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ABSTRACT

Instead of focusing on separate biomaterials like ceramic, metallic, and polymeric materials,
researchers are more interested in synthesizing bio composites. In order to achieve the desirable
properties, the composites have been synthesized using different materials. Bioactive ceramics
have garnered considerable interest due to their biocompatibility, including of Hydroxyapatite
(HA) that has been found to be the most suitable substitute for bone auxiliary, since it is the
mineral component of bone matrix that most closely mimics the bone. The intrinsic low strength
of HA hinders its usage as a long bone replacement and load-bearing structure. As a result, it is
vital to produce composite constituents with enhanced biomechanical properties as, hardness and
young’s modulus. The objective of this research is to synthesize hydroxyapatite-based
composites with enhanced mechanical properties, good biocompatibility and acceptable
biodegradability. In this endeavor, the synthesis of binary composite is reported. At first, the
hydroxyapatite has been synthesized using chemical precipitation method and later the
pretreatment to the synthesized hydroxyapatite and graphene oxide has been done. The calcination
of hydroxyapatite was done whereas reduction of graphene oxide has also been employed. The
characterization of synthesized hydroxyapatite powders has been done so as to evaluate the
structural changes occurred after obtaining the materials. Afterwards, the calcined hydroxyapatite
and reduced graphene oxide has been blended through in different ratios so as to obtain the binary
composite through ball milling. The binary composites of (Hydroxyapatite: Reduced graphene
oxide) HA:rGO has been made in ratios of 90:10 namely HrG1, 80:20 namely HrG2,70:30 namely
HrG3,60:40 namely HrG4 and 50:50 namely HrG5. Further, these composites have been
investigated through FTIR, XRD along with mechanical characteristics such as compressive
strength and Young’s modulus of elasticity. In order to boost up the mechanical properties heat
treatment of 2 hours at 200°C has been employed to the pellets containing the composite of
hydroxyapatite and reduced graphene oxide (HA/rGo) and then were examined for mechanical
characteristics. Additionally, the biodegradable polymer carboxymethyl cellulose (CMC) has
been used to reinforce the binary composite. Further, the variant of binary composite has been
further reinforced with the biodegradable polymer named carboxymethyl cellulose (CMC). The
polymer addition into the binary blend HrG4 that has attained the highest Compressive strength

leads to the formation of ternary blend. Different percentage compositions of carboxymethyl



cellulose have been incorporated in blends for hydroxyapatite, reduced graphene oxide and

carboxymethyl cellulose found to be 60:30:10 in B1, 60:20:20 in B2 and 60:10:30 in B3.
Thereafter, these ternary composites have been subjected to heat treatment under constant
pressure of 7.8 psi at two different temperatures of 100°C and 150°C and for three-time intervals.
After being heat treatment of the ternary composites, the structural and morphological
characterization has been done. The novel ternary composite has been scrutinized for the
Compressive strength using universal testing machine (UTM) and for the hydrophilicity through
water contact angle measurement (WCA). Further, the obtained data for the ternary blends has
been optimized using grey-Taguchi approach. The grey-Taguchi method has been implemented
for the working conditions of processing temperature, processing time and the compositions of
the carboxymethyl cellulose. Whereas the wettability and the mechanical strength has been taken

as the outcomes for the experiments.

Nevertheless, the biodegradability and biomineralization assays also have been performed for the
optimized blends. Moreover, the biological compatibility of the prepared ternary composite has

been evaluated using MTT assay.

