Louis, MO) or vinculin (Sigma-Aldrich, St. 

Louis, MO) was added at a 1:100 dilution and incubated at room temperature overnight. Vinculin 

was used to study cell attachment, while ALP was used for investigating on cell differentiation. 

The following day, samples were rinsed with TBST/BSA three times for 10 minutes each. The 

secondary antibody, Oregon green goat anti-mouse (GAM) (Molecular Probes, Eugene, OR), 

was added at 1:100 dilution and incubated at room temperature for one hour. Samples were then 

mounted on coverslips with Vectashield Mounting Medium (Vector Labs, Burlingame, CA) with 

propidium iodide (PI) and observed in confocal scanning laser microscopy (BioRad 1024 RMC, 

Hercules, CA, USA). Figure 6.7 shows the schematic of the protocols for vinculin  

and ALP study on cell cultured samples. 

 

 

 

 



Samples are fixed with 
primary fixative, 4% PFA 
in 0.1 (M) phosphate 
buffer 

Rinsing in 0.1 (M) 
triton x in 0.1 (M) 
PBS for 10 minutes 

Rinsing 3 times with 0.1 
(M) phosphate buffer 
solution three times 

Washed thrice with 
0.1 (M) phosphate 
buffer 

Blocked with 100 μm/ sample TBST-
BSA. (10 mM TRIS+ 250 mM NaCl 
+0.3% TWEEN at Ph 8.2f) for 1 hour 

 
Washing on the 
following day with 
TBST .BSA thrice 

  100 μl primary antibody 
vinculin/ ALP (1:100 dilution 
in TBST .BSA) in each 
sample 
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Secondary antibody oregon 
green (anti mouse) was added 
after dilution in TBST .BSA 

 Samples were rinsed 
with PBS for 10 
minutes three times.  

buffer at 1:100.
 

 Samples were mounted in vecta 
shield propidium iodide with cell 
side down onto cover slip  

 

Figure 6.7. Protocol of vinculin and ALP expression study on sample surface 



6.3.2. Results 
 
6.3.2.1. Particle size analysis of calcined HA particles 
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Figure 6.8: Particle size distribution of HA (I), HA (II) and HA (III) powders 
 

Figure 6.8 shows the particle size distribution of HA (I), HA (II) and HA (III) powders. 

The particle size of as synthesized HA (I) nanopowders varied between 30 to 60 nm. After 

calcination HA (II) powder showed a particle size distribution between 150 to 280 nm, whereas 

HA (III) powder exhibited much broader particle size distribution between 540 nm to 1.1 μm.  

6.3.2.2. Phase and microstructural analysis  
 
 X-ray analysis of sintered HA compacts processed from as synthesized and calcined HA 

powders is shown in figure 6.9. All the compacts, HA (I), HA (II) and HA (III), exhibited phase 

pure HA according to JCPDS 09-0432.  
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Figure 6.9: X-ray diffraction of sintered HA pellets prepared from as synthesized and 
calcined HA powders 
 

Scanning electron micrographs of the surfaces of sintered HA compacts are shown in 

figures 6.10 a-c. The average grain size of sintered HA (I), HA (II) and HA (III) compacts were 

found to be 0.168±0.086, 1.48 ±0.627 and 5.01 ± 1.02 μm respectively. 

   
  (a)    (b)    (c) 
Figure 6.10. Microstructures of sintered HA compacts prepared from (a) HA (I), (b) HA 
(II), and (c) HA (III) powders 
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6.3.2.3. Mechanical characterization 
 

The sintered HA compacts, HA (I), HA (II) and HA (III), were used for the measurement 

of microhardness, fracture toughness and compressive strength. The variation in compressive 

strength of HA compacts with change in grain size is depicted in figure 6.11. As expected, with 

increase in grain size the compressive strength of HA compacts were decreased. Thus the lowest 

grain sized HA compact, i.e. HA (I) showed the highest compressive strength of 395±36 MPa, 

whereas only 88± 29 MPa of compressive strength was observed in HA (III) that possessed the 

highest grain size among the three HA compacts. Figure 6.12 shows the variation in Young’s 

modulus of HA compacts with change in grain size. HA (I) compact having the lowest grain size 

showed the highest Young’s modulus of 127 MPa, which was higher than Young’s modulus of 

