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Abstract

To meet up everyday food requirement with ever increasing population in the world, a huge
amount of egg shell wastes is given rise to everywhere from house hold kitchen to various food
processing units. Egg shell contains large amount of calcium ion. By using egg shell
hydroxyapatite ceramic have been prepared. Hydroxyapatite plays a significant role in several
biomedical application for their marked bioactivity. In bone grafting, it is used for treating bone
defects caused by wounds or osteoporosis. In the present work an in-depth and systematic study
of different doped variants (Zinc, Magnesium and Titanium) of hydroxyapatite by using
laboratory grade calcium hydroxide (synthetic source) and egg shell (Biogenic source) was done.
We have prepared Pure HAp (synthetic source) with its six variants and egg shell HAp (Biogenic
source) with six variants. Total fourteen variants were prepared and a comparative assessment
was done. We have tried to investigate some important features which are the prerequisite for
their application. These include green density, Sintered density, lattice parameter study,
mechanical properties, contacts behavior with SBF, hemolytic characteristics, and its cytotoxic
nature. The capability of new apatite development on the surface of PureHAp shell HAp and
their variants were also considered and compared by using Simulated Body Fluid (SBF) to
observe their interaction with human body fluid. The focus of our work is to study the
performances of eggshell sourced hydroxyapatite and their doped variants over pure HAp and
their dopants on bone regeneration. The pure and doped samples were implanted in femoral bone
defect model (rabbit) to assess bone regeneration. Bone regeneration was assessed after 1- and 2-
month post-implantation on the basis of clinical radiological, histological, fluorochrome labelling
and scanning electron microscopy (SEM). Radiological and fluorochrome labelling study
showed reduced size of 5% Ti-Egg shell HAp implant vis-a-vis more new bone formation as
compared to other groups. less interfacial gap between the implant and bone were also observed
in SEM study. However, all the doped materials are suitable as bone grafting material and have
potential for application in bone tissue engineering. It may be concluded that-egg shell dopant
implants stimulates prompt new bone formation and presents an exciting possibility for

orthopedic reconstructive procedures.
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1. INTRODUCTION



1.1 Introduction

In the past few decades, bone grafting surgeries have become increasingly common because
of various bone defects, which are about two million worldwide [1]. Along with bone-related
diseases, the increasing number of sports injuries and accidents have accelerated the
requirement for bone tissue replacement [2]. In this regard, the methodologies commonly
used for bone regeneration are autografting or allografting. However, those processes involve
different limitations such as shortage of material, donor site morbidity, disease transmission
risk, inappropriate immune response, etc. [3]. Those limitations triggered huge research
interest in bone tissue engineering towards the development of various synthetic
biocompatible materials based on metals, polymers, and ceramics. This study focuses on the
naturally available bio ceramic, as it possesses many trace elements that are beneficial for
tissue ingrowth.

1.2 Bioceramic

Repair and reconstruction of damaged or diseased body parts can be accomplished with
biocompatible ceramics [4]. They have found wide applications in the biomedical field as
biocompatible materials, such as tooth replacement, knee replacements, hip replacements,
ligaments, tendons, spinal fusions, periodontium repairs, maxillofacial reconstruction, jaw
stabilization, and augmentation temporary bone fillers following tumor removal, and carbon
coatings in prosthetic heart valves that are thrombo-resistant [5.6]. The characteristics of bio-
ceramics can be classified according to their origin, tissue response, crystallinity, and
composition [7].

1. Based on Origin:
% Natural Materials: Teeth, Bones, Biogenic Silica, Mollusk Shells & Natural Pearls
% Synthetic Materials: Calcium Phosphate, Bioglass & Hydroxyapatite (HAp)

2. Based on Tissue Responses:
+ Bioactive Materials: Calcium Phosphate, Bioglass & Hydroxyapatite (HAp)
+ Bioinert Materials: Glassy Carbon and alumina

3. Based on Composition:
% Aluminum Materials: Alumina & Aluminosilicates
¢+ Zirconium Materials: Zircon, Cubic Zirconia, & Tetragonal Zirconia
¢+ Carbon Materials: Graphite and vitreous Carbon
% Calcium Phosphate Materials: Amorphous Calcium Phosphate, B-Tricalcium
Phosphate, Biphasic Calcium Phosphate, HAp, and fluorapatite
% Silica Materials: Tricalcium Silicate

4. Based on Crystallinity:
% Crystalline Materials: Aluminosilicates, HAp, Fluorapatite, & Zirconia
% Amorphous Materials: Amorphous Calcium Phosphate, & Bioglass
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Among these materials, hydroxyapatite has gained significant interest for its biocompatibility,
osteoconductive, and chemical alikeness to the bone’s inorganic component. Besides, a
substantial portion (60-70%) of natural bone contains hydroxyapatite.

1.3 Hydroxyapatite (HAp)

A precursor of octacalcium phosphate, it has a calcium-to-phosphorus ratio of 1.67 and is an
important inorganic component of teeth and bones. The chemical formula for this compound
is Ca10(PO4)s(OH). and it has a hexagonal structure. There are three phosphate tetrahedral
cells per unit cell occupying the void spaces between two hexagons [8].

Table 1.1 Mechanical and Physical Properties of Hydroxyapatite

Elastic Modulus (GPa) 40 - 117
Compressive Strength (MPa) 294
Bending Strength (MPa) 147
Vickers Hardness (GPa) 3.43
Poisson’s ratio 0.27
Density (g/cm?3) 3.167

Because of its bioactive and bioresorbable properties and extensive effect in physiological
and biological environments, HAp has gained more research interest in scientists to
synthesize in the laboratory [9]. Several methods have been used for the synthesis of HAp.
These are hydrothermal, chemical precipitation, sol-gel, multiple emulsion, biomimetic
deposition, electro-deposition method, etc. [10]. There are differences in the absorption rate
of the biological apatite layer of synthesized HAp and of natural apatite. It contains trace
elements like Na*, Mg?*, Zn?*, K*, Ba?*, Si?*, F-, and COs? and particles are in the nano
range, which provides larger surface areas, mechanical ductility, and uniform distribution of
grain size in physiological conditions [11]. To enhance the performance properties of
synthetic HAp or mimic natural apatite components, researchers researched and developed it
from natural ingredients [12, 13].

1.3.1 HAp Prepared from Natural Sources

HAp is extracted or prepared from a variety of natural sources or wastes. It may be from
mammalian bone (bovine, horse, or camel), marine or aquatic sources (fish bone and scale),
shells (cockle, calm, eggshell, seashell), plants, and mineral sources (limestone). In studies of
HAp prepared from natural sources, it is non-stoichiometric. HAp prepared from natural
sources is responsible for the reduction of environmental pollution, and production cost and
would be sustainable too. As a result, this contributes to the economy, the environment, and
the general health of the population. Mammalian bone, specifically the cortical part, is used
as a research model because it resembles human bone morphologically and structurally.
Much literature demonstrated the preparation of HAp from bovine bone. One literature
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showed that a nano-sized HAp was prepared from bovine bone through a vibro-milling
process [14]. Whereas others extracted it mainly from three different processes: subcritical
water, thermal decomposition, and alkaline hydrothermal process [15]. The three processes
are cheap and simple and the thermal decomposition process gives better HAp nanorods.
Increasing consumption of fish in our daily day life causes a huge amount of fish scale and
fish bone wastage. With a rich source of calcium, phosphate, and carbonate, it made sense to
use it to make HAp, which will aid in waste management. Different literature showed a
detailed study of HAp prepared by using these fish wastes. Some researchers followed the
alkaline hydrolysis method [16] and made HAp. As per the Environmental Protection Agency
eggshell wastes ranked as the 15™ major food industrial problem [17]. Eggshell consists of
three-layer namely lamellar, cuticle, and spongeous. The spongeous and lamellar layers form
a matrix bonded with protein fibers and calcium carbonate crystal (1:50). The matrix crystal
surrounds the calcium carbonate crystal and passes through it. It increases the mechanical
strength of eggshell [18, 19]. A major organic component of matrices is mucopolysaccharide
protein (chondroitin sulphate A and B), plus glucosamine, galactosamine, fucose, manose,
and silica. The inorganic components are calcium carbonate (94%), calcium phosphate, and
magnesium carbonate. The eggshell contains a substantial amount of calcium carbonate,
which can be used for a variety of food products as well as industrial applications, such as
milk tablets enriched with eggshell powder, lactose-free milk for lactose-intolerant
individuals, calcium supplements, bone graft substitutes, dentistry, pharmaceutical
industry/excipients, heavy metal removal, and catalytic applications [17].

1.3.2 Hydroxyapatite Composites with Porous Blocks

HAp is osteoconductive but not osteoinductive. It has poor resistance to bacterial growth on
the implant surface. There is no load-bearing capacity of pure synthetic HAp that can be used
in implant applications. The researchers tried to sort out the problems by incorporating some
ions in the structure preferably carbonate (carbonated hydroxyapatite), as it presents
abundantly in human and animal bone [20, 21]. To improve its load-bearing capacities,
carbon nanotubes and different metal oxides are used (alumina, zirconia, titanium). However,
its application has limitations as they are bioinert and non-biocompatible. Many have studied
and prepared HAp whiskers as they are biocompatible and have better mechanical properties
but one limitation is thermally unstable. Another way is to make a composite by adding
polymer and cross-linking agent. CHA (carbonated hydroxyapatite) can be doped with trace
elements Zn?*, Na+, Ti**, Sr* and Mg?*. This sort of co-doping may affect crystallite size,
crystallinity levels, lattice parameters, solubility, morphology, thermal stability, and
bioactivity of the ceramic. In addition to promoting bone metabolism and growth, zinc ions
contribute to the development of the body's physiological systems. The Zn-doped HAp
showed better MG63 cell response and proliferation compared to the undoped HAp. A
scaffold material implanted into the body must have interconnected pores for tissue to grow
through them and for the implant to be biologically fixed to the host body. Researchers have
studied numerous processes and materials for the formation of porous blocks. It is beneficial
for mineralized bone cell growth to have pores larger than 150 m [23]. The densification and
grain size of the bulk HAp influences the mechanical properties. The sintering temperature of
900-1150°C is ideal for densification of scaffolds. The strength of the material decreases
when the HAp is converted into tricalcium phosphate above the temperature. Different
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processes were applied to get a porous scaffold like mixing rod-shaped and spherical-shaped
HAp with polyacrylamide solids with slow stirring then a uniform slurry mixture was
obtained by stirring at a high speed for 1 hour. It was seen that r-HAp (rod-shaped
hydroxyapatite) would get grain dissolution before grain growth and s-HAp (spherical-shaped
hydroxyapatite) get surface dissolution during sintering. When these combinations are mixed
and sintered, the grain growth is restricted by s-HAp. Alternatively dissolved r-HAp on
surfaces causes grain growth and maintains scaffold structure [24]. Few researchers made
porous blocks by using porogens/porosifiers. When heated the samples about 1100-1200°C
temperature, the porogens drive off the samples by making the block porous.

1.4  Bone Fracture and Healing

In the skeletal system, bone is the major load-bearing tissue. The mineralized and organic
matrix of bone is made up of many different types of cells, such as osteoblasts, osteoclasts,
osteoprogenitor cells, and mature osteoclasts, which are all embedded in this matrix. Bones
and matrix are formed by osteoblasts and osteoclasts, whereas bone resorption occurs through
osteoclasts. A large portion of the bones are composed of type | collagen, which is
responsible for strength and tensile properties. A proteoglycan is one of the proteins that
contributes to compression strength, in addition to other proteins as well. Several matrix
proteins are involved in the formation of bone and matrix, including osteocalcin, osteonectin,
and osteopontin. In the process of differentiation and growth of bone cells, cytokines, and
growth factors play a crucial role. The inorganic constituent is made of hydroxyapatite which
provides compressive strength. Whenever the force is given upon a bone beyond its elastic
limit, a fracture is caused. Bone fractures may happen under traumatic (injuries and
accidents) or non-traumatic (osteoporosis, cancer) conditions. After fracturing the bones, the
healing process starts. There are intrinsic and extrinsic factors that affect the healing process.
One of the factors associated with bone loss is the location of the fracture, the quality of the
bone, the blood supply, the health of the soft tissues, and the immobilization of the fracture.
Examples of extrinsic factors: age, nutritional status, comorbid conditions, smoking, and
medications can be mentioned. According to the mechanics of fracture healing, fracture
healing may happen along two separate pathways in the biological environment.
¢+ Primary healing or direct healing through internal remodeling
¢+ Secondary healing or indirect healing through callus formation

1.4.1 Primary Healing

Primary healing involves both fracture ends being anatomically opposite, and strains are
placed across the fracture site by 2%. Through compression plating rigid internal fixation
may take place that gives absolute stability. Direct remodeling of the Haversian canal,
lamellar bone, and blood vessels occurred. Upon fracture, both ends of the osteons cutting
cones are formed. There may be osteoclasts at the leading end of the cutting cones that can
absorb bone along the fracture line to form longitudinal hollows that are later filled with bone
by osteoblasts. The haversian system is therefore restored by axially integrating the bony
union. Upon the re-establishment of haversian systems, osteoblastic precursors penetrate

20| Page



blood vessels and cause neovascularization. So, a bone fracture healing instead of periosteal
callus formation happened.

1.4.2 Secondary Healing

There is relative stability in secondary healing. Strain between the fracture sites is 2-10%.
There is an intra-membranous ossification process as well as an endochondral ossification
process that occurs through callus formation in embryologic bone development. Several types
of bone fixation and stability provide bone fixation and relative stability, including casting,
external fixators, intramedullary nails, and bridging plates. The three different stages are:

% Inflammation

% Callus formation and re-vascularization

% Remodeling

1.4.2.1 Phase | (Inflammation, 0-7 days, post-trauma)

An inflammatory response to a fracture starts with the presence of hematomas and clots of
fibrin, and the infiltrated neutrophils, macrophages, and platelets begin to produce
inflammatory proteins such as tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1), IL-6,
and IL-8. In the fracture site, the mesenchymal cells differentiate into osteogenic cells, which
result in the formation of the granulation tissue.

1.4.2.2 Phase 11 (Revascularization, 7-9 days and 3-4 months, post-trauma)

A soft callus or endochondral callus is formed in between the fracture ends where granulation
tissues are formed. There is an increase in blood flow as a result of neovascularization of the
capillaries in this area. Mesenchymal stem cells (differentiation of cell types) proliferated and
migrated through the fracture gap callus and differentiated fibroblasts (responsible for wound
healing by generating traction and contractile forces), replacing hematoma, and producing
extracellular matrix. Soft tissues in between the gaps undergo endochondral ossification until
a hard callus is formed. The chondrocytes become hypertrophic (chondrogenic differentiation
to cartilage mineralization) and the extracellular matrix becomes calcified and forms woven
bones.

1.4.2.3 Phase 11 (Remodeling, several months-years)

Osteoclasts reabsorb the bone-hard callus. Osteoblasts formed the lamellar bone [25]. Bones
are shaped according to the mechanical stresses they experience (Wolf's law).