On calcination of the hydroxyapatite, an elevation in the crystallinity has been observed from
42.49 £1.2% in hydroxyapatite (HA) to 73.09 +1.5% in calcined hydroxyapatite (CHA). The
successful thermal reduction has been achieved and validated through FTIR and XRD in which a
clear peak shift from 26.35° to 11.6° has been obtained. Further the binary composites of the
calcined hydroxyapatite and reduced graphene oxide has been characterized and the morphology
has also been studied using FESEM. The surface roughness has been obtained to be decreasing
on increasing the concentration of reduced graphene oxide. Further, the mechanical studies for
the blends of calcined hydroxyapatite and reduced graphene oxide have been performed. The
maximum compressive strength for HrG4 to be 185.16+ 4.87 MPa. Further, the carboxymethyl
cellulose has been incorporated to the composite of calcined hydroxyapatite and reduced
graphene oxide so as to obtain ternary composite. The ternary composite of calcined
hydroxyapatite, reduced graphene oxide and carboxymethyl cellulose has been fabricated
through heating under pressure. The Compressive strength and the wettability have been
determined for the different variants of the ternary composites which further have been
optimized using grey-Taguchi approach. As per grey relational grade analysis (GRG),
composition has the highest effect on the outcomes followed by the processing time and

\"



temperature. Nevertheless, the desirability test also has been employed which validates the
obtained experimental data. The obtained R? for GRG analysis found to be 0.994 whereas the

predicted determined as 0.964 showing the least difference, hence the success of the experimental
data obtained. Furthermore, the morphology of the ternary composites revealed the agglomeration
and on analyzing the water contact angle, it has been found that the ternary composite of
HA/rGO/CMC is hydrophilic in nature. Finally, after being evaluated using the MTT assay, it was
found that the ternary composite was non-toxic and showed biodegradability because of the

presence of carboxymethyl cellulose.

Keywords: Hydroxyapatite, Reduced graphene oxide, Carboxymethyl cellulose, ImageJ, Surface
roughness, Wettability, Grey-Taguchi, Biodegradability
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Chapter 1

INTRODUCTION




INTRODUCTION

Millions of individuals worldwide suffer from conditions affecting the bones and joints, including
rheumatoid arthritis, osteoarthritis, and fractures. The injury most often treated in orthopedic
procedures is a bone fracture, which requires a fixation device in order to regenerate the
bone properly (1). According to allied market research, the worldwide orthopedic implant market
was valued at $49.4 billion in 2023 and is expected to rise at a compound annual growth rate
(CAGR) of 4.4% from 2024 to 2033, reaching $76.4 billion by that time. The growing prevalence
of musculoskeletal disorders and orthopedic conditions, technological developments in implant
materials and designs, the growing demand for minimally invasive surgical procedures, and the
expansion of healthcare services availability in developing nations are the main factors propelling

the growth of the orthopedic implants market as shown in the following Figure 1.
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As a result, a lot of researchers have concentrated on creating novel biomaterials for orthopedic
purposes. Nowadays, many orthopedic applications use metallic implanted devices. According to
Chandra Mohan and co-workers, metallic implants are linked to an array of difficulties, including
corrosion, metal incompatibility, magnetism effect, osteoporosis, and delayed fracture healing at
the implantation site (2). Additionally, the bulky metallic particles have an impact on the
production of new cells in the bone. Stress shielding is also triggered by the metallic implant and
the modulus of the metallic implants do not match to that of the bone. Furthermore, metallic
implants necessitate additional procedures for the purpose of removing the implanted devices (3).
For orthopedic applications, researchers are currently emphasizing on creating biodegradable, non-
toxic, and temporary implants. Ceramic materials have become another candidate to substitute the
metal implants because of their superior mechanical, biological, and biocompatible qualities.
Ceramics do, however, have several drawbacks, including their tendency to be brittle and their low
tensile and fracture toughness (4). Thus, the issues with metals and ceramic implantable devices
have been resolved through the use of biodegradable materials. Second surgery is not required

as the material degrades itself over time and supports the formation of new bone cells as well (5).