HA (II) (117 MPa) and HA (III) (103 MPa). 
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Figure 6.11: Compressive strength of HA (I), HA (II) and HA (III) compacts 
 

 132



90

95

100

105

110

115

120

125

130

135

140

0 1 2 3 4 5 6
Grain Size (μm)

Yo
un

g'
s 

m
od

ul
us

 (M
Pa

)

 

Figure 6.12: Young’s modulus values of HA (I), HA (II) and HA (III) compacts 
 

Figures 6.13a, b show the effects of grain size on microhardness and indentation fracture 

toughness of sintered HA compacts. It was observed that with decrease in grain size, both 

microhardness and fracture toughness of HA compacts were increased. HA (I) compact with an 

average grain size of 0.168±0.86 μm showed the highest hardness of 8.4±0.4 GPa and fracture 

toughness of 1.9 ±0.1 MPam1/2. The hardness (3.8 ±0.42 GPa) and fracture toughness of (0.8 

±0.07 MPam1/2) were the lowest for HA (III) with a grain size of 5.1±1.07 μm. SEM 

micrographs of some of the indents made at a load of 500 g on HA(I) and HA (III) compacts are 

shown in figure 6.14. It is clear that the size of indentation as well as radial crack length were 

smaller on HA (I) compact compared to that on HA (III) compact.  
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(b) 

Figure 6.13: Variation in (a) microhardness (b) fracture toughness of sintered HA (I), HA 
(II) and HA (III) compacts 
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28 μm28 μm   
50 μm50 μm

 
(a)      (b) 

Figure 6.14. Back scattered micrographs of indentations done on (a) HA (I) and (b) HA (II) 
compacts, at a load of 500 g  
 
6.3.2.4. Surface properties 
 

To determine the surface properties of HA (I), HA (II) and HA (III) compacts, contact 

angles of different liquid in contact with HA surfaces were evaluated. The angle of contact 

between a liquid and a surface is known as contact angle. When a drop of liquid is placed on a 

surface, it will spread to reach equilibrium, when the sum of the interfacial tensions in the plane 

of the surface is zero. Figure 6.15(a, b) show the values of contact angles measured using cell 

media and water on HA (I), HA (II) and HA (III) surfaces. It was noticed that contact angle 

changed significantly depending on grain size of HA compacts. With decrease in grain size in 

HA compacts contact angle values of both distilled water and cell media were decreased. Both 

water and cell media droplets on HA (I) surface showed the lowest contact angles whereas the 

highest contact angles were observed HA (III) surface. Irrespective of the grain size of HA 

compacts the contact angle values of water droplets were always higher compared that of cell 

media droplets.  With the help of contact angle surface energies for all the HA compacts were 

calculated using equation 6.2 in experimental section 6.3.1.3 A (b). To calculate surface energy, 

three different liquids namely water, glycerol, and formamide were used. Surface energy, defined 
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as the increased free energy per unit area for creating a new surface, is directly related to the 

tendency of molecules to be adsorbed on the surface. Calculations for surface energy from 

contact angles of three liquids were shown in table 6.8. Surface energy of HA surface found to 

increase with decrease of grain size on HA surface. HA (I) surface having the lowest grain size 

showed the maximum surface energy of 88.7±1.62 mJ/m2, whereas the highest grain sized HA 

surface i.e. HA (III) surface exhibited a surface energy 72.89±1.55 mJ/m
2
. HA (II) surface 

showed an intermediate value of surface energy, which is 79.54±2.36 mJ/m
2

.  
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Figure 6.15: Variation in contact angle liquids on the surfaces of HA (I), HA (II) and HA 
(III) compacts (a) photographs of water droplets in contact with HA surface and (b) plot of 
contact angles of water and cell media on different grain sized HA surface 
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Table 6.8 Surface energy of HA compacts with different grain size 
 

Contact Angles (degrees) Samples 
Formamide Glycerol Water 

Surface 
energy 

(mJ/m2) 
HA (I) 29.18±2.07 40.55±3.93 34.95±2.38 97.3±4.28 
HA (II) 35.81±2.58 44.53±1.92 39.16±1.84 81.88±3.21 
HA(III) 44.43±1.3 52.15±1.23 48.53±1.86 71.92±1.82 

 
6.3.2.5 In vitro cell-material interaction 
 
Osteoblast cell attachments, spreading and proliferation on HA surfaces were analyzed for cell-

materials interactions using a scanning electron microscope. 