To salvation from bone injury problems, researchers investigate and generate many ways out.
An external fixator is recommended to be applied following the osteotomy to stimulate bone
healing at the fracture site by pulling at a controlled rate at the fracture site. In orthopedic
cases, a fresh autograph was traditionally used as a bone graft material. In most cases, a
second surgical site is created using a piece of tissue from the ipsilateral iliac crest. After
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surgery, there are a variety of complications, including nerve damage, bleeding, a prolonged
period of pain, and difficulty walking. An autograph harvest may result in a longer hospital
stay and an increase in costs. In comparison with autograph surgeries, cadaveric allografts
have been shown to have better advantages. Before implanting the cadaveric allograft, care
must be taken, and wash the viable cell components to avoid any infections. A synthetic bone
graft based on calcium hydroxyapatite, calcium sulfates, and calcium phosphate provides the
same mechanical and physical stability as a natural bone and mimics the human cancellous
bone [26].
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2. LITERATURE SURVEY



2. Introduction

Bone and joint-related diseases are prevalent in our everyday life as reflected in the number
of cases reported which is about 2 million worldwide, in the last decade [1]. To alleviate the
problem, researchers investigate and find ways to sort out it. Autographs and allografts are
replacement surgeries that may be applicable in this field but it has some limitations [2].
Among them are morbidity at donor sites, shortages of materials, and the risk of disease
transmission. To overcome these limitations, synthetically produced materials that are similar
to mammal bones are increasingly being studied and prepared in laboratories. One of them is
calcium phosphate-based bio-ceramic e.g., hydroxyapatite [3]. It has wide application in the
biomedical field due to its biocompatibility and osseointegration properties.

Researchers have synthesized hydroxyapatite (HAp) through various routes. A number of
procedures have been presented, including the solid state reaction by Pramaniket al. [4], the
wet chemical method and the hydrothermal synthesis by Liu et al. [5], and Kwon et al. [6],
the sol-gel procedures and the mechanochemical synthesis by Yeong et al. [7], the
electrochemical deposition and the microwave radiation by Kumar et al. [8] and Wang et al.
[9], the combustion synthesis by Taset et al. [10]. Several trace elements have been found in
synthetic calcium phosphate bioceramics, including hydroxyapatite, which does not mimic
the normal bone composition[11, 12]. Literature shows that adding some dopant molecules to
HAp ceramics enhances their efficacy. With a view to getting a better biocompatible
bioceramic material, researchers emphasized biogenic origin as a source of calcium ions.
Among them are clam cells, mollusk cells, egg shells, etc.

2.1 Synthesis of Hydroxyapatite

Bayraktar et al. [13] show that a homogeneous, one-phase calcium hydroxyapatite powder
has successfully been prepared in a simulated body fluid solution of pH 7.4 by maintaining
the temperature at 37°C. A chemical precipitation technique is used here to prepare HAp
using calcium nitrate, di-ammonium hydrogen phosphate salts, and urea. One notable point is
that phase stability is sustained even at 1600°C heating temperature for 6 h.

A novel preparation of biphasic calcium phosphate ceramics (BCP) by mixing hydroxyapatite
and tri-calcium phosphate (TCP) in prescribed ratios has been done by Kumar et al. [14]
through microwave irradiation technique. The apatite formation was confirmed by scanning
electron microscopic analysis. The instant preparation of biphasic calcium phosphate would
be done in the operation theatre also by maintaining proper sterilization conditions. Ansari et
al. [15] prepared hydroxyapatite by using calcium hydroxide where the calcium-phosphorus
ratio is more than 1.67. Free calcium hydroxide was formed more in the solution media and
has a beneficial role of inhibition in bacterial growth.

Yanagisawa et al. [16] prepared compact, dense HAp at mild temperature by applying the
hydrothermal technique. Three reaction parameters play crucial roles in this reaction viz
temperature, pressure, and time of the reaction. The experiment was done at four different
temperatures 100°C, 150°C, 200°C, 250°C. Upon increasing the temperature; density and
hardness have increased, which signifies that densification occurs at higher temperatures.

Chanda et al. [17] also sintered the prepared HAp, TCP, and its dopant variants through the

microwave sintering method. Here a uniform shrinkage and lack of cracking was observed in
the uniform microstructure samples. A comparative study of both the samples sintered by
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conventional and microwave processes shows that there were no major changes in bulk
densities but microwave sintering consumes less time indicating an economic approach.

Santos et al. [18] synthesized HAp by wet chemical precipitation method by three
distinguished routes designated as R1, R2, and R3. The R1 and R2 were maintained at 40°C
whereas R3 at room temperature. On alteration of reaction parameters, the crystallinity may
vary. Twelve types of samples have been prepared using three different routes, namely route
1 (calcium hydroxide with phosphoric acid), route 2 (calcium hydroxide with ammonium bi-
phosphate), and route 3 (calcium hydroxide with calcium hydrogen phosphate hydrate) by
varying stir speed, solution adding ratio, pH, and temperature. On increasing the temperature,
an additional tri-calcium phosphate (TCP) phase was formed that is beneficial to bone
formation.

Researchers pay heed to getting valuable products from naturally occurring waste materials
that cause environmental pollution in our daily lives. Calcium phosphate bioceramics is one
of them. In order to prepare calcium-related bioceramics, a lot of calcium storage resources
i.e., animal shells available naturally and easily have been focused. A calcium phosphate
bioceramic, called hydroxyapatite, is derived from plant and algae sources, bone, aquatic, and
mineral sources.

Different literature supports the production of HAp from animal bones especially bovine
bone other than camel, horse, and porcine bone because the femoral bone of the species
resembles human bone [19]. Before calcination of bone, pretreatment is a crucial step to
remove the dirt or other fat or membranous materials that adhere to bones. In some literature
boiling water has been used to wash the bone for 8 h [20, 21], others use acetone and
chloroform solution [22, 23], or applied treatment with surfactants and alkalis for the same
[24]. The researchers used a lot of different methods to get hydroxyapatite from bovine bone.
Akram et al. [11] used the calcination process at a temperature up to 1400°C in furnace where
all organic residues are removed and pathogens are Killed. Barakat et al. [22] used
hydrothermal treatment; Hosseinzadeh et al. [23] [23] used 2 different temperatures for 6 hrs
- 750°C and 850°C - in their thermal decomposition study. XRD studies showed that at 750°C
pure HAp and 850°C combination of pure HAp and TCP was produced maintaining the
stoichiometric ratio 1.5 (as TCP was produced). Ruk et al. [21] used both calcination and
vibromilling methods. In this study, it was found that a needle shape diameter of <100nm
with a calcium (Ca) phosphorus (P) ratio of 1.66. On increasing the time duration of milling,
the needle shape was broken into finer and homogeneous particles.

Other mammal bones like camel bone, pig bone, and horse bone had been employed to get
hydroxyapatite. Jaber et al. [25] used calcination and ball milling to extract HAp from camel
bone at 1000°C temperature for 3 hrs. A pure HAp with a better stoichiometry of Ca/P 1.66
was obtained from this source. Ruk et al. [21] used a vibromilling process which is
effective for the separation and preparation of hydroxyapatite from the parent compound.
Jaber et al. [25] used calcination and ball milling process which is effective for
nanocrystalites preparation.

Cho et al. [26] noticed that osteogenicity with apatite formation in hydroxyapatite would
increase if sodium ion is substituted in place of calcium ion. A study by Rahavi et al. [27]
obtained nano HAp from camel and horse bone at temperatures of 700°C for 2 hrs with Ca/P
ratios of 2.036 and 2.131, respectively. Janus et al. (28) used both alkaline and calcination
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methods for HAp preparation from pig bone at 700°C and 1200°C. This study gives 70-180
nm nano size range of HAp.

Researchers found other biogenic sources like fish bones and scales (aquatic or marine
sources) which contain a huge percentage of calcium, phosphate and carbonate ions which
are essential for HAp preparation. Pretreatment was done to remove fleshy meat and debris
by simply boiling at 100°C temperature [29, 30, 31], or rinsing with mild hydrochloric acid
(0.1-1M) (32, 33, 34) to deproteinize and then washed with water. Pal et al. [30] worked on
latecalcarifer bones at 200°C, 400°C, 800°C, 1000°C, and 1200 °C for 1 h. At higher
temperatures (1200°C) both TCP and HAp have produced a stoichiometric ratio 1.62, lower
than the conventional ratio. Venkatesan et al. [35] prepared and compared HAp from
Thunnus obesus fish bone through calcination at 900°C using the hydrolysis method.

In the calcination method, a pure HAp with better crystallinity was produced over the
hydrolysis method. Ozawa et al. [36] stated that the crystal particle size may be preserved in
the hydrolysis method. Mondal et al. studied other approaches to synthesizing HAp from fish
scale [29, 37]. They calcined fish scale in different temperatures viz, 200°C, 400°C, 800°C,
1000°C, and 1200°C for 1 hr. They confirmed that the calcination above 1000°C gives p-
TCP. Additionally, plasma atomic emission spectroscopy (ICP-AES) with inductive coupling
test showed the presence of elements like K, Sr, Na, and Mg. Panda et al. [32] used both
calcination and alkaline methods. At 75°C temperature, fish scales were first treated with
NaOH (1N), followed by a calcium chloride dihydrate (CaCl2.2H20) solution, and finally
calcined for 1 hr at 800°C. Pon-On et al. [33] used an alkaline method with a slight
modification and get hydroxyapatite with a size range of width 15-19 nm, length 100 nm and
calcium-phosphorus ratio 2.01.

Another approach for processing calcium phosphate bioceramics from biogenic sources i.e.
cockle, calm, and eggshell gives an effective pathway for HAp synthesis. Eggshell is a huge
source of calcium carbonate (about 94%) [11]. Mustaffa et al. [38] extracted hydroxyapatite
from cockle shells by using both calcination and sol-gel methods. Properly cleaned and
milled eggshell was crushed in powder and calcined at 600°C temperature. Calcium
carbonate was converted to calcium oxide, then HAp was produced through the sol-gel
method. Prabu et al. [39] prepared hydroxyapatite from sea shells through the calcination and
precipitation method. Here sea shell was calcined at 900°C temperature and got calcium
oxide. Phosphoric acid (0.6M) with an addition rate of ImL/min was mixed by adjusting the
pH using ammonia as a solution. A precipitate was formed, which was filtered, dried, and
calcined at 250°C, 500°C, 750°C, and 1000°C for 2 hr. HAp was formed at 250°C
temperature with rod-shaped sizes of 101 nm. Though HAp formation is started at 150°C
temperature. Razali et al. [40] used 400°C and 800°C calcination temperatures to get
hydroxyapatite from cockle shells through a hydrothermal process. It was noticed from XRD
analysis that HAp was not completely formed from calcite at 400°C calcination temperature
whereas complete HAp was formed at 800°C. Goloshchapov et al. [41] applied both
calcination and precipitation methods in HAp preparation from a shell source. It was noticed
that on decreasing pH from 8 to 7 the stoichiometric ratio decreases from 2.1 to 1.7.

Many researchers worked on plant parts, plant wastes, and algae for the production of HAp.
Nayar et al. [42] synthesized HAp from papaya leaves and calendula flowers by precipitation
method. Biomolecules that are present in plant extract play an important role in the produced
HAp morphology. Shaltout et al. [43] took catha edulis, basil etc. for preparing HAp. Catha
edulis and basil gave HAp at 800°C and basil gave a small amount of calcium hydroxide. By
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applying the microwave method Govindaraj et al. [44] prepare HAp from moringa oleifera
leaves. The dried leaves were powdered and mixed in nitric acid in a specified quantity. The
mixture was irradiated in a micro-oven at 50W for 2 min. EDTA and (NH4)2HPO4 were
added to the powder and sonicated at 30 min. after washing, drying, and treating. The powder
was again irradiated for 5 min. at 200W in a micro oven. The produced HAp is in nano size
and Ca/P is 1.72.

Besides animal and plant sources, researchers extract HAp from algae. Teymouri et al. [45]
prepared hydroxyapatite from scenedesmus species through a hydrothermal mineralization
process. One notable finding was that calcium hydroxide which was added to the solution for
synthetic HAp production also enhanced the crystallization of the produced HAp [46, 47, and
48].

2.2 Effects of Dopants

Since hydroxyapatite is biocompatible, osseointegrated, osteoconductive, chemically and
structurally similar to natural bone, and forms a strong bond between bone and implant
materials, it is widely applied in biomedical fields. HAp can be prepared in the laboratory
through a number of techniques. It has been found that synthetically prepared HAp does not
mimic the normal bone composition due to the absence of some trace elements. Trace
elements present in some natural HAp mimic the apatite produced from human bone and are
essential to bone regeneration and the formation of bone. It is an excellent choice, but
because of its unavoidable mechanical properties, such as brittleness, low fracture toughness,
and low tensile strength, its use in biomedical applications is limited [49].

Kalita et al. [50] prepared nano-size HAp ranging 2—10 nm sizes and it was doped with
magnesium and zinc powder at a low temperature through sol-gel processes. Incorporation of
this dopant increases the hardness and compressive strength compared to pure HAp.
Biodegradation studies through stimulated body fluid solution showed a decline in resorption
and surface hardness degradation for doped samples.

Mardziaha et al. [51] incorporated zinc in the HAp lattice structure at 5, 10 and 15 mole %
through wet chemical processes. They chose zinc as it promotes osteoblastic (MG63) cell
responses compared to pure HAp. It has been found that on increasing the concentration of
zinc in HAp, the lattice structure was distorted and a globular distinct particle was formed
with a secondary g TCP phase and which is beneficial for controlling the degradation rate.

Safarzadeh et al. [52] worked on the multi-ion effect in carbonated hydroxyapatite (CHA)
structure. There are four ingredients in prescribed CHA powder which are magnesium nitrate
hexahydrate, TEOS, zinc nitrate hexahydrate, and copper (I) nitrate trinydrate, in proportions
of 0.72, 0.05, 0.0039, and 0.003 wt. respectively. The structure incorporates the multi-ions
Mg, Si, Zn, and Cu. FTIR and XRD results confirmed the presence of these ions and their
phase stability.

Sharma et al. [53] successfully prepared titanium substituted HAp for betterment in respect of
increased mechanical strength and biological responses. The XRD, FTIR, SEM,E-DAX study
confirmed the doping substitution into the lattice. In an in-vitro study, Huang et al. [54]
showed that titanium (0.8 and 1.6 wt. %) doped HAp inhibited grain growth while
maintaining densification. Increasing surface grain boundaries per unit length increases
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surface activity. Following the immersion of the sample in SBF solution for 3 days, it became
evident that an apatite crystal had formed.

The antimicrobial activity of copper (11) substituted hydroxyapatite had been showed by Stani
et al. [55] in wet processes. These properties will be useful as bone implant coating material
and in treating skin diseases. Miao et al. [56] showed an idea of preparing zinc-doped
fluoridated HAp film on metallic prostheses that increases the longevity of the implants.
Different ratios of zinc precursors were added to the solution for the production of five
different types of films maintaining the Ca/P ratio 1.67. Zinc doping lowers crystallinity and
promotes the formation of apatite from the SBF solution.