Hydroxyapatite (HA) is an apatite-family ceramic. The term "apatite” is derived from the Greek
word apatite, that means "deception.” Because of the variation in form and color, Hydroxyapatite
(HA) was given this name (6-8). Apatite refers to a class of materials with crystal densities ranging
from 3.16x10-3 to 3.14x10-3 g/mm3 and the formula L1o(MOa)e(N)2. The formula L1o(MQO4)s (N)2
implies a divalent metal cation (Ca?*) as L, a pentavalent phosphorus cation (P°*) denoted by M,
and an anionic radical N, including one of CI, F, or OH (9,10). Calcium phosphate-based
ceramics are of tremendous interest as synthetic biomaterials and thus frequently used in a variety
of medical applications. HA is a calcium phosphate ceramic material that has excellent

biocompatibility and innocuous nature aids in the bone healing process (11-13).



multidisciplinary domains as in life sciences and medicine. Calcium phosphate-based ceramics are
of tremendous interest as synthetic alternatives. Numerous sources for the extraction of
hydroxyapatite have been reported for instance eggshells, coral, fish bone, chicken bone and many
more (14).

1.1 NEED AND SCOPE OF PRESENT RESEARCH

Thus, the issues with metals and ceramic implantable devices have been resolved through the use
of composite materials. Addition of robust and biodegradable material not only prevents the second
surgery but also supports the formation of new bone cells as well (5). In order to obtain the
advantages of each constituent material without altering the physical, chemical, and mechanical
properties of each material, composite materials become another promising approach for tissue
regeneration. Combining the two or distinct components results in the formation of composites.
The composites are composed of two basic materials known to be filler and the matrix. The matrix
is the base of the composite material which has been reinforced with other components known as
fillers so as to ameliorate its properties. It also has been reported that the compressive strength for
cortical bone found to be 200 + 36 MPa, with elastic modulus of 18.6 + 28.8 GPa whereas for
cancellous bone, compressive strength ranges from 1.5-3.8 MPa with elastic modulus ranging from
100-157 MPa (15). In addition, the microhardness of cortical bone reported to be 0.62-0.74 GPa
whereas for cancellous bone it is found to be 0.63+ 0.11 GPa (16).

Hydroxyapatite (HA) being the basic material already present in the bones found to be one of the
vital aces in the field of bone regeneration. The need to improvise the mechanical properties of the
hydroxyapatite as well as the biodegradability and biocompatibility is another important area to
explore. The carbon base materials inclusive of graphene and its oxide possess High electrical,
mechanical, and electrochemical characteristics. It has been reported that the reduced graphene
oxide was found to boost up the mechanical properties including mechanical strength, hardness of
reinforcing the material to carboxymethyl cellulose (17). Furthermore, Jabbari and colleagues
found that Silk fibroin/chitosan/reduced graphene oxide scaffolds with a weight ratio of 84:7:9 had
improved mechanical strength and biocompatibility(18). Another class of biomaterial that can be
employed to create a viable scaffold is polymers. Polymer addition has been done to increase the
mechanical strength even more withoOOut sacrificing the biodegradability and biocompatibility of

the composite. It has been described that the polymers distribute evenly across the material and



withstand the higher loads (19,20). Carboxymethyl cellulose (CMC), sometimes called cellulose
gum, is an anionic substance that is made of cellulose and carboxymethyl groups. Kukrety and
colleagues have provided a thorough description of how carboxymethyl cellulose is extracted from
cellulase-based natural resources such as sugarcane bagasse, cotton stalks, banana stems, paper
sludge, and sago waste (21). Its uses in many industries are expanded by its many
attributes, including biodegradability, innoxious nature, low production costs, and an abundance
of natural resources. CMC and its blend have a wide range of applications in the fields of drug
delivery (22,23), skin tissue engineering (24), bone tissue engineering (25,26) and wound healing
(27,28). Furthermore, CMC demonstrates a wide range of applications in quality of water (29), the
textile sector (30,31), and packaging for food (32). Recent research by Basu et al.
shown the CMC-based film effectiveness in wound healing in both normal and diabetic models
of animals (33). Through solvent mixing and freeze drying, chitosan, carboxymethyl cellulose, and
a zinc and iron-loaded hydroxyapatite scaffold were created. These materials demonstrated
antimicrobial properties, decreased degradation behavior, and increased bone cell proliferation
(34).