A. Cell morphology  
 

Osteoblast cells on HA surfaces were analyzed for cell shape and cell-material 

interactions using SEM. Figures 6.16a-c show SEM morphologies of osteoblast cells on HA (I) 

,HA (II) and HA (III) surfaces. Osteoblast cells attached well on all the HA samples. However, 

25 μm25 μm
   

    (a)   (b)    (c) 
Figure 6.16: SEM micrographs of osteoblast cells after 1 day of culture on (a) HA (I), (b) 
HA (II), and (c) HA (III) compacts 
 
when compared with HA (II) and HA (III), more number of cells were observed on HA (I). 

Osteoblast cells cultured on HA (I) exhibited more number of lamellipodia and filopodia 

extensions as shown in figure 6.16a, for attachment with substrate as well as with neighboring 

cells. Cells on HA (II) and HA (III) exhibited an elongated, flattened morphology, as shown in 
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figure 6.16b, c. Fewer filopodia between cells and HA (II), HA (III) were evident when 

compared with that between cells and HA (I). High magnification microstructure imaging in 

figure 6.17 shows the spreading of filamentous microextensions from osteoblast cells onto the 

nanograins of HA (I) surface. HA (I) compact having higher number of grain boundaries 

provided greater number of adhesion sites for filopodia extensions. 

5 μm5 μm
. 

Figure 6.17: Human bone cell study after 1 day of cell culture on nanostructured HA [HA 
(I)] compact. Filopodia extensions from cells used the grain boundaries on nano HA 
compact for better cellular attachment. 
 

After 5 days of culture, cells had undergone a significant spreading on the surfaces of 

three HA compacts as depicted in figures.6.18 a-c. Significant cell proliferation was evident as 

more number of cells could be observed on all the HA compacts after 5 days of cell culture than 

that at day 1. Cell spreading on HA (I) surface found to be much greater as compared to that on 

HA (II) and HA (III) surfaces. Cells on HA (I) surface started to grow to confluence. In general, 

fewer cells grew on the surfaces of HA (II) and HA (III) when compared to that of HA (I). Again 

HA (II) surface encouraged higher cell spreading as compared to HA (III) surface.  
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(a)    (b)    (c) 

Figure 6.18: SEM micrographs of osteoblast cells after 5 days of culture on (a) HA (I), (b) 
HA (II), and (c) HA (III) compacts 
 

SEM images of osteoblast cells cultured for 11 days are presented in figures 6.19 a-c. 

The surfaces of HA was completely covered by a dense and confluent cellular multilayer 

forming a three-dimensional fibril network. The presence of ECM could be detected on the 

surface of cells. Figure 6.14a shows higher number of cell banding on HA (I) surface as 

compared to HA (II) and HA (III) surfaces in figures 6.14b, c. 

30 μm30 μm
 

30 μm30 μm
  

(a)   (b)    (c) 
Figure 6.19: SEM micrographs of osteoblast cells after 11 days of culture on (a) HA (I), (b) 
HA (II), and (c) HA (III) compacts. 
 
B. MTT Assay  
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MTT assay was used to determine osteoblast cell proliferation on HA compacts. Figure 

6.20 shows a comparison of cell densities on three HA compacts over the course of the 



experiment. Cell proliferation was evident over the duration of the experiment, on all the HA 

compacts. Cell densities were significantly higher on HA (I) compact as compared to HA (II) 

and HA (III) at all time points. Again cell proliferation on HA (II) compact found to be greater 

compared to that on HA (III) compact.  
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Figure 6.20. MTT assay of cells on HA (I), HA (II) and HA (III) compacts 