Mroz et al. [57] prepared and compared the characterization of different coating materials:
hydroxyapatite, hydroxyapatite with magnesium precursors and tricalcium phosphate on
Ti6Al4V substrates. TCP and HAp layers were more amorphous whereas the Mg layer was
polycrystalline. Again Kolmas et al. [58] incorporated carbonate and magnesium ion in
synthetically prepared hydroxyapatite. Three samples HAp, Mg-HAp and Mg-carbonated
HAp were prepared. The ratio of the Ca/P for the three samples was maintained at 1.642,
1.583 and 1.561 respectively. The apatite crystal sizes are of 84, 47 and 22 nm, whereas the
order of crystallinity: is HAp > Mg-HAp >> Mg-CHAp. Mroz et al. [59] investigated the
biocompatibility and mechanical stability of magnesium-doped hydroxyapatite layers on
titanium substrates using pulsed lasers. It had been noted that magnesium ion incorporation in
HAp increases the cell adhesion with proliferation rate as compared to pure hydroxyapatite.
Aina et al. [60] reported that the co-substitution of magnesium and strontium in the HAp
structure by precipitation method stabilizes the magnesium level. Here HAp with B-TCP
phases was formed that had a beneficial effect on osteogenicity. Tan et al. [61] prepared
MgO-doped HAp with a nanocrystalline range. It has been found that the addition of MgO
enhances fracture toughness and suppresses grain growth with good densification and phase
stabilization properties. Again Uysal et al. [62] studied the co-doping effect on
hydroxyapatite by using Zinc and fluorine ions through the precipitation method. The
microhardness of the prepared doped samples was increased over pure HAp. Nie et al. [63]
prepared TiOz-doped hydroxyapatite with B-TCP phase through a microwave sintering
process. Here modulus of elasticity and fracture toughness of HAp were increased by adding
various weight percentages of TiOa.

Porosity plays a vital role in scaffold fabrication. Mixing spherical and rod-shaped HAp
decreases porosity and thus enhances the compressive strength of the final product [64]. Chai
et al [65] incorporated vancomycin, ciprofloxacin, and gentamicin in porous scaffold to avoid
pre-operation infection. Hue et al. (66) studied and demonstrated the effect of porosity on
scaffold compressive strength. Tampieri et al. [67] prepared different graded porous HAp
scaffolds by impregnating sponges in HAp solution in varying concentrations. After drying
and sintering the sample at 1250°C temperature porosity was measured through the mercury
porosimetry method and experimented with in animals. This study gives the idea that
interconnected pores play a crucial role in bone formation. In order to avoid sintering at high
temperatures, Tadic et al. [68] used polyvinyl alcohol fibers and sodium chloride to form
pores. The porogens are highly water soluble and they are processed to leave the sample after
forming interconnected pores. Syazwan et al. [69] prepared 3D carbonated porous HAp
scaffolds by using five different sintering aids namely sodium, magnesium, calcium,
potassium hydroxide and potassium carbonate by using polyurethane foam replication
method and sintered at 800°C. It had been noted that potassium carbonate-based porous
scaffolds were more effective densified material along with better biocompatibility and bio
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activeness in comparison to other ones. Xingping et al. [70] prepared HAp-Titanium
composite porous scaffolds by using ammonium bicarbonate (NH4sHCOg) as a pore-forming
material. The amount of ammonium bicarbonate in the scaffold can be changed to regulate its
porosity and compressive strength. When 40% NHsHCOs was added then porosity and
compressive strength became 67+0.6% and 19+0.5MPa which matches with the value of
human spongy bones. SBF studies demonstrated apatite formation and growth on the
composite surfaces. Manivanna et al. [71] included beeswax-chitosan in the zinc and
hydroxyapatite to develop a porous biocomposites for tissue regeneration. The adhesion test
confirmed that the said composite porous material could propagate cell growth. Ren et al.
[72] studied whether there is an enhancement of osteogenicity in making groove channels
throughout the porous block. It had been observed that implantation in heterotopic and
orthotopic sides in beagle dogs, the osteogenicity is increased in grooved HAp than in normal
HAp scaffold. Lett et al. [73] reported that the application of binders plays a significant role
in designing porous load-bearing HAp blocks. A hydrothermal method was used to
synthesize the porous HAp scaffolds, using calcium nitrate and di-ammonium hydrogen
phosphate as precursors. The scaffolds were prepared by using the polyurethane sponge
method and as binders cellulose, polyvinyl alcohol, and starch were used. Binder cellulose
showed the maximum density value 0.944 gm/cm? with 50% porosity whereas starch showed
75% porosity with 0.63 gm/cm? density.

2.3 In-vitro Biological Performance

When an implant material is set in a living body for a long duration, there is a chance to harm
the surrounding body tissues if metallic degraded particles are formed due to corrosion and/
or wear processes may damage the tissues of the host and cause inflammation. A difference
in tensile strength and elastic modulus between the host bone and implant material leads to a
stress-shielding effect that causes the bone density to deteriorate. So the properties of
biomaterials would be such that they can be mechanically strong enough to withhold the body
pressure and biocompatible with host bone. To check the materials' physical and mechanical
properties and their effect on living bodies different in-vitro analyses have been performed. It
is important to choose a biomaterial based on its specific biomedical applications in order to
ensure long-term effectiveness and rejection-free use [74]. The primary requirement for any
material to be implanted is that it should be anti-inflammatory, anti-toxic and anti-allergenic.
It must also be biocompatible, bioactive, bioinert, biofunctional and sterilizable [75, 76].
Before implantation inside a living body, developed material must be investigated for its
physio-mechanical nature.

Lala et al. [77] prepared eggshell-derived HAp maintaining different aging times of 12, 24,
36 and 48 hrs. The apatite formation was tested through SBF studies of the samples. A 12-
hour aged sample compared to 24-hour, 36-hour, and 48 hour aged samples gives the better
result and the MTT assay result shows 90% cell viability.

The in-vitro antibacterial and cytocompatibility test of silver-doped HAp coating [78] had

been assessed by using the CDC (The Centre for Disease Control) biofilm reactor where the
samples were placed. On counting the number of living cells, bacteria upon the samples and
their efficacy were measured. On increasing the concentration of silver, more bacteria would
die but cytocompatibility decreases as a higher concentration of silver reduces the
intracellular adenosine tri-phosphate and causes cell death.
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Chitosan with silica nanocomposite in hydroxyapatite [79] was prepared by co-precipitation
method by maintaining tetraethoxysilane with chitosan ratios 1, 5, 10, and 15 and 20% v/v
respectively. In-vitro biomineralization studies were performed using pellets and soaking
them in SBF solution for 7 days. A globular-shaped calcium phosphate apatite layer formed
which was confirmed through SEM studies. Cell attachment and proliferation test was
performed by using rat osteoblast-like UMR-106 cells. It has been found that forming
osteoblast cells and mineralized nodule numbers were enhanced between 14 and 21 days.

In order to synthesize bone graft materials in major bone defects, researchers develop a
porous biomimetic nanocomposite scaffold of gelatin and HAp. Human endometrial stem
cells differentiate into osteoblast-like cells that embed themselves within the pores of the
implant and hold it to the host tissues [80]. Various in-vitro studies were conducted here,
including MTT assays, cell adhesion and proliferation on scaffolds, and ALP activity. MTT
assay demonstrated that the scaffold would maintain the cytocompatibility and cell adhesion
tests showed that cells adhered and penetrated the scaffold pores. The surface of the scaffold
is attached to the cultured cells.

Munajjed et al. [81] successfully synthesized a biomimetic collagen-HAp scaffold by using
the SBF immersion process. Biological analysis of the control scaffold (only collagen) and
SBF-treated samples were seeded on MC3T3-E1 osteoblast cells. It had been noticed that
SBF-treated scaffolds got more stiffness compared to only collagen-modified scaffolds.
Kikuchi et al. [82] prepared and observed osseointegration of bone graft scaffold material
made of hydroxyapatite and collagen. Here a more bioactive nano-range self-organized
composite same as bone apatite had been formed. In-vivo study of the beagle’s tibia portion
was performed and had been noticed that the composite fitted fracture portion almost filled
with new bone within eight weeks after created defect. New bone formation with haversian
canal and soft non-calcified tissues were observed which were directly bonded to each other.
An in-vitro study of hydroxyapatite with titanium composites in SBF solution was
investigated [83]. In this experiment, a layer of apatite was formed on the surface of the bone
after a four-week interval of immersion in an SBF solution. At the initial period i.e., up to
seven days calcium oxides were entered into the solution, and calcium ion concentration was
increased.

2.4 Animal Experimentation Study

After preparing the desired specimens, their applicability to living bodies should be assayed.
Different literature depicted the effects of sample material substitution during specific time
intervals. Nandi et al. [84] prepared and studied the efficacy of porous, nano-hydroxyapatite
on a goat’s body (a created bony defected area in the diaphysis of radius). Calcium nitrate
tetrahydrate was mixed with di-ammonium hydrogen orthophosphate to prepare HAp. Urea
and glycine were utilized as fuel precursors. The solution was heated at 700°C. In order to
make porous HAP, combustible organic materials such as polyvinyl alcohol and naphthalene
were added and pressed (100MPa) to get uniform densification. Twelve randomly selected
goat samples were taken and divided into two groups: group | where no samples were
implanted and group Il where samples were implanted. Local inflammatory reaction,
radiological, histological, and fluorochrome labeling studies were done after 21, 30, 60, and
90 days/3 months postoperatively. Up to 90" days, no inflammatory reactions on surrounding
tissues were found. Radiography showed that after 90 days, the bony defects were completely
healed in group Il animals. Histological study reported a complete haversian canal with
ossification blood vessels were produced and a remarkable amount of bone formation is
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evident in group Il animals based on fluorescence test results. The study showed that porous
HAp material produces osseointegration without causing any systemic toxicity.

Kundu et al. [85] studied the efficacy of porous ocular HAp implants on six healthy adult
male mongrel dogs. The prostheses accustomed to the implant surrounding tissue, not
hampered the lower lid movement and freely move in the socket. The tailored ocular implant
made from HAp is economical and satisfactory for industrial use.

Dupoirieux et al. [86] employed powdered eggshells on the defects that were created on
different body sites and observed the biocompatibility of eggshell powder. Salah et al. [87]
experimented with powdered eggshells as a pulp capping material on thirty number of 2.5 kg
New Zealand male rabbits. Comparative analysis has also been done with calcium hydroxide
powder applied directly to the upper right incisor. Eggshell-filled areas showed less
inflammation (4-week interval) and better fibrosis and bridge formation.

In three different animals, Ripamonti et al. [88] implanted 20mm-long, 7mm-diameter porous
HAp rods intramuscularly in rectus abdominis sites to investigate the osteoinductive property
of porous HAp. After 90 days postoperatively, bone regeneration was found in a porous HAp
scaffold pretreated with BMP (bone morphogenetic protein).

Jin et al. [89] prepared HAp, chitosan-alginate composite as chitosan and alginate are
cationic and anionic biopolymers and suitable for bone tissue replacement. Animal
experimentation of HAp chitosan-alginate implantation after 8 weeks showed better bone-
forming abilities than chitosan-alginate composite. Dey et al. [90] tested the rate of healing
artificially created defects in tibia portions of New Zealand white rabbits using uncoated
SS316L intramedullary pins against pure HAp-BTCP coated pins. After observing the results
of the fluorochrome, histological study, it was confirmed that the coated pin gave enhanced
alkaline phosphatase up to 15" days postoperatively. A well-developed haversian canal with
peripherally osteoblastic cells was formed. Here micro plasma technique was used as it could
give stability in long bone fractures. Okada et al. [91] did an in-vivo comparative study to see
the bio effectiveness between BTCP-PDLGA composite with only granular BTCP materials.
The composite material uniformly filled the defect area without causing more inflammation
with bone resorption. In a study conducted on 20 rats, Ding et al. [92] assessed the efficacy of
nano-hydroxyapatite in promoting osteoblastic differentiation in suture-derived stem cells
(SUSC) and osseointegration in sagittal sutures. Nano HAp concentrations of 0, 25, 50, and
100 g/ml were dipped into isolated SUSCs. It was noticed that 25 pg/ml concentrated SUSC
gives better osteoblastic gene expression and the healing gap was reduced readily compared
to other concentrated materials.
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3. SCOPE OF THE WORK



To overcome autografting and allografting surgery in traumatic patients, several research
works have been done to develop hydroxyapatite an important inorganic mineral constituent
in bone and teeth that take part in osseointegration and ossification. Researchers investigated
and used some alternative sources to make hydroxyapatite besides chemical reagents. In our
research hydroxyapatite scaffold was prepared by using both chemical reagent and eggshell
calcined powder and then observed their efficacy and evaluated their different properties
through a comparative assessment study on implanting the samples in animal bone.

To reduce the environmental threats caused by eggshell waste, it is beneficial for mankind to
convert or recycle this waste into wealth. Every day million tons of eggshells are gathered in
our surroundings like restaurants, canteens, household sites, etc. After collecting and
preparing hydroxyapatite from this waste the shell cost would be less in comparison to using
laboratory-grade chemical reagent (Let us collect 200 gm of eggshell waste at no price then
boil it with water and the total processing cost =reagent cost Rs.65+electricity
30+ResiduaryRs.10. We get 150 gm of powder in approx. Rs.105, whereas in synthetic Hap
powder, it is Rs.245/100gm, Indiamart product) Further being a biological source material
many trace elements are present on it that are essential for our body. Some researchers
studied upon enhancing mechanical stability by adding some dopant ions. There has not been
extensive research on zinc, magnesium, and titanium-based hydroxyapatite in animal models,
although these ions are reported to improve cell-material interactions. In our study, dopant
ions were added into hydroxyapatite obtained from both sources and observed their impact on
the animal body.

Therefore, the identified scopes of the research are mentioned below:
“+ Application of eggshell as an alternative raw material in hydroxyapatite synthesis

s Application of different Osseo-inducing trace metals as a dopant in hydroxyapatite
crystals

%+ Application of these dopant/HAp composites in the animal body

Objectives:

» To prepare Pure HAp, Eggshell HAp, and their doped verities and to study their
physical, mechanical, and invitro performance analysis.

» To conduct a dedicated experiment/animal trial on a site-specific area and observe the
implanted materials' effect on living body.