In the present work, in order to achieve the compressive strength and microhardness near to the
human bone as aforementioned, the hydroxyapatite has been calcined and reinforced by reduced
graphene oxide and later with carboxymethyl cellulose to make a ternary novel composite. Further,
the hydroxyapatite has been synthesized by chemical precipitation method and calcined to improve
the crystallinity. Further reduced graphene oxide (rGO) has been formed via thermal treatment and
reinforced to calcined hydroxyapatite to form the binary composite. Further, the binary composite
has been characterized using XRD, FTIR, FESEM and studied thoroughly for the mechanical as
well as for the biocompatibility. The best variant of this binary composite has been further used to
fabricate the ternary composite by including another filler namely carboxymethyl cellulose which
not only ameliorated its mechanical properties but also gear up its biological compatibility. Further
the ternary blend of hydroxyapatite, reduced graphene oxide and carboxymethyl cellulose has been
further analyzed through FTIR, XRD. Nevertheless, the ternary composite has been optimized by
using grey-Taguchi approach and the optimized ternary blends has been further investigated for the
mechanical and biological studies.

1.2 Outline of the thesis

The entire thesis work has been divided into five chapters, which are as follows: Chapter 1
5



gives an introduction to the research and its significance. Chapter 2 includes a review of the
literature, including principles and fundamental understanding of basis of different materials, as
well as potential improvements in the efficacy of hydroxyapatite-based composites
for regeneration of tissue. It was also highlighted for potential methods for boosting
the attributes of hydroxyapatite to make it more effective for tissue regeneration applications.
Various properties of reduced graphene oxide and carboxymethyl cellulose has also been
detailed in this chapter and can be used for reinforcement and can be a good candidate for the
application into biomedical applications. Chapter 3 describes the materials and procedures used
to manufacture hydroxyapatite-based composite, as well as their physical, chemical, and
biological properties.

Chapter 4 discusses the results and discussion of experimental work, which is divided into the
following sections with each objective in each part:

Part I describes the processing and characterization of biomaterial preparation additives. Part Il
describes the objective that investigate the mechanical properties of biomaterial fillers.

Part 111 focuses on biomaterial production procedures such as polymer addition to the additive
and characterization. Furthermore, the optimization of the mechanical properties of the
polymeric biomaterial using the grey-Taguchi approach has been explained. Part 1V displays
the biological compatibility criteria of the ternary blend. Chapter 5 contains a brief review and

conclusion of the thesis work, as well as future research recommendations.
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LITERATURE SURVEY

Today, biomaterials play an important role in medicine, restoring function and promoting healing
after injury or sickness. Natural or synthetic biomaterials are utilized in medical applications to
maintain, augment, or repair damaged tissue or a biological function. The usage of biomaterials
stretches back to antiquity, when ancient Egyptians utilized sutures composed of animal sinew.
Biomaterials is a modern field that includes medicine, physics, chemistry and life sciences as well
as the latest impacts from tissue engineering and materials science. Because of advancements in
tissue engineering, regenerative medicine, and other fields, the discipline has grown dramatically in
the last decade.

2.1 Background of Biomaterials

Biomaterials are natural or man-made materials that are utilized to maintain or totally replace the
function of malfunctioning tissues in the human body. The entire or partial replacement of flawed
or unhealthy tissues has enhanced quality of life and extended average longevity which has spurred
interest in the subject of biomaterials. Despite the fact that biomaterials an emerging
interdisciplinary field but its practical uses stretch back thousands of years. Glass eyes, metal
noses, and ivory teeth recovered on Egyptian corpses are excellent examples (35). The
renown iron-based hooks and wooden legs of the pirates are also famous instances. The skull of the
Tlailotlacan woman from ancient Teotihuacan (Mexico) was reported who died around 1600 years
ago with dental implants in the form of embedded mineral stones as replacement teeth. In a similar
vein bronze and copper replacements for bones from thousands of years ago that were designed to
be inserted in the human body should be regarded as biomaterials. Due to a lack of superior
materials, copper implants were particularly popular until the mid-nineteenth century. Stainless
steel soon eliminated copper. Gold has been used in dentistry for over 2000 years. In his writings,
Hippocrates recalls sutures made of gold are being utilized to join tissues. Biomaterials include
devices made from cadaver bones and ivory in the 1880s for use in orthopedics(36). Further, the
sterilization has been introduced by Lister that has been implemented in surgical procedures.
Nevertheless, Metal nails, total hip replacement, cornea substitutes have been invented in the early
in early 1940s. Later, the Artificial heart and its valve also valve has also come been come to light

in the 1980sin 1980s (35). Also, the hip arthroplasty was introduced arthroplasty introduced that
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was used to replace hip joint (37).