 
C. Immunocytochemistry and confocal microscopy  
 
(a) Vinculin expression 
 

The formation of focal adhesion plaques is a prerequisite process for the development of 

the signaling transduction in cell attachment, and is one of the important indicators for cell 

activity on the substrates. Vinculin aids in the assemblage of focal contacts by cross-linking and 

recruiting other proteins to form adhesive plaques.
286 

Vinculin also acts as an adhesion molecule 

between the cells and substratum. It is mostly located at points of focal adhesion plaque, so the 

existing of vinculin represents the formation of focal adhesion plaque. As cells attach to one 

another and to the substratum, adhesive proteins interact with and form bonds to adhesion 
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receptors within the cellular membrane. Antibody bound to vinculin expressed green 

fluorescence and nuclei stained with propidium iodide (PI) in the mounting medium expressed 

red fluorescence. The formation of vinculin-positive focal adhesion plaques increased gradually 

with cell culture time on all three HA compacts as shown in figures 6.21, 6.22 and 6.23. After 

one day of cell seeding, the most fluorescence staining of vinculin was observed on HA (I) 

substrate as in figure 6.21a, compared to that on HA (II) and HA (III) substrates. Again HA (II) 

compact showed higher degree of vinculin expression as in figure 6.21b compared HA (III) 

compact in figure 6.21c.  
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(a)   (b)    (c) 
Figure 6.21: Confocal micrographs of vinculin expression in osteoblast cells cultured on (a) 
HA (I), (b) HA (II), (c) HA (III) after day1.  
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(a)    (b)   (c) 
Figure 6.22. Confocal micrographs of vinculin expression in osteoblast cells cultured on (a) 
HA (I), (b) HA (II), (c) HA (III) after day 5.  
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(a)    (b)    (c) 
Figure 6.23. Confocal micrographs of vinculin expression in osteoblast cells cultured on (a) 
HA (I), (b) HA (II), (c) HA (III) after day 11. Green fluorescence indicating antibody bound 
to ALP, red fluorescence indicating antibody bound to DNA (nucleus). 
 
Vinculin staining on HA (I) was also more than that on HA (II) and HA (III) at 5 days as in 

figure 6.22 and 11 days as in figure 6.23. Compared with HA (III) substrate, the vinculin 

staining on HA (II) substrate was more intense at all day points of cell culture experiment. 

(b) Alkaline Phosphatase expression 
 

Immunocytochemistry of osteoblast cells was used to determine whether the cells express 

an osteoblastic phenotype on samples or not. A major characteristic of osteoblasts is the 

expression of alkaline phosphatase (ALP). Antibody bound to ALP expressed green fluorescence 

and nuclei stained with propidium iodide (PI) in the mounting medium expressed red 

fluorescence. Figures 6.24a-c show confocal micrographs of ALP expression in one day 

cultured osteoblast cells on HA (I), HA (II) and HA (III) substrates. No positive immunostaining 

for ALP was detected on any substrate after day 1. After day 5, osteoblast cells cultured on HA  
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(a)    (b)    (c) 
Figure 6.24. Confocal micrographs of ALP expression in osteoblast cells cultured on (a) HA 
(I), (b) HA (II), (c) HA (III) after day1.  
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(a)    (b)    (c) 
Figure 6.25. Confocal micrographs of ALP expression in osteoblast cells cultured on (a) HA 
(I), (b) HA (II), (c) HA (III) after day 5 
 
substrates displayed positive signal for ALP, but with different patterns and levels as depicted in 

figure 6.25a-c. After 5 days of culture, cells on HA (I) showed stronger green fluorescence for 

ALP followed by HA (II) and HA (III). With the increase in culture time, ALP activity increased 

significantly on all the HA compacts. After 11 days of cell culture, ALP expression on HA (I) as 

shown in figure 6.26a, was more intense compared to that observed on HA (II) in figure 6.26b, 

and HA (III) in figure 6.26c. Again HA (II) compact exhibited stronger green fluorescence 

staining for ALP compared to HA (III) compact after 11 days of cell culture. 
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(a)    (b)    (c) 

Figure 6.26. Confocal micrographs of ALP expression in osteoblast cells cultured on (a) HA 
(I), (b) HA (II), (c) HA (III) after day11. Green fluorescence indicating antibody bound to 
ALP, red fluorescence indicating antibody bound to DNA (nucleus). 
 