» A comparative analysis between a synthetic source and bio-sourced HAp has been
done to observe the efficacy of the bio-sourced product.
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4. MATERIALS & METHOD



4.1  Physical Characterization
4.1.1 Preparation of Biogenic and Synthetic HAp

The biogenic HAp power was prepared through the calcination of eggshell (denoted as
Eggshell HAp) and synthetic HAp (denoted as Pure HAp) from laboratory-grade calcium
hydroxide following wet chemical precipitation techniques. The eggshells collected from the
canteen were boiled and washed with clean water to remove the contaminants. Dry eggshells
are crushed into fine pieces and then calcined in a muffle furnace at 800°C for 2 hrs. The
required amount of calcined dry powder was mixed with distilled water in a beaker and was
done in steps with a spatula. The mixing was done through a magnetic stirrer with a hot plate
(REMI India) for 30 min at 80°C. The stoichiometric amount of orthophosphoric acid (0.6M)
was added to the beaker very slowly from a stop cock fitted flask with a duration of about 45
min. Continuous stirring by a magnetic stirrer was done to get a homogeneous mixer. In a
cool, dark place, the mixture was kept aside for 24 hrs to settle down the precipitate, then
filtered. In a hot-air oven, the filtered precipitate was dried for 48 hrs at 40°C in Petri dishes.
After drying the precipitate, it was calcined for 2 hrs at 80° C. The obtained Egg shell HAp
was ball-milled to get fine particles. Similarly, Pure HAp was prepared from laboratory-grade
calcium hydroxide.

4.1.2 Preparation of Doped Hydroxyapatite

For preparing the doped variants (zinc, titanium, and magnesium) of both Egg shell HAp and
Pure HAp, required quantities of zinc oxide (ZnO, 99% pure), titanium oxide (TiO2,99%
pure), and magnesium oxide (MgO, 6H20, 98% pure) was mixed to the calcined eggshell
powder or calcium hydroxide powder before addition to the acid solution. Here 3% and 5%
doped variants of both Eggshell HAp and Pure HAp had been prepared. After forming the
doped samples in solution, it was kept aside for aging and then filtrate precipitated using
Buckner funnel. A hot-air oven was used to dry the filtrate mass at 80°C in Petri dishes. After
drying, the sample was calcined at 800°C using a muffle furnace at a speed of 5°C/min.

4.1.3 Powder Compaction

The pure HAp, Eggshell HAp, and their doped samples were hard pressed uniaxially in steel
moulds with a diameter of 12.50 mm (12.5 mm internal diameter). A hydraulic press machine
developed by PEECO (PEECO Pvt Ltd, NO.-3/PR-2/HP-1/07-08) was used to apply a 2-ton
pressing pressure for a period of 2 min. The pellet samples’ green density was measured and
then sintered at 950°C and 1050°C in the furnace for 2 hrs.

4.1.4 Sintering of Dense Ceramics

A muffle furnace was used to sinter the green pellets at 950°C and 1050°C for 2 hrs at a
constant 50C/min rate. Some sintered samples were crushed and sieved to get a uniform
particle size. To investigate the phase composition of sintered samples and their crystallinity,
the X-ray diffraction (XRD) method was employed. An analysis of FTIR analysis was
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performed to determine the functional groups. SEM study of sintered samples was done to
check surface morphology and microstructure.

4.1.5 Green and Sintered Density

The mass-to-volume ratio of the prepared HAp samples has been measured in order to
determine the density of the green and sintered samples. In this study, the mass of pellets was
measured by means of a weighting machine (iScale-i-02), and the diameter (mm), radius
(mm), and thickness (mm) of all samples were measured by means of a digital Vernier
caliper.

Density = M/V, Volume = nr?h

4.1.6 Percentage of Diametric, Linear and Volumetric Shrinkage

After sintering the pellets the volume was changed due to shrinkage. The initial dimensions
of the green samples were recorded and after sintering at 950°C and 1050°C the dimensions
were again recorded and the percentage change in dimension was calculated. Suppose X1 was
the initial diameter and X, was after sintering diameter. Then the changes of diameter were
X1- X2 and the percentage of changes was {X1- X2/ X1} x100.

4.1.7 Average Grain and Pore Size

Using Perfect Screen Ruler Software, the samples were measured for their pore size and grain
size. For this measurement, five SEM pictures at the same magnification were captured from
each sample.

4.1.8 Porosity Measurement

Porosity plays a crucial role in implantable bioceramic fields as tissue is regenerated
throughout it. It is either interconnected or closed. In order to measure apparent porosity, dry
compact samples were weighed (Wd), reweighed when immersed in water (WS), and then
reweighed again after removal from water (WW).
Apparent Porosity, ¢ = %)ﬂoo
Where, Wd = wt. of dry sample.
Ws = wt. of the sample immersed in water.

Ww = weight of the sample after removal from water.

4.1.9 Lattice Parameter Study

It is a physical dimension and gives the geometry of the unit cell in the crystal lattice. In
general, there are three lattice constants named a, b, ¢, and three lattice angles «, 8, and y. In
the case of a hexagonal lattice, two sides are equal so, a = b. In the case of a cubic crystal, the
three sides are equal. Since HAp has hexagonal lattice parameters (an axis and ¢ axis) they
are calculated using the Unit Cell Plane spacing relationship [1].
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Where, d is the distance between the next adjacent planes according to the conventional set of
Miller Indices (h, k, I). The unit cell volume (V) is calculated by the relation V=0.866 a’c [2]
and particle size of the powders by XRD images. By using the Scherrer's equation below, the

particle size can be calculated:

kA 180 kA 180
- Or D = I

DCos® " m WcCos6 ' m

WrwHM =

Where, Wrwhm = full width as a half maximum of the peak (in degrees 20) calculated
automatically by the XRD, D = grain size, K = constant generally equated as 0.94, and A =
radiation wavelength.

4.1.10 X-ray Diffraction (XRD) Analysis

XRD methods provide information about a material's crystallographic structure, chemical
composition, and physical properties without destroying it. The generated collimated X-rays
fall on the materials and the diffracted beams are processed and counted. The different
materials produce varying diffraction patterns due to their crystal arrangement and different
phases. It is necessary to compare XRD measurements taken on several crystalline samples
with the standard database of the International Center for Diffraction Data (ICDD) in order to
determine phase identification. In XRD analysis, the peak plays a crucial role in phase
identification and material characterization. The width of the peak indicates average
crystallite size. The sharp peak indicates larger crystallites whereas the broader peak indicates
smaller crystallites.

The calcined powder was subjected to an XRD analysis for all samples, namely,
hydroxyapatite manufactured from chemical reagents and eggshell sources as well as their
doped derivatives. Calcined (800°C) powders were crushed into fine powders. An X-ray
diffractometer (Model-Mini Flex, Rigaku Co., Tokyo, Japan) was used for the analysis of the
sample in scanning mode. The tube voltage and current were set at 30 KV and 15 mA, and a
scan rate of 1 deg./min was employed. XRD patterns down to 80° were recorded with a 26
range of 0-80°.

4.1.11 Fourier Transform Infrared Spectroscopy

The FTIR technique is the best method for IR (infrared) spectroscopy. When IR radiation
falls on a sample, some of it is absorbed and the rest is transmitted. Spectrums are derived
from molecular fingerprints of specimen samples. An absorption peak is a measure of the
frequency of vibration between the atoms that make up a material. The infrared spectrum
produced by different materials will be different since they contain different kinds of atoms.
It indicates that functional groups are present within the material. Peak intensity indicates the
amount of materials present in a spectrum. In the experiment FTIR was performed through
Perkin- Elmer, Model No- 1615 (USA) by using KBr pallets in IR region (5000-400 cm™).
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4.1.12 SEM and EDX Study

Scanning Electron Microscopy (SEM) involves focusing an electron beam on a sample's
surface. The falling electrons interact with the samples and the emerging signals produce the
images that carry the surface topography and chemical compositions of the sample. Sintered
HAp and its dopant samples were broken and their pore dimensions measured. Several SEM
images were captured from the surfaces and pore diameters were calculated using perfect
screen ruler software. Statistical analysis was based on the average of five SEM images per
sample. The EDX experiment was performed with a JSM-7900F Schottky Field Emission
Scanning Electron Microscope.

4.2 Mechanical Characterization
4.2.1 Hardness

Vickers hardness tester was used for the measurement of hardness. In this method constant
load is applied on the sample’s surface making an indentation on the surface by using a
diamond indenter and the depth is measured optically. A load of 1-100Kgf was applied for
10-15 seconds and an angle of 136° was formed between two opposite surfaces. The
diagonals marked on the material surfaces after removing the loads were measured through a
microscope and calculated the average value. The indentation area was calculated based on
sloping surfaces. A hardness value was calculated by indenting the area over the surfaces of
the materials and dividing the load applied. .

136" between
opposife faces

Where F is the Load in kgf
d is the Arithmetic mean of d1 and d2 in mm in the two diagonals,

Hardness measurements of this type are based on the principle that indenters make
geometrically similar impressions regardless of load. Accordingly, the amount of load that
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can be applied to a flat surface depends on the hardness of the material to be measured.
Vickers hardness is calculated using F/A ratio, where F is applied force, A is indenting
surfaces, and d is the average diagonal length. Hence, HV = Vickers hardness (kgf/mm?) is
given by [3]

2FSin%6o

HV="—;

F .
HV= 1.854d—2 approximately

4.3  Biological Characterization

Prepared compact material has to be placed in the living body. The living tissues form a layer
around the material. If the materials are not biocompatible it would cause inflammation and
irritation in the tissues. Hence, in-vitro and in-vivo testing should be conducted to evaluate
the biological properties of prepared materials.

4.3.1 In-vitro Study

4.3.1a Bio Resorption Analysis

After implanting the bioactive biomaterial, it forms a tight and chemically stable bond with
the living tissue by forming an appetite-like bonding interfaces. Our body consists of various
kinds of compounds like protein, electrolytes, potassium, sodium, amino acid, etc.

According to the literature [4] SBF solution composition is closest to human blood plasma as
depicted in Table 4.1.

Table 4.1: Concentration of ions for SBF and Human Blood Plasma [5]

Conc. (mmol/dm?3)
lon Simulated Body Fluid Human Blood Plasma
(SBF)

Na* 142.0 142.0

K* 5.0 5.0
Mg?* 1.5 1.5
Ca? 2.5 2.5

Cl 147.8 103.0
HCOs 4.2 27.0
HPO.* 1.0 1.0
SO4* 0.5 0.5
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Preparation of SBF:
(a) Cleaning

Before preparing the solution all the apparatus used for it are well cleaned by using
alternatively dilute hydrochloric acid, distilled water, and formaldehyde as a sterilizing agent.
The bottles for preparing the SBF solution are first washed with water to remove any
unwanted debris. The bottles are then immersed in a dilute solution of hydrochloric acid and
left for 4-5 hrs. A sterilizing liquid was put on them and allowed to sit overnight before being
washed in distilled water and then sterilized again. The bottles were wrapped in paper after
they had been thoroughly washed. If necessary, the bottles are dried in a drier overnight,
below 50°C temperature.

(b) Dissolution of Chemicals

In a 1000 ml beaker (preferably polyethylene), 750 ml of distilled water is poured. The water
is continuously stirred by magnetic stirring to make a homogeneous mixer and maintained the
temperature at 37°C. The chemicals are dropped one by one (1 to 8) by maintaining Table
4.2. Before the addition of the number 9 reagent precaution will be taken to add less than 1
gm of the sample so that increasing the pH would be minimized.

(c) pH Adjustment

First, a standard buffer solution was used to calibrate the pH meter. After adding all the
reagents (#1 to #9) in Table 4.2 to the solution, the temperature was checked and a pH meter
was used to measure pH at 37.5°C. The pH was maintained by titrating with HCI and adjusted
to 7.25. Once the pH has been adjusted, transfer the solution to a 1000 ml glass volumetric
flask. After washing the beaker several times with distilled water, add the solution to the
flask.

A total volume of 1000mL of the solution was added to the flask, and the flask was shaken
well to adjust the volume. The solution should be approximately 20°C. Following the cooling
of the solution, add distilled water to the solution again, so that the total volume of the
solution is 1000 mL, and shake the flask vigorously to ensure good mixing.

Table 4.2: Reagents for SBF (pH 7.25, 1L) [5]

Order Reagent Purity and company Amount
#1 NaCl Assaymin.99.5%,MERCK,INDIA 7.996 g
#2 NaHCOs Assay (after drying) min. 99.5-100.3%, 0.350¢g

MERCK, INDIA
#3 KCI Assay min.99.5%,MERCK,INDIA 0.224 g
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#4 K2HPO4.3H20 Assay min.99.0%,MERCK,INDIA 0.228 g

#5 MgCl,.6H20 Assay min. 98.0%, MERCK,INDIA 0.305¢

#6 HCI 87.28 mL of 35% HCl is diluted to 1000 40 mL
mL with a volumetric flask

#7 CaCl: Assay min. 95.0%, MERCK, INDIA Use 0.278 ¢
after drying at 1200C for more than 12
hours

#8 Na>SO4 Assay min. 99.0%, MERCK, INDIA 0.071g

#9 (CH20H)sCNH2 | Assay (after drying) min. 99.9%, MERCK, 6.057 g
INDIA

#10 HCI 87.28 mL of 35% HCl is diluted to 1000 Appropriate
mL with a volumetric flask amount for

adjusting pH

The prepared hydroxide made from two sources and their dopant variants are immersed in
laboratory-graded prepared SBF solution and evaluate the dissolution characteristics of the
samples. Degradation started from the sintering pellets after immersion in the SBF solution.
A cleaned conical flask with a lid is taken for each sample. 100 ml of the prepared SBF
solution was poured into each of the conical flasks. In each flask, one sample is allowed. The
flask was then placed in an incubator at 37°C temperature. The samples are degraded into the
solution and the degraded sintered samples are taken out from the solution, dried at 80°C, and
weight is measured in three alternate days during one month. The loss of weight was
calculated and evaluated with time.

4.3.1b Haemolysis Study

A critical parameter to check before using any kind of blood contact application is the
hemocompatibility for orthopedic implants. In the body, implanted materials may contact
blood vessels, such as capillaries, and can induce complications if they are not
hemocompatible. When found non-hemocompatible during the initial evaluation, there is a
need to alter the surface or redesign the product to improve the hemocompatibility. An in
vitro hemocompatibility study was conducted on human blood in order to determine its
compatibility. The procedure is as below:

STEP-1: A solution containing 3.8 grams of sodium citrate solution in a ratio of 10:1 is added
to human blood after it has been collected. The citrated blood was then mixed with normal
saline solution in a ratio of 4:5 to dilute the mixture and make it more of a diluted solution.

STEP-2: A total of seventy (70) test tubes (for 14 no. of samples*5) were filled with 10 mL
of (N) saline solution for total Egg shell HAp and Pure HAP samples. The pellets from each
type of HAp were immersed in one test tube. Pallets weigh about 3 grams each. As a next
step, all the test tubes were incubated for 30 min at 37°C.
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STEP-3: Each of the test tubes was filled with 0.2 ml of the blood sample that had been
prepared during STEP-1. It was further incubated for 60 min at 37°°C.

STEP-4: The positive control was taken in a standard test tube with 10 ml of 0.1% Na.CO3
solution. A 0.2 ml part of the blood sample that was prepared in STEP-1 was added to that
solution. After that, the solution was incubated for 60 min at 37°C.

STEP-5: As a negative control, 0.2 ml of the blood sample prepared in STEP-1 was added to
a normal saline solution. It was then incubated at 37°C for 60 min.

All samples were then centrifuged at 500g for 5 min. As part of the measurement of the
optical density (OD) of the supernatant liquid at 545 nm, a UV-Vis spectrophotometer was
used. In order to determine the percentage of haemolysis, the following formula was used.