2.2 Biomaterials and types of Biomaterials

Biomaterials are substances embedded within or utilized in association with the body that have
been developed to possess properties that closely mimic those of the biological system, remain
sufficiently stable for the intended use, to have acceptable levels of bioactivity, and either partially

or entirely replace the functions of flawed, or failing tissues.

Biomaterials can be classified on to basis of origin as well as on the basis of generations. On the
basis of origin, the biomaterials have been divided into four groups namely, metals, Polymers,
Ceramics and composites as shown in Figure 2.1 On the other hand, the biomaterials can be
classified on the basis of development with the time and described as first generation, second

generation, third generation and fourth generation demonstrated in Figure 2.3 below.

— Bioinert
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Biodegradable

non-
biodegradable

n
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-
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Figure 2.1: Classification of Biomaterials

10



2.2.1 Metallic Biomaterials:

Metallic biomaterials inclusive of stainless steel, titanium alloys, and cobalt chromium
molybdenum alloys, which are used to make implants for surgery and prosthetic devices that
substitute disabled body parts caused by trauma, disease, or ingrained conditions. Cobalt
chromium molybdenum alloys and stainless steel are the most commonly used cobalt base
alloys for bone grafts due to their superior features such as higher strength, hardness, creep
resistance and biocompatibility (38). Metals possess limitation as stiffness, get corroded and
have high specific weight and density due to which metals are hard to process (39). Basara and
co-workers developed a novel composite using titanium carbide (Ti3C2Tx) MXene with
polyethylene glycol through 3D printing and reported biocompatibility on analyzing
cardiomyocytes (40).

Owing to higher mechanical properties, permitted biological compatibility, corrosion
resistance, and low cost (41), 316L SS is frequently employed in bone restoration and
substitution for acetabular cup of hip joint, plates and screws (42). Some of the metallic
implants available under the trade name of Ti6AIl4V for titanium alloy, Vitallium for Cobalt
chromium alloy and Orthinox for stainless steel (43). Furthermore, the magnesium-based
alloys have also been used successfully showing higher mechanical strength and reasonable
biocompatibility (44,45). In addition, some of the biodegradable metallic biomaterials have
also been reported. Toghyani and co-workers successfully obtained MgF2 coated porous Mg
from the sucrose and it degrades over time (46). Further, porous Zinc scaffolds have been
fabricated through additive manufacturing for the application into bone tissue engineering (47) .

The different iron-based biomaterials and bulk metallic glasses have been elaborated (48).

2.2.2 Ceramic Biomaterials:

Bio-ceramics, both natural and synthetic, are intended to form a strong link with bone and have
emerged as a contender to metallic implants. Bio-ceramic materials used for hard and soft
tissue repair and regeneration can be categorized based on the composition, framework, and
characteristics. Bio-ceramics are a class of inorganic and non-metallic ceramics utilized for the
recuperation and regrowth of diseased or damaged musculoskeletal system and periodontal

abnormalities. Ceramic materials for orthopedic load-bearing coverings (hip acetabular cups),
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2.2.2.2