Table 6.9. Summary of mechanical, surface and bioactive properties of HA (I), HA (II) and 
HA (III) compacts 
 

Mechanical properties Sample Grain 
size 
(μm) 

Compressive 
strength 
(MPa) 

Hardness 
(GPa) 

Fracture 
toughness 
(MPam1/2 

Surface 
energy 
(mJ/m2) 

In vitro cell –material 
interaction 

HA-I) 0.168 
±0.086 

395±36 8.4±0.4 1.9±0.1 97.30 
± 4.28 

Promoted faster 
osteobalast cell 
attachment, spreading, 
proliferation and 
differentiation than 
HA (II) and HA (III) 

HA-II 1.48 
±0.627 

156 ±28 5.5±0.58 1.2±0.15 81.88 
± 3.21 

Showed higher 
bioactivity compared 
to HA (III) 

HA-III 5.1 
±1.07 

88±29 3.8±0.42 0.8 ±0.07 71.92 
± 1.82 

Showed the lowest 
bioactivity 

 
6.3.3. Discussion 
 

The final grain size in sintered ceramic compact depends on starting particle size and 

surface area of powders, sintering temperature and time of green ceramic compact. All other 

factors being constant, higher the particle size in green compact, higher will be the grains size in 

sintered compact. HA powders calcined at higher temperature for longer amount of time 
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possessed particles of higher size compared to powders calcined at lower temperature for shorter 

duration. Thus HA (III) green compact was composed of the biggest sized HA particles among 

all the HA compacts. Again, green HA (III) compact was sintered in microwave furnace for 

longer time compared to HA (II) compact, which resulted in higher grain growth in the sintered 

HA (III) microstructure. HA (I) green compacts were composed of particles of the highest 

surface area, which resulted in the highest driving force for sintering. That is why, HA (I) green 

compact could be sintered at lower temperature with no or minimum grain growth in sintered 

microstructure. 

For HA compacts with identical densities, mechanical properties such as compressive 

strength, hardness and fracture toughness, are enhanced with decrease in grain size in sintered 

microstructure. With decrease in grain size, the inherent flaw size in sintered microstructure is 

reduced which leads to the enhancement of compressive strength. Again as the number of grain 

boundaries per unit volume is increased with decrease in grain size, lower grain sized compacts 

offer more resistance to crack propagation resulting in higher hardness and fracture toughness. 

Thus HA (I) nanocompacts having the lowest grain size showed the maximum compressive 

strength, hardness and fracture toughness than HA (II) and HA (III) compacts.  

 Surface energy of HA compact increased with decrease in grain size. Again with 

decrease in grain size in sintered HA compact the surface became increasingly hydrophilic which 

was reflected in the lowest contact angle values of polar liquids, such as, water and cell media, in 

contact with nanograined HA (I)compacts. As the surface became increasingly hydrophilic, 

wettability increased which favored cell spreading. 

The most critical stage of osteoblast cell –material interaction is adhesion and spreading 

which ultimately governs cell’s capacity to proliferate and differentiate. The MTT result showed 
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that, at all day points of cell culture, the number of cells on HA (I) compact was significantly 

higher than those on HA (II) and HA (III). This result suggests that nano grained HA compact 

enhanced cellular attachment. In support of this claim, it was observed that after 1 day of cell 

culture filopodia extensions from the cells to the substrate were more abundant on HA (I) than on 

HA (II) and HA (III). In addition to communication between cells, external physical features 

such as filopodia and microextensions are also used in attachment and migration. Surface energy 

directly influences two important phenomena for an efficient cell-biomaterial interaction, namely 

protein adsorption and cell attachment. After immersion in biological fluids, all implant materials 

are coated by a protein layer. The presence of this pre-adsorbed protein layer is essential in 

mediating cell response to the material. For HA ceramics, protein adsorption is governed by 

electrostatic interaction between Ca2+  and COO-  of protein, PO4
3− and NH3

+ of proteins. With 

decrease in grain size of HA compact the number of sites for electrostatic interaction between 

HA and protein increased. Thus protein adsorption and subsequent cell attachment was the 

highest on nanograined HA (I) compact, followed by HA (II) and HA (III) compact. This fact 

was further endorsed by the results from vinculin protein expression on cell cultured HA (I), HA 

(II) and HA (III) surfaces. HA (I) compact showed the strongest vinculin expression all through 

the cell culture experiment, signifies HA (I) surface generated most number of focal points for 

cell adhesion. It was also observed that decrease in grain size on HA surface creates more 

number of focal points for cell adhesion , the fact was well reflected in higher amount of vinculin 

expression on HA (II) compact compared to that on HA (III) compact. Again after 5 days of 

culture, SEM micrographs show that cell spreading on nanograined HA (I) compact was the 

highest followed by HA (II) and HA (III) compacts, which was due to higher wettability of lower 

grained HA compacts. Thus surface of HA (I) compacts being conducive for both cell 
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attachment and spreading encouraged cell proliferation most efficiently compared to HA (II) and 

HA (III) compacts. Higher degree of cell proliferation on HA (II) surface as compared to HA 

(III) surface was due to higher amount of cell attachment and spreading on former. 