OD (Test) — OD (Negative) %
OD (Positive) — OD (Negative)

4.3.1c MTT Assay

% Haemolysis=

The assay was conducted using Murine Osteoblastic MC3T3-E1 Cells. In an environment of
95% air and 5% CO, cells were cultured in a medium (eMEM-Gibco) containing 10% heat-
inactivated fetal bovine serum and 1% penicillin streptomycin solution. Growth of cells on
confluence was achieved in a 25 mm flask with 0.5% trypsin, and then seeded onto a 24-well
plate (cell density: 5.0 x 10* cells/cm?). The cells were incubated for 24 hrs with pure HAp,
eggshell HAp, and doped HAp samples. Adding MTT solution and mixing it for 15 min was
followed by incubating for another 4 hrs. Viable cells convert MTT into formazan crystals.
To dissolve crystals into a purple-colored solution, DMSO (dimethyl sulfoxide) was added
after removing the media. The intensity of the purple-colored solution depends on number of
crystals formed. An absorbance (OD) measurement was conducted at 545nm using
spectrophotometric equipment. A triplicate experiment was conducted and the mean value
was reported.

4.3.1d Bactericidal Study

The study was performed to detect any bacterial colonies growing on the samples that cause
implant failure. In a conical flask, a diluted solution of nutrient agar was poured and
autoclaved at 121°C for 20 min. After cooling at 40-45°C, the culture of Staphylococcus
aureus was added to the media mixed thoroughly, and then poured into Petri dishes and
solidify it. Two porcelain bits containing the sample solution having 2mg/10ml (2mg sample
powder in 10ml solution) and 1mg/10ml (1mg sample powder in 10ml solution) were taken
and placed in Petri dishes and incubated for 24 hrs at 35°C. For control, oxytetracycline is
taken in porcelain bits.
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4.3.2 In-vivo Study

The animal clinical study was conducted following the guidelines of the Institution's Animal
Ethical Committee, WBUAFS. This study was evaluated for early-stage osteogenesis & bone
remodeling Invivo through a critical-size defect model in femoral condyle in New Zealand
white Rabbits over 2 months.

4.3.2a Implant Preparation

After preparing the Eggshell HAp, Pure HAp, and their dopant powders, the samples were
pressed at 150 MPa pressure in a hydraulic press machine. The prepared green specimens
were dried at 80°C for three days. The cylindrical shaped samples (dia. 5 mm and height 6
mm) were sintered at 950°C for densification (holding time in the furnace is 2 hrs). Before
implanting, the sintered specimens were autoclaved at 121°C for 30 min.

4.3.2b Surgery and Implantation Procedure

The study involved 42 New Zealand white rabbits of either sex were distributed randomly
into 2- groups: A. Control Group | (only defect was done and no implant was given: 6
animals were taken, three animals at each time point) and B. Test Group Il. In the group Il
category: Pure HAp (06 samples), Eggshell HAp (06 samples), Pure HAp with 5% titanium
dopant sample (06 samples), Eggshell HAp with 5% titanium dopant (06 samples), Pure HAp
with 5% zinc dopant (06 samples), Eggshell HAp with 5% zinc dopant (06 samples) were
implanted in the created defect sites of the animals and rate of bone healing with osteogenic
activity was observed. The rabbits were kept in a humidity-controlled room with 12 hrs of
light and dark cycles before surgery and sample implantation. Rabbits were kept without
restriction of movement and provided with adequate water and libitum. After implantation, an
assessment was carried out over 30 days and 60 days.

Xylazine hydrochloride (XYLAXIN®, Indian Immunological, and India) was injected
intramuscularly at 1 mg/kg and ketamine hydrochloride (Ketalar®, Parke-Davis, India) at 25
mg/kg body weight during surgery. In all the animals, a bone defect of 5mm x 2.5mm x 3mm
was created in the femoral condyle using a motorized dental drill. The implanted sites
muscles, subcutaneous tissues and skins were sutured for securing the specimens. A 125
mg/kg body weight dose of cefotaxime sodium (Mapra India, India) was administered
intramuscularly once a day for five days to the animals, and 0.2 ml of meloxicam
(MELONEX®, Intas Pharmaceuticals, India) was administered once a day for five days to
each animal. Povidone iodine with antibiotic ointment was given daily for dressing of the
defected sites. There was a similar pattern observed in the studies conducted by Kaushik et. al
[6] and Samanta et.al [7].
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Fig 4.1: Some pictures of Surgery and Implantation procedure
4.3.2c Local Inflammatory Reaction and Wound Healing

Over 2 months after surgery, local inflammatory reactions and associated signs were
observed, including swellings, sarcoma formation, hematomas, lameness, weight-bearing,
oedema, and fracture repair capability.

4.3.2d Radiological Examination

The implant status, host tissue reaction, and bone formation were observed and recorded
through Radiographs.

4.3.2e Histological Study

The surrounding bone with implants was taken out surgically from the sites after 1 and 2
months of implantation. The specimens were cut into 3-4 mm thin samples by hacksaw. All
slices were cleaned thoroughly in saline solution and then immersed in formalin (10%)
solution for 7 days. The decalcification was performed in Gooding and Stewart solution and
then sliced into 4 um and stained with haematoxylin solution. The cellular responses were
studied under a microscope.

4.3.2f SEM of the Implants

A 5% glutaraldehyde phosphate solution was used to fix the samples, followed by a 30 min
wash in a phosphate buffer solution. Samples were fixed in 5% glutaraldehyde phosphate
solution and then washed in phosphate buffer solution for 30 min. The dehydration was done
using a graded alcohol solution and then dried with hexamethyldisilazane. All samples were
coated with gold by ion sputtering techniques. SEM examinations were carried out for all
resin-mounted sample surfaces.
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4.3.2g Oxytetracycline Labelling Study

Fluorochrome (oxytetracycline dihydrate) 50 mg/kg body mass was introduced into the
implant sides. The implanted portions of bones were taken and cut transversely into 2-3 mm
thickness with a hacksaw. The un-decalcified ground sections were grounded to 20 um using
sand papers under moderate pressure. The detailed bone structure within the ground sections
was examined microscopically using ultraviolet light and observed the amount of tetracycline
labeling and source of new bone formation.
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5. Physical Characterization of Pure HAp, Eggshell HAp and their Doped Variants

5.1.1 X-ray Diffraction Data

The obtained powder samples of Pure HAp, Eggshell HAp and their 3% and 5% dopant variants
(Zn, Ti, Mg) were calcined at 800°C temperature and analyzed the phase analysis of these calcined
powder were examined through X-ray diffractometry in 26 range. The calcined Pure HAp and
Eggshell HAp samples showed various peaks with high intensity corresponding to various planes
1..(002),(211),(300),(202),(212),(222), (21 3) which matches with the standard card
number JCPD (09-0432) for hydroxyapatite. A sharp peak at 20 range of ~32.07 similar to (2 1 1)
confirmed hydroxyapatite crystals. The presence of this peak indicates calcinations at 800°C

resulted in hydroxyapatite crystals.
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Figure 5.1: XRD pattern of Pure HAp Figure 5.2: XRD pattern of Egg shell HAp
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Figure 5.3: XRD pattern of Eggshell HAp and its dopants
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Figure 5.4: XRD pattern of Pure HAp and its dopants

The HAp prepared from egg cell powder produced peaks that matched standard card no JCPD (09-
0432). The 3% and 5% Zn, Ti, and Mg verities had the same intensity peaks with a little bit of
shifting due to the substitution of calcium ions by zinc, titanium, and magnesium ions. A
comparative analysis with laboratory-grade hydroxyapatite (Pure HAp) and its dopants signifies
that the experimentally prepared eggshell HAp and their derivatives carry almost the same
crystalline structure as reflected in the results.

5.1.2 Lattice Parameter Study

Incorporating different dopant ions resulted in minor changes in the lattice parameters. In all cases,
both the 'a’ and 'c’ axis values decreased systematically, shown in below Tablel. One of the possible
reasons for this may be due to the smaller atomic radius of some of the dopants, such as zinc (134
pm), magnesium (160 pm), and titanium (147 pm), compared to calcium (197 pm). In the results,
calcium ion was substituted by dopants, resulting in a reduction in cell size.

In the lattice parameter study, the percentage of crystallinity is decreasing in doped variants
compared to Pure HAp and Eggshell HAp. In Eggshell HAp, % crystallinity is less due to the

presence of a number of trace elements.

Table 5.1 Result of Lattice Parameters

SI. | Composition aaxis (A) | caxis (A) Unit cell Crystallite %

No volume (A3) | size (A) | Crystallinity

1 | Pure HAp 9.4230+£.0.097| 6.841 £0.120| 533.93£22.02 [3.6286+12.67| 93.81+ 3.82

2 | Egg shell HAp | 9.416+0.11 | 6.787+0.17 | 521.05+18.29 | 3.5556+9.84 | 84.81+5.76

3 | Pure HAp + Zn [ 9.221+.0.077 | 6.693 +£0.142| 508.78+22.54 |3.3681+11.57| 82.41+4.12
5%

4 | Egg shell HAp | 9.215+0.31 | 6.671 +£0.320| 487.05+18.29 |3.3291+14.77| 84.01+5.76
+2Zn 5%

5 | Pure HAp + Ti| 9.28+0.34 | 6.731+0.21 | 501.91+16.29 | 3.4121+8.02 | 82.47+6.82
5%

6 | Egg Shell HAp | 9.22+0.23 | 6.71+0.37 493.97+19.16 [3.3912+11.12| 88.46%4.02
+ Ti 5%

7 | Pure HAp + [9.383%£.0.086| 6.791 £0.110| 517.83+26.12 |3.5475+22.61| 80.54+ 3.94
Mg 5%

8 | Egg Shell HAp | 9.326+0.19 | 6.741 £0.020 | 509.05+16.19 |3.4581+10.42| 81.61+5.06
+ Mg 5%
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5.1.3 FTIR Analysis
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Figure 5.5: FTIR spectra of Eggshell HAp
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Figure 5.6: FTIR spectra of Pure HAp

In Fig 5 & 6 we got a FTIR plot of Egg shell HAp and Pure HAp sample. At 570 &1023 the peak
signifies the presence of phosphate ion whereas at 3752, a stretching band of hydroxyl ion are
present. A sharp peak at 2357 is due to the presence of some unreacted carbonate ion.
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Figure 5.7: FTIR spectra of Egg shell HAp along with its dopants
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Figure 5.8: FTIR spectra of Pure HAp along with its dopants

5.1.4 Green Density of Egg shell HAp, Pure HAp and their Dopants

Green density did not differ significantly between samples of different compositions, indicating
similar bulk volumes. Result of this measurement is presented in table 5.2 and table 5.3.

Table 5.2 Green density of Egg shell HAp and their derivatives

Sl. No. | Composition Green Density
1 Egg shell HAp 1.546 + 0.011402
2 Egg shell HAp + Zn 3% 1.602 + 0.008367
3 Egg shell HAp + Ti 3% 1.562 + 0.020494
4 Egg shell HAp + Mg 3% 1.504 + 0.020736
5 Egg shell HAp + Zn 5% 1.628 + 0.013038
6 Egg shell HAp + Ti 5% 1.596 + 0.011402
7 Egg shell HAp + Mg 5% 1.526 + 0.020618

Table 5.3 Green density of Pure HAp and their derivatives

Sl. No. | Composition Green Density
1 Pure HAp 1.53 £ 0.022361
2 Pure HAp + Zn 3% 1.6 +0.015811
3 Pure HAp + Ti 3% 1.564 + 0.016733
4 Pure HAp + Mg 3% 1.462 + 0.031145
5 Pure HAp + Zn 5% 1.644 +0.023022
6 Pure HAp + Ti 5% 1.602 + 0.019235
7 Pure HAp + Mg 5% 1.494 + 0.021909
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Figure 5.9: The average green density of (A) Eggshell HAp, (B) Eggshell HAp + Zn 3%, (C) Eggshell HAp +
Ti 3%, (D) Eggshell HAp + Mg 3%, (E) Eggshell HAp + Zn 5%, (F) Eggshell HAp + Ti 5%, (G) Eggshell
HAp + Mg 5%.
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Figure 5.10: The average green density of (A) Pure HAp (B) Pure HAp + Zn 3% (C) Pure HAp + Ti 3% (D)
Pure HAp + Mg3% (E) Pure HAp + Zn 5% (F) Pure HAp + Ti 5% G) Pure HAp + Mg 5%.

The above said plot in figure 5.9 & 5.10 depicted that the green density of pure HAp, Eggshell
HAp, and their dopants are nearly the same or equal.
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5.1.5 Sintered Density and Percentage of Diametric, Linear and Volumetric Shrinkage at
Different Temperatures

After the prepared HAp and their dopants, it is pressed to form pellets and green density is
measured. The diameters of the pellets are 10+£0.03 mm and the thickness is 6£0.03 mm. After
sintering at 950°C &1050°C, there was shrinkage of diameter and length. Tables 5.6 & 5.7 illustrate
this. Diametric and volumetric shrinkages are measured through a digital Vernier scale. The
average sintering density of Pure HAp and Eggshell HAp at 950°C are 2.97gm/cc and 2.94gm/cc
whereas at 1050°C it is 3.01gm/cc & 3.04gm/cc respectively. The result showed that (Table 5.4
&5.5) density increased with increasing sintering temperature from 950°C to 1050°C, but there
were no major changes happened. The percentage of diametric, linear, and volumetric shrinkage
at different temperatures is shown below. It has been noted that the Sintering density is almost
double the green density (reflected in Table 5.2, Table 5.3, Table 5.4, and Table 5.5).