bone grafts and bone cements, and implants for teeth have been designed (49). Bio-ceramics
are distinguished by their high biological compatibility, osteo-conductivity, corrosion
resistance, and hard brittle surface. Bio-ceramics have low fracture toughness, brittleness, poor
elasticity, and extreme stiffness The development of bio-ceramic materials is at the forefront of
health-related issues in many countries (50). Arguably, research into ceramic biomaterials has
reached a level of involvement and sophistication comparable only to electronic ceramics.
Despite the fact that calcium phosphate-based coatings on hip, knee and dental implants have a
long history of clinical success, quest of improving the longevity of implants and to impart
them with better physiological properties is high up on the agenda of numerous research groups
around the world. Coating the stem of modern cementless endoprostheses with a layer of
plasma-sprayed hydroxyapatite improves the ingrowth of bone cells and thus assists in
anchoring the implant to the cortical bone matter. However, since the high temperature process
of plasma spraying leads to incongruent melting and thus thermal decomposition of the
hydroxyapatite, knowledge of the complex transformation sequence is essential to design
coatings with optimum stability and hence biological performance. This contribution reviews
recent research into the thermal history of thermally sprayed calcium phosphate coatings as
well as their in vitro behaviour in contact with simulated body fluid that limits the use of bio-

ceramics for tissue engineering (TE). Bio-ceramics are broadly categorized as follows:

Bioinert: These bio-ceramics showed zero interaction with the tissue into which the bio-
ceramic has been integrated and it provides support to the structural framework. On the pros
side, these ceramics reduced wear showed excellent tribological properties whereas on the cons
side, such material showed poor fracture toughness, dislocation, slow crack growth and
disastrous failure (51-54) . Tantalum oxide, Alumina and Zirconia are some of the examples.

Bioresorbable: The calcium-phosphates and Hydroxyapatite are some of the important
biodegradable ceramics. These ceramics possess high stiffness, biocompatible, better
osseointegration traits but are limited to thermal instability. Biodegradable materials entirely
breakdown into body tissue fluid due to the chemical structure of the materials (55,56).
Calcium phosphate (CaP) bio-ceramics are widely used in the field of bone regeneration, both
in orthopedics and in dentistry, due to their good biocompatibility, osseointegration and
osteoconduction. A wide variety of CaPs are presented, from the individual phases to nano-

CaP, biphasic and triphasic CaP formulations, composite CaP coatings and cements,

12



2.2.2.3

functionally graded materials (FGMs), and antibacterial CaPs. We conclude by foreseeing the
future of CaPs (57). A variety of biodegradable implants made of polymers, ceramics, and
metals were developed and tested in humans. Controlled degradation of bioresorbable bio
ceramics may be more advantageous to patients. Calcium phosphates are widely employed in
both dentistry and orthopedics for bone tissue engineering. The bone structure comprises of
calcium phosphate therefore, the salts calcium and phosphates have been employed to
substitute and strengthen bone tissue for many years. Calcium phosphate bio-ceramics exhibit
biological absorption and bioactivity. Calcium phosphate can be encountered in a variety of
forms, the most common of which being hydroxyapatite (HA) and -tricalcium phosphate (-
TCP) in therapeutic uses. The bioactivity is determined by their chemical structure and
crystallinity. Nonstoichiometric apatite structures with CO23 and HPO? ions are extremely
dispersible and resorbable. Similarly, tricalcium phosphate is easier to absorb than
stoichiometric apatites like HAp. The calcium to phosphate ratios and forms of calcium

phosphate ceramics are discussed in detail by Hasirci and co-worker (35).

Bioactive: Bioactive ceramics possess higher stability, superior cell proliferation and
stability but being brittle these materials possess lower strength, toughness and ductility
(51). According to the researchers, bioactive glasses are biocompatible ceramics that, when
exposed to biological fluids, develop a Hydroxyapatite layer that fosters strong chemical
interactions with tissues (58). Ceramic-based implants displayed high bioactivity and
biocompatibility in an in-vivo conditions, as well as corrosion resistance. Ceramic implants
outperformed polymer and metal-based implants in terms of osseointegration and osseo-
conduction activity inside the human body, promoting rapid healing of shattered and diseased
bones. The only drawbacks of ceramic biomaterials are their brittleness and tendency to
rupture under tensile conditions, which limits their full use in load carrying bones (59).