As osteoblast cells proliferate and then differentiate, it expresses a number of osteoblastic 

phenotypic markers. ALP is a major characteristic marker of osteoblasts. ALP is regarded as an 

early marker for osteoblast differentiation, and it is generally accepted that as the specific 

activity of ALP in a population of bone cells increases there is a corresponding shift to a more 

differentiated state. Though after 1 day no green fluorescence from ALP was observed from any 

of the HA compacts, after 5 days abundant amount of ALP protein expression was found on HA 

(I) surface. Both on 5 and 11 days ALP expression was far more intense on HA (I) compact as 

compared to HA (II) and HA (III) compacts. Higher levels of ALP expression on HA (I) could 

be related to faster differentiation of osteoblast cells on HA (I) surface. Thus nanograined HA (I) 

compacts facilitated rapid differentiation and strong adhesion of osteoblast cells. Again HA (II) 

compact showed stronger ALP expression than HA (III) compact at 5 and 11 days. These facts 

suggest that differentiation of osteoblast cells become faster as the grain size of HA compact 

decreased. Though results from vinculin expression was not conclusive to differentiate cellular 

attachment behavior on different grained HA compacts, ALP study found to be conclusive in 

distinguishing rate of osteoblast differentiation on different grained HA compacts. In general, 

osteoblast cells attach, adhere, spread, proliferate and then differentiate faster as the grain size of 

HA compact decreased.  
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6.4. In vitro biocompatibility evaluation of TCP compacts 

6.4.1. Experimental 

6.4.1.1. Processing of TCP compacts 

The synthesized β-TCP nanopowders (as described in section 4.2.3) were consolidated in 

the form of discs by uniaxial pressing at 50 MPa followed by cold isostatic pressing at 345 MPa. 

The consolidated β-TCP discs were then sintered in microwave furnace at 1250 oC for 20 

minutes. 

6.4.1.2. Characterization of TCP compacts 

Bulk density of sintered TCP compact was evaluated by measuring weight and 

dimensions of sintered TCP compacts. X- ray diffraction of sintered disc was used to study phase 

composition in sintered structure. The sintered TCP compacts were sterilized in autoclave at 121 

oC for 30 minutes. An immortalized, cloned osteoblastic precursor cell line 1 (OPC1), which was 

derived from human fetal bone tissue, was purchased from OSHU (Portland, OR, USA) and used 

as a source cell to study in vitro cell –material interaction on sterilized TCP compact using SEM, 

MTT assay, and confocal microscopy as described in section 6.3.1.3.2. 

6.4.2. Results 

6.4.2.1. Phase analysis 

Bulk density of sintered TCP discs varied from 2.68 to 2.80 g/cc. The XRD pattern of the 

sintered sample showed the formation of significant amount of α-TCP phase as shown in figure 

6.27. 
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Figure 6.27: XRD pattern of samples calcined at 800 C/3h and sintered at 1250 C/20 min in 
microwave furnace 

6.4.2.2. Study of cell morphology using SEM 

Figures 6.28 a, b and c illustrate SEM observations of bone cell-material interactions 

after 1, 5 and 11 days respectively using human osteoprecursor cell line (OPC1). Figure 6.28a 

shows cell attachment through small micro extension onto the sintered body surface after 1 day 

of OPC1 cell culture. After day 5, cells on material surface were found to proliferate or grow as 

shown in figure 6.28b. After day 11, the cells displayed numerous lamellipodia and filopodia 

extensions to attach onto the substrate covering the sample surface and to the neighboring cells, 

as shown in figure 6.28c. 
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(a)    (b)   (c) 
Figure 6.28: Scanning electron micrographs of OPC1 cells on tricalcium phosphate (TCP) 
after: (a) 1 day, (b) 5 days and (c) 11 days of cell culture 
 
6.4.2.3. MTT Assay 
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Figure 6.29: MTT assays on TCP discs after 1, 5 and 11 days of cell culture 

 

MTT assay was used to determine OPC1 cell proliferation on coatings. Figure 6.29 

shows a comparison of cell densities on TCP substrate over the course of the experiment. Cell 
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proliferation was evident over the duration of the experiment. After 11 days of culture, the 

number of cells on TCP substrate increased approximately 10 times in relation to day 1. 