Table5.4: Sintered density data of Eggshell HAp and their dopants at different
temperatures

SI. No. | Compositions At 950°C At 1050°C

1 Eggshell HAp 2.94 £ 0.0115 3.04 £ 0.0145
2 Eggshell HAp + Zn 3% 3.03 £0.0153 3.07 £0.0173
3 Egg shell HAp + Ti 3% 2.97 £0.0378 3.03 £ 0.0207
4 Egg shell HAp + Mg 3% | 2.81 £ 0.010 2.89 £ 0.014
5 Eggshell HAp + Zn 5% 3.13 £ 0.0361 3.18 £ 0.0261
6 Egg shell HAp + Ti 5% 3.06 + 0.0252 3.12 £ 0.0152
7 Egg shell HAp + Mg 5% | 2.87 20 .02 2.94 £0.018

Table 5.5: Sintered density data of Pure HAp and their dopants at different temperature

SI. No. | Compositions At 950°C At 1050°C

1 Pure HAp 2.97 £ 0.015 3.01+0.021
2 Pure HAp + Zn 3% 3.06 £ 0.021 3.09 £ 0.019
3 Pure HAp + Ti 3% 3.02 £0.016 3.06 £ 0.017
4 Pure HAp + Mg 3% 2.83 £ 0.025 2.89 £ 0.022
5 Pure HAp + Zn 5% 3.14 £ 0.020 3.19 £ 0.023
6 Pure HAp + Ti 5% 3.07 £0.021 3.10 £ 0.025
7 Pure HAp + Mg 5% 2.88 £ 0.010 2.92 +0.016
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Figure 5.11: Representation of Sintered density of Eggshell HAp and their dopants at two different
temperatures
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Figure 5.12: Representation of Sintered density of Pure HAp and their dopants at two different temperatures
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The 5% zinc-doped Pure HAp and Eggshell HAp show the maximum density at 1050°C. From
Tables 5.4 & 5.5 it has been seen that magnesium-doped samples have lower density whereas
titanium-doped samples show a moderate value

Major observations:
% It was observed from the XRD plot that pure hydroxyapatite phases were developed in
both Pure HAp and Eggshell HAp samples.
The dopant ions substitution had been noticed through lattice parameter study.
The presence of a functional group was confirmed through the FTIR study.
The sintering density was almost doubled to the green density.
On increasing the sintering temperature, density was increased (Table 5.4 &Table 5.5)
All types of shrinkage happened in all the samples (Table 5.6).
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Table 5.6: Percentage of diametric, linear, and volumetric shrinkage of eggshells and their
dopants at different temperatures

Compositions %Diametric % Linear % Volumetric
shrinkage Shrinkage Shrinkage
950°C | 1050°C | 950°C | 1050°C 950°C 1050°C
Egg shell HAp 19.31 19.42 21.12 21.30 48.83 49.05
Eggshell HAp + Zn 3% 19.42 19.56 21.25 21.38 49.05 49.4
Egg shell HAp + Ti 3% 19.30 19.45 21.02 21.22 47.92 48.22
Egg shell HAp + Mg 3% 19.33 19.47 21.23 21.36 48.96 49.09
Eggshell HAp + Zn 5% 19.38 19.52 21.43 21.58 49.25 49.45
Egg shell HAp + Ti 5% 19.26 19.36 20.95 21.06 47.63 47.78
Egg shell HAp + Mg 5% 19.28 19.39 20.78 20.91 48.87 48.98

Table 5.7: Percentage of diametric, linear and volumetric shrinkage of pure HAp and their
dopants at different temperatures

Compositions % Diametric % Linear % Volumetric
shrinkage Shrinkage Shrinkage
950°C | 1050°C | 950°C | 1050°C 950°C 1050°C
Pure HAp 19.28 19.36 21.02 21.16 48.67 48.78
Pure HAp + Zn 3% 19.36 19.45 21.17 21.29 48.92 49.31
Pure HAp + Ti 3% 19.22 19.31 20.96 21.08 47.81 47.92
Pure HAp + Mg 3% 19.28 19.37 21.18 21.26 48.87 49.02
Pure HAp + Zn 5% 19.35 19.46 21.33 21.45 49.15 49.28
Pure HAp + Ti 5% 19.22 19.34 20.82 21.05 47.54 47.69
Pure HAp + Mg 5% 19.23 19.39 20.62 20.76 48.61 48.81
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5.1.6 Apparent Porosity at Different Temperatures

Porosity plays a significant role in scaffold engineering. A minimum percentage of porosity is
needed for cell growth during tissue regeneration. The properties of the scaffold would be such
that it can withhold the body pressure along with its inherent characteristics. It is reported that a
pore size greater than 150pum in a scaffold is essential for osteoconduction. Bone tissues pass
through the pores causing the mechanical fixation of the implant to the body.

Table 5.8. Apparent porosity of Eggshell HAp and their dopants at different temperatures

SI. No. | Compositions At 950°C (%) At 1050°C (%)
1 Eggshell HAp 30.48 +1.72 1941+121
2 Eggshell HAp + Zn 3% 37.13£0.96 27.34+£1.12
3 Egg shell HAp + Ti 3% 34.90+1.06 24.81 £ 0.85
4 Egg shell HAp + Mg 3% 31.90 +1.20 23.87 £ 0.95
5 Eggshell HAp + Zn 5% 34.95 +0.94 24.55 + 0.68
6 Egg shell HAp + Ti 5% 3257 +1.02 23.05+0.52
7 Egg shell HAp + Mg 5% 32.64 £0.65 22.54 £ 0.61

Table 5.9: Apparent porosity of Pure HAp a

nd their dopants at different temperatures

SI. No. | Compositions At 950°C (%) At 1050°C (%0)
1 Pure HAp 22.02 £ 1.66 1752 £0.75
2 Pure HAp + Zn 3% 25.91+£1.94 20.93 £1.89
3 Pure HAp +Ti 3% 24.31+£2.48 18.27 £ 0.83
4 Pure HAp + Mg 3% 23.22 £0.73 18.01 £0.92
5 Pure HAp + Zn 5% 23.36 £ 2.13 20.42 £0.78
6 Pure HAp + Ti 5% 21.05+2.94 1757+ 1.01
7 Pure HAp + Mg5% 21.67£1.18 16.53 £ 1.28
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Figure 5.13: Bar diagram of apparent porosity of Eggshell HAp and their dopants at different temperatures
(950°C & 1050°C)
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Figure 5.14: Bar diagram of apparent porosity of Pure HAp and their dopants at different temperatures
(950°C &1050°C)

From Figures 5.13 and 5.14 it is observed that porosity is lesser at 1050°C than 950°C. From
Tables 5.8 &5.9 it is observed that Egg cell HAp has more porosity than pure HAp for all its
varieties. Further, it can be said that all the 5% doped variants are showing lesser porosity than
their own 3% doped variants.

5.1.7 Grain Size and Pore Size
By using Perfect Screen Ruler software, the grain size and pore size are measured. Here five
random SEM images of the samples are taken.
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Table5.10. Grain Size, pore size of Eggshell HAp and their dopants at different temperatures

Sl. No. | Compositions Grain Size (um) Pore Size (um)
1 Eggshell HAp 569 + 3.05 158 £1.15
2 Eggshell HAp + Zn 3% 539 +£2.52 157 £ 3.0
3 Egg shell HAp + Ti 3% 552+5.0 169 + 2.08
4 Egg shell HAp + Mg 3% 555+ 4.04 180 £ 1.52
5 Eggshell HAp + Zn 5% 547 £ 6.0 170 £ 4.04
6 Egg shell HAp + Ti 5% 565+ 4.0 168 £ 3.51
7 Egg shell HAp + Mg 5% 568 + 3.51 192 +2.08

Table 5.11. Grain size, pore size of Pure HAp and their dopants at different temperatures
Sl. No. | Compositions Grain Size (um) Pore Size (um)

1 Pure HAp 572 £551 152 + 3.6
2 Pure HAp + Zn 3% 9545 +4.51 154+ 2.0
3 Pure HAp + Ti 3% 555 +3.61 164 £ 3.51
4 Pure HAp + Mg 3% 558 + 2.52 174 £ 4.16
5 Pure HAp + Zn 5% 549 +2.0 175+ 2.64
6 Pure HAp + Ti 5% 565 + 3.51 158 £ 3.6
7 Pure HAp + Mg 5% 569 + 2.51 187+ 2.51

Grain size and pore size measurement an important parameter in porous scaffold materials as these
are responsible for osteoconduction, cell migration, and cell-cell interaction. In our study, it is
observed from tables 5.10&5.11 that Pure HAp and Eggshell HAp have the largest grain sizes 572
pm and 569 um. The 3 % Zn doped pure HAp and Eggshell HAp samples show the smallest grain
size 545 pm and539 pum.

5.1.8 SEM-EDX Study

A standard SEM image of each sample is shown in Fig.5.15 and Fig.5.16. The figures confirm that
nodular pores are present in enough quantity in the samples to support bony ingrowth throughout.
The presence of pores gives the structural integrity of the scaffolds. Elemental analysis through E-
DAX studies reflected in figures 5.17 &5.18 provide the presence of trace elements zinc, titanium,
and magnesium ions. In Figure 5.17 elemental analysis of Eggshell Hap and with its 3% and 5%
zinc, titanium, and magnesium dopants are reflected.
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Figure5.16: SEM images of Pure HAp and their dopants in 3% and 5% variation
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5.1.9 E-DAX analysis

4 )
Element Weight%o Atomic%o
OK 3T7.42 57.69
PE 21.04 16.75
CaK 41.54 25.56
Totals 100

Element | Weight%e | Atomic%o

O K 31.68 £1.T6
PE 19.56 16.51
Ca K 48.09 31.37
TiK 0.67 0.37

Element Weight% | Atomic%d

OK 49.8 G9.49
PE 18.03 13
CaK 3p32 16.89
nK 1.84 0.63

Element | Weight®d | Atomic%d

O K 47.15 66.95
Mg K 0.65 0.6
PEK 17.13 12.56
Ca K 3508 19.88

Element Weight%a Atromic%b

OK 40.8 61.63
PE 19.98 15.59
Ca K 3545 21.38
InK 3.77 1.39

Element Weight®a Atomic %o

OK 46.18 G6.24
PEK 18.37 13.61
CaK 3i3.82 192.37
TiEK 1.63 0.78
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Element Weight%o Atomic%o

O E 45.08 67.56
Mg K 1.78 1.65
PE la.16 11.73
CaK 3398 19.06

Figure 5.17: EDS pattern of Eggshell HAp and their dopants sintered at 1050°C (a) Eggshell HAp (b)
Eggshell HAp + Zn 3%(c) Eggshell HAp +Ti 3% (d) Eggshell HAp + Mg3% (e) Eggshell HAp + Zn 5%
(f) Egg shell HAp +Ti 5%(g) Egg shell HAp + Mg 5%

.! (d)

Element Weight% | Atomic%o Element Weight%o Atomic%o

oK 41.6 61.584 OK 41.59 63.1
PK 20.11 15.44 PK 193 14.77
CaK 333 22.72 CaK 3632 21.48
Totals 100 InK 1.79 0.65

Element Weight%o Atomic®o Element Weight%o Atomic®o

OK 43.71 63.86 oK 49.57 69.04
PK 19.72 14.88 Mg K 0.63 0.58
CaK 3507 20.98 PEK 16.42 11.82
TiK 0.59 029 CaK 1338 18.56
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Element Weight% Atomic%h Element Weight%o Atomic%e

0K 4208 63.68 OK 38 5197
PE 1943 1291 PK 2441 19.23
CaK 34.06 20.15 CaK 36.75 2238
Tk 348 126 TiK 0.84 0.43

Element Weight%o Atomic%

O K 39.14 50.55
Mg K 0.56 0.56
PKE 17.69 13.9
CaK 42.31 25.69

Figure 5.18: EDS pattern of pure HAp and their dopants sintered at 1050°C (a) Pure HAp(b) Pure HAp + Zn
3% (c) Pure HAp + Ti 3% d) Pure HAp + Mg3% (e) Pure HAp + Zn 5%(f) Pure HAp + Ti 5% (g) Pure HAp
+ Mg 5%

5.2 Mechanical Characterization of Eggshell HAp, Pure HAp, and their Doped Variants

It is observed from the data shown in tables 5.12 &5.13, that the hardness figure of the prepared
samples at 1050°C temperature. The hardness value increases with the addition of dopant elements
due to the densification properties. It may be due to the transformation of calcium carbonate into
calcium oxide and the presence of trace elements that eggshell components have increased in
hardness.

Table 5.12. The hardness value of Eggshell HAp and their dopants at different temperatures

SI. No. | Composition Hardness (GPa)
1 Eggshell HAp 3.71 £0.020
2 Eggshell HAp + Zn 3% 3.92 +0.031
3 Egg shell HAp + Ti 3% 3.98 £ 0.036
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4 Egg shell HAp + Mg 3% 3.84 £0.021
5 Eggshell HAp + Zn 5% 3.97 £0.010
6 Egg shell HAp + Ti 5% 4.0 5+ 0.040
7

Egg shell HAp + Mg 5% 3.91 +£0.066

Table 5.13. The hardness value of Pure HAp and their dopants at different temperatures

Sl. No. | Composition Hardness (GPa)

1 Pure HAp 3.64 £0.030
2 Pure HAp + Zn 3% 3.78 £0.031
3 Pure HAp + Ti 3% 3.83+£0.015
4 Pure HAp + Mg 3% 3.67 £ 0.017
5 Pure HAp + Zn 5% 3.86 + 0.025
6 Pure HAp + Ti 5% 3.94 +0.03

7 Pure HAp + Mg 5% 3.74 £0.021

In the case of 5% Ti-doped Pure HAp and 5% Ti-doped Egg shell HAp, the hardness values were
displayed as 3.94 GPa and 4.05 GPa, respectively. It may be due to the higher densification of the
ceramic by Titanium ions in the compositions. The hardness of all doped compositions is higher
than pure value.

5.3 Biological Characterization of Eggshell HAp, Pure HAp, and their Doped Variants

5.3.1 SBF Study
Apatite layer formation above the sintered pellets after 7 days was noticed through scanning
electron microscopy. Porous apatite layer formation was started after 7 days. On the 30" day, the
apatite was denser as compared to the previous one. Apatite layer thickness and size were increased
with increasing immersion times.

Figure 5.19: SBF apatite images of pure HAp and their dopants (a) Pure HAp (b) Pure HAp + Zn 3% (c) Pure
HAp + Ti 3% d) Pure HAp + Mg3% (e) Pure HAp + Zn 5% (f) Pure HAp + Ti 5% (g) Pure HAp + Mg 5%.
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Figure 5.20: SBF apatite images of Eggshell HAp and their dopants (a) Eggshell HAp (b) Eggshell HAp + Zn
3% (c) Eggshell HAp + Ti 3% d) Eggshell HAp + Mg 3% (e) Eggshell HAp + Zn 5% (f) Eggshell HAp + Ti
5% (g) Eggshell HAp + Mg 5%.

5.3.2 Weight Degradation

In the SBF solution, the pellets lose their weight. The weight degradation study was done every 3
days for one month. After 3 days, pellets were removed from the solution, dried, and weighed in
order to determine their weight. Following are the percentages of weight degradation shown in
Figures 21 and 22. The rate of degradation is faster up to the 12-15 days, after that the rate becomes
slower probably because of apatite layer formation above the pellets.
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97 - \Qf%!\‘\ —#— Pure Hap
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94 ——\-T ~ —— Pure hap+Zn 3%
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gg \\ “\i —#—Pure hap+Ti 3%
87 ‘t

86 —&— Pure hap+Ti 5%

gg Pure hap+Mg 3%
82
g% Pure hap+Mg 5%

Figure 5.21 Plot of percentage weight degradation in SBF with days (Pure HAp & its dopants)
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Figure 5.22 Plot of percentage weight degradation in SBF with days (Eggshell HAp & its dopants)
5.3.3 Percentage Transmittance of SBF
After dissolving the pellets in SBF solution the rate of degradation is higher and more particles of

the pellets leaching out into the solution and the percentage of transmittance is gradually changing
up to 12-15 days. After that the change is stable.
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20

M Egg shell Hap

75 - - mEgg shell hap+Zn3%

60 - - 1 Egg shell hap+Zn5%

45 - _ M Egg shell hap+Ti3%

30 - M Egg shell hap+Ti5%

15 - 7 Egg shell hap+Mg3%

0 Egg shell hap+Mg5%

1 2 3 4 5 6 7 8 9 10

Figure 5.23 Plot of transmittance percentage of Eggshell HAp and its dopants of SBF solution
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Figure 5.24 Plot of transmittance percentage of Pure HAp and its dopants of SBF solution
5.3.4 Haemolysis Study

As per the ASTM standards, a hemocompatibility test was done. An average OD was determined
for each composition by analyzing five pellets (of three observations).
Table 5.14 Haemolysis observation data for Eggshell HAp and their dopants

Sl. | Composition Wavele | Avg. O.D. |O.D.(+) |O.D.(-) | %
No. ngth of Test ve ve Hemolysis
(nm) sample control | control
1 | Eggshell HAp 545 0.067 0.47 0.059 1.98
2 | Eggshell HAp + Zn 3% 0.071 2.90
3 | Eggshell HAp + Ti 3% 0.072 3.17
4 | Egg shell HAp + Mg 3% 0.074 3.68
5 | Eggshell HAp + Zn 5% 0.069 2.49
6 | Eggshell HAp + Ti 5% 0.068 2.19
7 | Egg shell HAp + Mg 5% 0.073 3.42

Table5.15 Haemolysis observation data for Pure HAp and their dopants

Sl. | Composition Wavele | Avg. O.D. |O.D.(+) |O.D.(-) | %
No. ngth of Test ve ve Hemolysis
(nm) sample control | control
1 | Pure HAp 545 0.071 0.46 0.061 2.50
2 | Pure HAp + Zn 3% 0.074 3.25
3 | Pure HAp + Ti 3% 0.072 2.75
4 | Pure HAp + Mg 3% 0.078 4.26
5 | Pure HAp + Zn 5% 0.075 3.50
6 | Pure HAp+Ti 5% 0.073 3.00
7 | Pure HAp+Mg 5% 0.075 3.50
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Five such different data sets were prepared for five pellets and from there the average hemolysis
data is presented in the following tables.

Table 5.16 Data for haemolysis analysis of Eggshell HAp and their dopants

Sl. No. | Composition % Hemolysis
1 Eggshell HAp 1.98 + 0.036
2 Eggshell HAp + Zn 3% 2.90 £ 0.030
3 Egg shell HAp + Ti 3% 3.17 £ 0.050
4 Egg shell HAp + Mg 3% 3.68 £ 0.040
5 Eggshell HAp + Zn 5% 2.49 + 0.055
6 Egg shell HAp + Ti 5% 2.19£0.041
7 Egg shell HAp + Mg 5% 3.42 £0.026

Table 5.17 Data for haemolysis analysis of Pure HAp and their dopants

Sl. No. | Composition % Hemolysis
1 Pure HAp 2.82+£0.20
2 Pure HAp + Zn 3% 3.43+0.34
3 Pure HAp + Ti 3% 297+0.21
4 Pure HAp + Mg 3% 4.10+£0.43
5 Pure HAp + Zn 5% 3.50 £ 0.46
6 Pure HAp + Ti 5% 3.15+0.20
7 Pure HAp + Mg 5% 3.74+0.38

All the samples have a percentage of hemocompatibility less than 5%. So according to the ASTM
guidelines, all samples are highly hemocompatible. Among the different compositions Pure HAp
and Eggshell HAp have shown the maximum hemocompatibility. The 5% dopant variants show a

better result than 3%variants due to the haemocomtable nature of the trace elements.
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Fig:5.25 Bar diagram of % Hemolysis of eggshell HAp and their dopant
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Fig: 5.26 Bar diagram of % hemolysis of Pure HAp and their dopants
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5.3.5 MTT Assay
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Figure 5.27: % cell viability of Eggshell HAp and their dopants as observed in MTT assay
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Figure 5.28: % cell viability of Pure HAp and their dopants as observed in MTT assay

The viability of all samples is greater than 80%. It can be concluded that all of the samples tested
are non-cytotoxic.

5.3.6 Anti bactericidal Study

The antimicrobial activity of a material is determined by its ability to inhibit microbial growth. A
photograph of the examined Petri dish can be found in Figure 29 and Figure 30.
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Fig.5.29: Petri dishes showing no zone of inhibition of Eggshell HAp and their dopants

‘mwz-sn |hreHAp+Ti5% Pure HAp+Mg5%

Fig 5.30: Petri dishes showing no zone of inhibition of Pure HAp and their dopants

In any Petri dish after 24 hours, neither concentration exhibited any inhibition zone. As a result,
Pure HAp and Eggshell HAp and its dopants lack any bactericidal properties at these
concentrations (1 mg/10 ml & 2 mg/10 ml). The control sample shows zone of inhibition abound
the bits.
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Major observations:

On increasing the sintering temperature, porosity was decreased.

All doped samples had more hardness value than pure samples.

Uniform microstructure and interconnected pores were observed from SEM analysis.
The presence of dopants was confirmed through E-DAX study.

Apatite layer formation above the sintering pellets was confirmed through SBF study
Greater amount of apatite layers was seen on titanium substituted samples.

All the samples are hemocompatible.

MTT assay and bactericidal study showed the nontoxic nature of all samples.

*
°

*
°

X/
X4

L)

X/
X4

L)

X/
X4

L)

X/
X4

L)

X/
X4

L)

X/
X4

L)

5.4 In-Vivo Analysis of Pure Hydroxyapatite and Eggshell Hydroxyapatite

A comparative analysis between the synthetic (Pure Hydroxyapatite) and biogenic (Eggshell)
source-made hydroxyapatite has been done to observe the efficacy of the eggshell-used HAp
pellets. A number of physical characterization studies had been done upon both Pure HAp, and
Eggshell HAp and their 3% & 5% Zinc, titanium, and magnesium variants. In our study, we took
5% doped variants as this variant gave better physical properties (porosity, SBF analysis) than the
3% variant. The animal experimentation study was done by following the guidelines of the ethical
committee and due to the restriction of using animal samples we have done only 5% zinc and
titanium doped variants. We chose only zinc and titanium variants as these gave more apatites
(reflected in figures 5.19 &5.20) compared to magnesium dopants.

For group I (control) defect was created, not placing any sample, and for group 1 (test), the created
defective portion was placed with pure HAp, Eggshell HAp, and 5% zinc and titanium composite
of both verities. The healing effect was studied at the starting day (0 days), the 30" days post-
operatively, and the 60" days postoperatively.

5.4.1 Local Inflammatory Reactions and Wound Healing

In both group | and group Il animals, no such inflammatory effects were observed 60 days after
the sample pellets were implanted. No adverse side effects such as marked hematoma or oedema
were seen. So the implants were clinically stable. The implant did not elicit a foreign body response
or toxic response, thereby confirming its suitability as an alternative bone graft.

5.4.2 Radiological Observations

Group | (Control Study): On 0 days the radiograph exhibited a rectangular diaphyseal bone defect
on the femoral condyle portion. The defect is still visible after a one-month interval with decreasing
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the size of the defect. After two months the radiograph showed that the gap was reduced but not
totally filled up.

Group I1: Here Pure HAp, Eggshell HAp, Pure HAp with 5% zinc dopant, Pure HAp with 5%
titanium dopant, Eggshell HAp with 5% zinc dopant, and Eggshell HAp with5% titanium dopant
are implanted into the bony defect area.

At starting ‘0’ days all the biomaterials are within the cortical line. Defect margins are seen to be
regular without any radiographic bony damage during defect creation In all of the groups, there is
a minimum and uniform amount of soft tissue reactions. The bony structures of the rest of the body
are normal, and the joint spaces are normal as well.

: ‘ ' &)
» { |
;. ' ) |

Figure 5.31: Radiographs of the ‘0’ day (a) Control (b) Pure HAp (c) Eggshell HAp (d) Zn doped Pure HAp
(e) Zn doped Egg shell HAp (f) Ti-doped Pure HAp (g) Ti-doped Egg Shell HAp

After 1 month interval, in the pure HAp group severe bone tissue reaction is radiographically
visible. There is a slight degeneration of the rectangular implant in this group to a somewhat
rounder one. Neither epiphyseal abnormalities metaphyseal abnormalities nor diaphyseal
abnormalities were observed. In eggshell HAp, the implant is degraded to a greater extent. In Zn-
doped pure HAp groups, the created defect is still evident but in Zn-doped eggshell HAp group,
the defect is healed satisfactorily. In Zn-doped eggshell HAp, the size of the implantation is
condensed as compared with O days reflecting partial degradation of the implant. It has been
observed that the osteophytic changes are more pronounced in the Ti-doped pure HAp group and
that the defects reflecting discontinuity of the cortical margin are more apparent. Isolated eggshell
HAp with Ti-doped glass was shown to have rectangular implants, each with varying degrees of
loss of marginalization at every border of the implant. It is evident that in this group, optimum
healing has been achieved with no radiographic diaphyseal defect, along with the minimum
amount of callus development. Osteophytic changes are visualized in all the groups.
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Figure 5.32: Radiographs of the ‘30’ day (a) Control (b) Pure HAp (c) Eggshell HAp (d) Zn doped Pure HAp
(e) Zn doped Egg shell HAp (f) Ti-doped Pure HAp (g) Ti-doped Egg Shell HAp

After a 2-month interval, in Pure HAp and Eggshell HAp groups, the cortical discontinuity is
radiographically evident even for 2 months along with the visible implant. But in, Zn doped Egg
shell HAp, the bony defect is healed completely along with further degradation of implanted
materials. In this group, there is no gap between host tissue and bone itself. The implant-bone
interface is not clearly evident indicating good acceptance of the implant material by bone tissue.
In Ti-doped Pure HAp, still implant is still visible along with continued host-implant interface
reaction. The created bone defect is also visible in this group. It has been observed that the implant
is nearly degraded with the establishment of cortical continuity with Ti-doped Egg shell HAp. In
radiographic examination, there were no obvious defects to be observed. It appears that the bone
density of this group, as compared with the day 1 group, is normal. The uptake of implants by the

bone tissue in this group is satisfactory.

T
\‘ f
!
Figure 5.33: Radiographs of the ‘60’ day (a) Control (b) Pure HAp (c) Eggshell HAp (d) Zn doped Pure HAp
(e) Zn doped Egg shell HAp (f) Ti-doped Pure HAp (g) Ti-doped Egg Shell HAp

5.4.3 Histological study

Group | (Control): It was evident from the histological section that was stained with hematoxylin
and eosin (H&E) at 1 month that the control sample had inadequate haversian canals, with fewer
sinusoidal spaces and less osteoblast proliferation than the experimental sample. At the 2-month
time point, control sections showed a greater number of haversian canals with the presence of
osteoblast. The medullary cavity had few RBCs with mononuclear cells. It contained less amount
of fibrin and osteocytes. Angiogenesis invasion was normal.
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Group Il: The histological images of the Pure HAp after a one-month interval showed that there
were few or no haversian canals, with moderate amounts of red blood cells (RBCs), mononuclear
cells, osteoblasts, and fibrinous threads present. On the other hand, Eggshell HAp sections showed
a higher number of haversian canals as well as more mononuclear cells, RBCs, and scanty
osteocytes. HAp section of the Ti-doped Eggshell at the same time point revealed a large Haversian
canal located centrally that contained angiogenic vessels, mononuclear cells, osteoblasts, and a
small number of osteocytes. In the Zn-doped HAp and Eggshell samples, there were proliferating
osteocytes, mononuclear cells, abundant RBCs, and fibrinous cells in the medullary cavity, which
showed that the healing process had started, as evidenced by the presence of proliferating
osteoblasts.

N\ 4

- . -

Figure 5.34: Histological section of the bone of control & Gr. Il animal after 1 M: (a) Control (b) Pure HAp

(c) Eggshell HAp (d) Zn doped Pure HAp (e) Zn doped Egg shell HAp (f) Ti-doped Pure HAp (g) Ti-doped
Egg Shell HAp

Compared to control sections, control sections showed a greater number of Haversian canals with
osteoblasts present at the 2-month time point. Pure HAp sections were found to have larger
haversian canals with a higher number of osteoblasts and few osteoclasts, while the sections that
had Pure HAp sections had smaller haversian canals. It was found that both Eggshell HAp and
Ti-doped Pure HAp sections had abundant haversian canals with the presence of osteoblasts, and
osteoclasts, and with a reasonable amount of angiogenesis. HAp microphotographs of Ti-doped
Eggshells revealed abundant osteoblasts, osteoclasts with Haversian canals, and signs of
angiogenesis as a result of the Doped Eggshells. In Zn-doped Pure HAp sections, the bony
structure consisted of Haversian canals, sinusoidal spaces, abundant mononuclear cells, and
osteoblasts. The Zn-doped Egg shell HAp showed the presence of abundant osteoblast and
osteoclast cells.
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Figure 5.35: Histological section of the bone of control & Gr. Il animal after 2 M: (a) Control (b) Pure HAp
(c) Eggshell HAp (d) Zn doped Pure HAp (e) Zn doped Egg shell HAp (f) Ti-doped Pure HAp (g) Ti-doped
Egg Shell HAp

5.4.4 Oxytetracycline Labelling Study

A characteristic bright gold-yellow fluorescence was observed in oxytetracycline-labeled new
bone, while sea green fluorescence was observed in the host bone. In each group, the implanted
bone specimens were harvested at 1 and 2 months. The pictures of both specimens are given in
below Figure 36.

Group | (Control): The control sample showed a slight bone development (15.50 x 1.88 mm) at 1
month, and by 2 months, the value jumped up to 26.47 x 1.9 mm.

Group II: It was observed that the image of the control group at one month demonstrated a small
amount of minute golden yellow fluorescence in the central part (15.50 x 1.88%) of the image
against a backdrop of green deep sea colour. There was a very small area of yellow fluorescence
in the pure HAp image that could be seen in the central area, which appeared to indicate to some
extent a newer bone formation (21.41 £ 2.10%). In the Eggshell HAp image, there is a
compressible area of golden yellow fluorescence which represents superior new 0sseous tissue
formation (25.60 + 1.9%) whereas, in the Zn-doped Eggshell HAp image, there is a greater amount
of new bone formation (36.35% + 1.8%) 10%. The amount and intensity of bright golden yellow
fluorescence colour were observed to be substantially higher in Ti-doped pure HAp samples
compared to Ti-doped eggshell HAp samples, respectively (33.69 + 2.06%) and (37.50 £ 2.17%)
in the background by sea green colored host tissue at the same time point.