6.4.2.4. Immunocytochemistry and confocal microscopy 

Immunocytochemistry of OPC1 cells was used to determine whether the cells express an 

osteoblastic phenotype on β-TCP samples or not. A major characteristic of osteoblasts is the 

expression of alkaline phosphatase (ALP). Figure 6.30 shows confocal micrographs of ALP 

expression in OPC1 cells cultured on TCP substrate. ALP within the cells is identified by the 

expression of green fluorescence and nuclei counterstained with PI in the mounting medium 

expressed red fluorescence. After 5 and 11 days, the immunostaining viewed on the confocal 

microscope identified the presence of ALP expected. Though after 5 days the cells exhibited 

little amount of ALP expression, with increase in culture time upto 11 days ALP activity 

increased significantly. 

   
(a)   (b)    (c) 

Figure 6.30. Confocal micrographs of ALP expression in OPC1 cells cultured on TCP discs 
at (a) day 1, (b) day 5, and (c) at day 11. 
 
6.4.3. Discussion 

With progress of cell culture experiment, TCP discs became increasingly porous because 

of faster dissolution of  α-TCP phase in cell culture medium. Up to 11 days of cell culture, the 
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sintered TCP substrates prepared from the synthesized β-TCP nanopowders exhibited good cell 

adhesion and spreading to support osteoblast cells attachment, growth and proliferation. In 

support of this claim, it was observed that filopodia extensions from the cells to the substrate 

were more abundant on TCP substrates with increase in cell culture time. In addition to 

communication between cells, external physical features such as filopodia and microextensions 

are also used in attachment and migration. After 11 days of culture, the cells on TCP substrate 

grew to confluence.  

MTT solution is reduced to give purple color in presence of mitochondrial dehydrogenase 

in living cells. The absorbance of this colored solution can be quantified by measuring at 570 nm 

by a spectrophotometer. Higher the intensity of purple color higher is the absorbance at that 

wavelength and vice versa. Therefore this conversion can be directly related to the number of 

viable cells. More number of cells was observed on TCP substrate with increase in cell culture 

days as evident from MTT assay. The MTT assay and SEM observation showed that TCP 

substrates were not cytotoxic, and thus did not inhibit cell proliferation.  

Cellular differentiation is defined as a process by which functional changes occur in cells 

to make them specialized. Though ALP expression was sparse and localized in some cells after 5 

days of culture, it appeared strongly positive in 11 days cultured TCP substrate to support 

differentiation of osteoblastic cells.  

6.5. Summary 

The objective of this research was to process highly dense nanostructured HA compacts 

using microwave sintering with improved mechanical properties and bioactivities. The 

mechanical and biological properties of HA compacts were evaluated with variation in grain size 

in sintered HA compacts. The study has shown that nanostructured HA compacts exhibit 

http://en.wikipedia.org/wiki/Absorbance
http://en.wikipedia.org/wiki/Spectrophotometer
http://en.wikipedia.org/wiki/Viable
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remarkably different mechanical and biological properties compared to micron grained 

counterparts. Some of the key conclusions of the research work are as follows. 

• Fully dense nanostructured HA compact with average grain size of 168 ±86 nm was 

obtained after microwave (3 KW) sintering of HA green compact at 1000 C for 20 

minutes. 

• With variation in microwave sintering temperature and sintering cycle, HA compacts 

with grain size varying between 168±86 nm to 1.1± 0.128 μm can be produced.  

• Nanostructured HA exhibited better compressive strength (395 MPa) and indentation 

fracture toughness ( 2.0 MPa m1/2) compared to micron size HA.  

• By calcining as synthesized HA nanopowders and then sintering green compacts at 1150 

o C for 30 and 45 minutes in microwave furnace, sintered HA compacts with grain size of 

1.48±0.627 μm and 5.1±1.07 μm were obtained. 

• Surface properties such as contact angle and surface energy changed with variation in 

grain size in sintered HA compacts. Nanostructured HA compacts found to be highly 

hydrophilic with the highest surface energy (97.30 ±4.28 mJ /m2). HA compacts with an 

average grain size of 1.48±0.627 and 5.1±1.07 μm exhibited surface energy of 81.88 

±3.21 mJ /m2  and 71.92 ±1.82 mJ /m2 respectively. 

• Cell adhesion, proliferation and differentiation were tested with vinculin molecules, MTT 

assay and alkaline phosphatase, respectively.  

• Nanostructured HA showed higher number of focal contacts for cell adhesion, higher cell 

density and faster differentiation compared to micron grained counterparts.  

• With a decrease in grain size, HA compacts showed enhanced bioactivity and higher 

mechanical strength. 
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6.6 Concluding remarks: 
 

Although preliminary investigations show that nanobiomaterials can bring about 

significant advancement in the fields of orthopedic and dentistry, more detailed investigations 

are necessary to realize their full potential in clinical use. Substantial research endeavors are 

required to address the following key challenges and concerns:  

 
• Consistency and reproducibility of processing technologies  

• In vivo examination to validate the in vitro data 

• Optimization of structure and properties of nanobiomaterials mimicking natural bone 

• Optimization of bioresorption without comprising mechanical properties 

• Identifying cell-specific nanobiomaterials 

• Understanding molecular mechanisms of cell–nanobiomaterial interactions 

• Improving angiogenesis within the nanobiomaterials system 

• Assessing the inflammatory response to nanobiomaterials to validate their biosafety 
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ABBREVIATIONS 
 
AAOS= American Academy of Orthopedic Surgeons 

API= Active pharmaceutical ingredient 

ACP= Amorphous calcium phosphate 

ANOVA= One way analysis of variance 

NH4PMA= Ammonium polymethacrylate 

BBB= Blood brain barrier 

BMP= Bone morphogenetic protein 

BSA= Bovine serum albumin 

bFGF= Basic fibroblast growth factor 

BET= Brunauer, Emmett and Teller 

CD= Crohn’s disease 

CHA= Carbonated apatite 

CaP= Calcium Phosphate 

CDHA= Calcium deficient hydroxyapatite 

CNS= Central Nervous system 

CTAB= Cetyltrimethylammonium bromide 

DCPD= Dicalcium phosphate hydrate 

DPCA= Dicalcium phosphate anhydrous 

DSC= Differential scanning calorimetry 

DNA= Deoxyribonucleic acid 

DLS= Dynamic light scattering 

DME= Dulbeco’s minimum essential medium 
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DMEM= Dulbecco’s modified eagle’s medium 

ESD= Electrostatic spray deposition 

ECM= Extra cellular matrix 

FAD= Food and drug administration 

FTIR= Fourier transform infrared spectroscopy 

GI= Gastrointestinal tract 

HCA= Hydroxycarbonated apatite 

HA= Hydroxyapatite 

ISO= International organization for standardization 

IDB= Inflammatory bowel disease 

ICP-OES= Inductively coupled plasma-optical emission spectroscopy 

IGF= Insulin like growth factor 

JCPDS= Joint Committee on Powder Diffraction Standards 

LDH= Layered double hydroxide 

MWCNT= Multi walled carbon nanotube 

MCP= Monocalcium phosphate 
 
NOF= National Osteoporosis Foundation 

OCP= Octacalcium phosphate pentahydrate 

OPC1= Osteoprecursor cell line 1 

PEG= Polyethylene glycol 

PLGA= Poly(lactic acid-co-glycolic acid) 

PVC= Polyvinyl chloride 

rhBMP= Recombinant human bone morphogenetic protein 
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ROS= Reactive oxygen species 

RF= Radiofrequency 

RGD= Arginine- Glycine- Aspartic acid 

RES= Reticulo endothelial system 

SWCNT= Single walled carbon nanotube 

SEM= Scanning electron microscopy 

TEM= Transmission electron microscopy 

TCP= Tricalcium phosphate 

TGF= Transforming growth factor 

UHWMPE= Ultra-high-molecular-weight polyethylene 

UV= Ultra violet 

XRD= X-ray diffraction 
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