At 2 months, all groups displayed significant improvements in new bone formation compared with
the previous time point. Compared to the control sample, the 2-month image of the control sample
showed more golden yellow fluorescence of newly formed osseous tissue (26.47 + 1.98%).
Compared to their base value, the golden yellow fluorescence observed in the central zone (31.47
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+ 1.86%) in the pure HAp group at this time point demonstrated improved bone formation when
compared to the base group. Eggshell HAp image showed fluorescence of newly formed osseous
tissue (43.30 X 0.84%) in more areas, indicating active bone regeneration. This study reported the
presence of golden yellow fluorescence in the Ti-doped Pure HAp bone section, indicating that the
section was showing much more osseous activity than the other sections (54.41 + 1.93 %). Zn-
doped Egg shell HAp displays more intense golden yellow fluorescence around new osseous tissue
formation (58.52 + 2.06%) compared to Zn-doped Pure HAp samples. It was evident that abundant
plaques of golden yellow appeared in Ti-doped Egg shell HAp samples with a deep green sea-
coloured host tissue (59.31 * 1.89%).
Eggshell Zndoped Zndoped Tidoped Tidoped

HAp PureHAp  Eggshell pure Eggshell
Control Pure HAp Hip

155£1.88 2141821 256+£1.99 325167 3635185  33.69£2.06 3758217
W70 IR
: 4 h 4 ‘, 1 a | — 2 - 3 : -
‘d ﬂ A 5 = NS ,

2647£1.98 3147186  433:1.84 53342209  5852:2.06  5441:193  5931:1.89

Figure 5.36: Oxytetracycline labeling study at the defected site of Control, Group Il animals after 1 and 2
months of installation. The yellow portions depict new bone formation

Table 5.18: Oxytetracycline labeling study result of % new bone formation in 1 & 2 months

Sl. No. | Composition 1 month | SD (%) | 2months | SD (%)
1 Control 15.5 1.88 26.47 1.98
2 Pure HAp 21.41 2.1 31.47 1.86
3 Egg shell HAp 25.6 1.99 43.3 1.84
4 Zn doped Pure HAp 32.5 1.67 53.34 2.09
5 Zn doped Egg shell HAp 36.35 1.85 58.52 2.06
6 Ti- doped Pure HAp 33.69 2.06 54.41 1.93
7 Ti-doped Egg Shell HAp 375 2.17 59.31 1.89

80|Page



7] 1 month
B 2month

60 —

50

40

w
o
1

%New Bone
N
o
1

=
o
1

Control Pure HAp Egg shell HAp Zn-Pure HAp  Zn-Egg HAp  Ti-Pure HAp Ti-Egg HAp

Figure 5.37: Bar diagram showing % new bone formation in 1 and 2 Months
5.4.5 SEM Images of Bone Implant Interface Study

The SEM images of control and Group II animals’ bone-implant-interfaces (BIl) of Pure HAp,
Eggshell HAp, Pure HAp with 5% zinc dopant, pure HAp with5% titanium dopant, Eggshell HAp
with 5% zinc dopant, Eggshell HAp with 5% titanium dopant ceramics have been analyzed using
SEM, images are displayed in Figure 38.

Control: The SEM images of the defect site show that the gap is quite visible in 1 month and after
2 months, a minor portion has been covered.

Group II: After 1 month of implantation, the Pure HAp and Eggshell HAp samples showed some
irregular bone tissue arrangement. The samples exhibit binding abilities to the old bone with the
implant. The bridging gap was found less in 5% Zn-doped and 5% Ti-doped varieties in
comparison to pure samples. At the end of 2-month intervals, Ti-doped Egg shell HAp and Zn-
doped Egg shell HAp implants showed firmly bonded to the host tissue with the filling of the entire

gap.
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Figure 5.38: SEM images of all groups of bone-implant interface after 1 month & 2 months (Scale bar
=100pm)

Major Observations:
% No inflammatory reactions were seen on the implanted materials. All the materials were
clinically stable to the bone.
Radiological studies revealed faster healing in HAp and its doped variants compared to
control samples.
Histological studies showed a very prompt and better proliferation of images in group
I animals.
The bonding of implants to the host bone was better in doped variants compared to the
control one.
¢+ An oxytetracycline labelling study showed that eggshell-doped varieties formed more
new bones than pure eggs.
% In group Il animals Ti doped Egg shell HAp samples exhibited a higher percentage of
bone formation.
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In our experiment, it was found that eggshell-substituted implant materials rendered better results.
The same findings were concluded in the work [1], where eggshell powder was used to cap pulp
directly to improve biological responses. In another study [2], a gelatin methacrylate-eggshell-
derived calcium phosphate composite scaffold was found to be bioactive, biocompatible, and
biodegradable. Kattimani et al. [3] produced nano-hydroxyapatite by using a waste eggshell and
noticed a trabecular bone pattern with increased bone density in the mandibular zone. In order to
improve the efficacy of synthetically prepared hydroxyapatite i.e. enhancing the mechanical
characteristics and bioactivity different dopant ions are added [4]. In our study, 5% Zn doped and
5%Ti doped samples of both varieties were prepared. An in vivo study was done by implanting
the scaffold materials on a rabbit’s femoral condyle junction. Radiographic studies show that in
Zn-doped Egg shell HAp and Ti-doped Egg shell HAp, the bony defect healed completely. It has
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been found that the femoral-diaphyseal tissues with fracture healing produce a large number of
proteins, such as TGF-B1, osteocalcin, albumin, and other proteins [5]. Zinc increases the
production of these proteins, which are essential for fracture bone repair. As fracture healing
occurs, zinc stimulates DNA synthesis in the femoral-diaphyseal tissues. The mineral zinc
stimulates osteoblastic bone formation in fracture healing by stimulating mineralization in bone
tissues. Murine osteoblastic cell viability and proliferation rate are increased in zinc-doped
eggshell HAp. Zinc is present on the calcification site i.e. osteons calcified cartilages increase bone
mineralization as alkaline phosphatase co-factor [6]. In addition to providing inorganic phosphate
from pyrophosphates and phosphomonoesters, it hydrolyses pyrophosphate (mineralization
inhibitor) for the synthesis of hydroxyapatite [7]. It was found that % of bone formation in Zn-
doped Egg shell HAp was 58.52 + 2.06 whereas in Zn-doped Pure HAp it was 53.34 + 2.09.

Titanium is used as a dopant as it exhibits a strong affinity to biological substances [8]. Several
literatures showed that the application of titanium and HAp/Titania thin film improved the
mechanical properties and is a choice of material in bone injury and implant fixation [9-11].
Titanium is not only used as an implant material, but is also used as an ossification inducer in
dental surgery and prostheses to enhance corrosion resistance, low elastic modulus, and
mechanical properties, as well as overall biocompatibility [12-15]. Again, other studies showed
that titanium-induced bioactive glass exhibited an enhanced osteoblastic proliferation rate in
calvarial defect sites in rabbits [16]. Fernandes et al. [17] studied that TiO2 nanoparticles were
added to dense bovine hydroxyapatite and were found to improve osteoblast mineralization
activity in humans. Moreover, TiO, /HAp coatings may be bioactive due to the presence of
hydroxyl groups on their surface, which promote calcium and phosphate precipitation and improve
osteoblastic cell interactions [18].
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Conclusion

In this present study waste eggshells collected from different household kitchens have been
successfully converted to hydroxyapatite. Doped variants (3% and 5%) of zinc, titanium, and
magnesium hydroxyapatite from both eggshell (Eggshell HAp) and laboratory sources (Pure
HAp) were successfully prepared through the wet precipitation method. During preparation, care
must be taken regarding different parameters. The collected eggshell samples were washed
repeatedly in boiled water to clear up the mud and debris sticking to them. The dried shell was
calcined at 800°C for about two hours at the heating rate of 5°C/min. The calcined eggshell was
formed into calcium oxide which upon thorough mixing with water and treated with 0.6 (M)
orthophosphoric acid produced hydroxyapatite. The pH of the solution was maintained at 10 and
the mixing was done at about 80°C. The formed hydroxyapatite was calcined at 800°C
temperature to get the crystalline sample. The peaksat (002),(211),(300),(202),(212),(2
2 2), and (2 1 3) planes were got from XRD study clearly signifies the presence of
hydroxyapatite phase and were tallied with the standard JCPD card (09-0432) of hydroxyapatite.
In doped variants, the peaks were slightly shifted due to the doping effect. The lattice parameter
study showed that on doping with Zn, Ti, and Mg ions, the unit cell value and the percentage of
crystallinity were decreased. This might be attributed to smaller atomic radii of the dopants e.g.
zinc (134 pm), magnesium (160 pm), and titanium (147 pm) in comparison with calcium (197
pm). The FTIR plot showed the presence of functional groups. At 570 and 1023 the peak
signified the presence of phosphate ion whereas at 3752, a stretching band of hydroxyl ion was
present. The green density was measured of Eggshell HAp (1.546 gm/cc), Pure HAp
(1.53gm/cc), 3% zinc doped pure HAp (1.6 gm/cc), 3% zinc doped Egg shell HAp (1.602
gm/cc), 5% zinc doped Pure HAp (1.644 gm/cc), 5% zinc doped Egg shell HAp (1.628 gm/cc),
3% magnesium doped Pure HAp (1.462 gm/cc), 3% magnesium doped Egg shell HAp (1.504
gm/cc), 5% magnesium doped Pure HAp (1.494 gm/cc), 5% magnesium doped Egg shell HAp
(1.526 gm/cc), 3% titanium doped Pure HAp (1.564 gm/cc), 3% titanium doped Egg shell HAp
(1.562 gmlcc), 5% titanium doped Pure HAp (1.602 gm/cc), 5% titanium doped Egg shell HAp
(1.596 gm/cc). It was noted that the green density values of various composition samples were
not significantly changed. A similar kind of bulk volume was noticed. Enhancing the sintering
temperature of all the samples from 950°C to 1050°C minor changes were noticed. The 5% zinc-
doped Pure HAp and 5% zinc-doped Eggshell HAp showed the maximum density at 1050°C.
The magnesium-doped samples showed a lower density whereas titanium-doped samples showed
a moderate value. Porosity, a crucial parameter in scaffold synthesis, plays a vital role in bone-
tissue implant fixation. Porosity with greater than 150 um would be beneficial for bone-tissue
implant material. The apparent porosity of the prepared pellets was measured through
Archimedes principle method and grain size-pore size values were measured by screen ruler
software technique. It was noted that a good amount of porosity (>150 um) was present in all
compositions which could promote anchorage of bone cells and bony in-growth. Porosity was
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greatly reduced with the increase in temperature. The concentration variation of dopants did not
alter any kind of significant changes in grain size, porosity, and crystal structure. The SEM
images of all the sintered scaffold samples clearly denoted the presence of nodular-shaped pores
and the E-DAX results provided the presence of calcium, phosphorus, oxygen, zinc, magnesium,
and titanium ions. Hardness values getting through the Vickers hardness tester instrument
provided that the prepared scaffolds were hard enough to withhold the body pressure after
implantation. The prepared scaffolds' hardness values were greater than 3.64 GPa. The 5% Zn-
doped Pure HAp and 5% Zn-doped Eggshell HAp showed maximum hardness values of 3.86
and 3.97 GPa. It might be due to the higher densification of the ceramic by zinc than other ions
in the compositions. The hardness of all doped compositions was higher than pure values.
Different biological tests were performed to check the efficacy of the materials. Apatite layer
formation was noticed above the pellet surfaces through simulated body fluid (SBF) studies. It
was observed that apatite layer formation was started after seven days of immersion. 5% titanium
and 5% zinc doped Eggshell HAp were better than other varieties as they gave maximum apatite
layer formation. The pellets were degraded in SBF solution after immersion and lost their
weight. The weight degradation study showed that the rate of degradation is faster till the 12-15
days, after that the rate becomes slower probably because of apatite layer formation above the
pellets. The percentage transmission in the SBF solution was gradually changing up to 12-15
days. After that the change was stable. Another biological test i.e. hemolysis study was done by
using human blood. It was observed that all the prepared samples exhibited a percentage of
hemolysis less than 5. So, according to the ASTM guidelines the prepared samples were
hemocompatible. The Pure HAp and Eggshell HAp showed maximum hemocompatibility.
Murine osteoblastic cell study in MTT assay method showed that after 24 hours of incubation
period, more than 80% of cells were viable in all the samples. It may predict that the samples
were cytocompatibility. Antimicrobial studies were done by using 1 mg/10 ml and 2 mg/10 ml of
all the samples in nutrient agar media through bacteria culture addition and incubation at 24
hours. The study showed no zone of inhibition in all the samples. So it was concluded the
materials were not bactericidal. In line with the results, a comparative assessment of 5% zinc and
5% titanium of both sourced samples was done in vivo and observed the differences in their
impact on living body. The animal studies were conducted in two groups, Group | (control) and
Group 11 (test). In Group I, no samples were implanted whereas for Group 11 the porous scaffold
samples were implanted aseptically in the created defect bone area. The healing effect was
evaluated for all the samples after one-month and two-month intervals. No local inflammatory
reaction was seen after sixty days postoperatively for all groups of animals. The radiographic
study in the control group revealed minor healing at the end of one month and after two-month
the gap was reduced but not totally filled up. For the test group after one month, it was found that
the Pure HAp implant was degraded to a nearly roundish shape, Egg shell HAp implant degraded
to a greater extent and Zn doped Egg shell HAp the defect was healed satisfactorily. In Ti-doped
Egg shell HAp, optimum healing was achieved with no radiographic diaphyseal defect along
with a minimum amount of callus. After a two-month duration, cortical discontinuity was radio-
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graphically evident in Pure HAp and Eggshell HAp, the bony defect was healed completely in
Zn doped Egg shell HAp, whereas bone defect was still visible in Ti doped Pure HAp. In Ti-
doped Egg shell HAp, the implant was nearly degraded with the establishment of cortical
continuity. In a histological study, after a month interval, Pure HAp images showed very few or
fewer haversian canals with the presence of moderate red blood cells (RBCs), mononuclear cells,
osteoblasts, and some fibrinous threads whereas the shell HAp sample depicted more haversian
canals along with RBCs, mononuclear cells, and scanty osteocytes. Ti-doped Eggshell HAp
showed centrally a big haversian canal containing angiogenic vessels and mononuclear cells,
osteoblasts, and a small amount of osteocytes, and the Zn-doped HAp samples showed the
presence of proliferating osteocytes and abundant RBCs mononuclear cells, and fibrinous cells in
the medullary cavity indicated that the healing process was started. After a two-month interval,
Ti-doped Egg shell HAp microphotograph showed abundant osteoblasts, osteoclasts with
haversian canals and angiogenesis and Zn-doped Egg shell HAp showed the presence of
abundant osteoblast and osteoclasts cells. In the oxytetracycline labeling study it was noted after
a two-month interval that the control sample contained 26.47 + 1.98% newly formed osseous
tissues, Pure HAp contained 31.47 + 1.86%, Eggshell HAp had 43.30 + 1.84%, Ti-doped Pure
HAp had 54.41 + 1.93 %, Zn-doped Egg shell HAp had 58.52 + 2.06%, Ti-doped Egg shell HAp
had 59.31 + 1.89% new osseous tissue. It was concluded that 5% of doped varieties of Eggshell
HAp exhibited faster healing rate (radiography study), more amount of osteoblasts, osteoclasts
with haversian canal (histological analysis), more percentage of new bone formation
(oxytetracycline labeling study).

Scope of the future work:

e

AS

Calcined eggshell powder may be chosen instead of synthetic calcium source powder.
Alternative bone substitutes may be taken into consideration.

The time span of the application can be altered.

In-vivo studies in another model can be tried.

Clinical study can be done if the ethical committee permits.
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