2.2.3 Polymeric biomaterials

Polymeric biomaterials, consisting of repeated monomer subunits bound by a covalent link, have

found extensive application in the biomedical area owing to their extremely versatile and adaptable

physio-chemical, and biological characteristics. Naturally occurring polymers are often

biodegradable, plentiful, and easy to handle (60) whereas Synthetic polymers can have their

properties easily adjusted and come in a wide range of compositions. The mechanical and
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biological properties of polymers can be concurrently enhanced using techniques inclusive
of copolymerization, and blending. Its minimal immunogenicity and effective control and
replication of molecular structure are the greatest benefits. The aforementioned advantages can
certainly satisfy the requirements of regenerative medicine (61). Nowadays, implants, tissue
replacements, drug delivery methods, bio adhesives, biological sensors, suture components, and
ophthalmic devices are evident in the applications for polymeric biomaterials. Natural polymers
exhibit low immunogenicity and high biocompatibility in lieu of which natural polymers can be
used for long term implants. A naturally occurring protein found in the skin as well as
in connective tissue cells is collagen and have been extensively used for the synthesis of scaffolds
and implants for tissue engineering and regeneration (62—64). In the field of tissue engineering,
natural polymers such as collagen, keratin, fibronectin, and laminin are also being investigated for
their potential (65-67). The most researched natural polysaccharides for biomaterial applications
are alginate, chitin, chitosan, and other gums (68,69). Rapid degradation, poor mechanical strength
and high susceptibility to contamination setback the use of natural polymers. Natural polymers
further have been grouped into two categories polysaccharide based and protein based.
Polysaccharides have excellent degradability, bioactivity, simplicity of chemical manipulation,
inexpensive manufacturing costs and mimics the extracellular matrix (70). Chitosan, Heparin,
Alginate, Carrageenan, Cellulose, Starch are some of the polysaccharides based natural polymers.
whereas Collagen, Gelatin, Fibrin, Silk fibroin extensively used protein based natural fibres.

For patients who experience allergic reactions to natural polymers, synthetic polymers are the most
suitable alternatives. Synthetic polymers do not induce persistent immunogenic inflammation and
are less immune-stimulating. Synthetic polymers exhibit superior mechanical properties in
comparison to natural polymers (71). The synthetic polymers can also have their biodegradability
altered, which enables them for use in tissue engineering applications. The Synthetic polymers
have been divided into degradable polymers inclusive of Polyethylene glycol, Poly-
hydroxybutyrate (PHB), polycaprolactone (PCL), Polyvinyl Alcohol (PVA), Polyethylenimine and
non-degradable including Polyurethane, Poly methyl methacrylate (PMMA), Polyethylene
terephthalate, Polyethersulfone (72). Because of their effectiveness in biomedical applications, a
number of synthetic polymers, including polylactic acid (PLA), polyvinyl alcohol (PVA),
polycaprolactone (PCL), and poly lactic-co-glycolic acid (PLGA), are the most researched (73—
75). Different kinds of polymers, both natural and synthetic, can be generated in numerous designs

such as films, hydrogels, 3D printed implants, microneedles, nanogels and scaffolds (76—78).
14



Table 2.1: Different forms of the Polymeric biomaterials

S.No. | Formulations | Polymer Used Applications References
1 Microneedles | Polylactic acid (PLA) Drug delivery System (79)
2 Microrobots Poly (lactic-co-glycolic Anti-inflammatory response (80)
acid)
3 Micelles Poly((N-vinylpyrrolidone)- | Drug delivery (81)
block-poly (vinyl acetate))
(PVP-b-PVAC)
4 Aerogel Nanocellulose Skin tissue engineering (82)
5 Hydrogel Collagen I, Agarose, Skeletal muscle tissue (83)
Alginate, Fibrin, and engineering
Collagen Chitosan
6 Membrane Poly (lactic-co-glycolic Periodontal tissue regeneration | (84)
acid)
7 Microparticle | PLA and PLGA Anti-inflammatory activities (85)
8 Film Chitosan Skin tissue engineering (86)
9 Sponges Chitosan Bone tissue engineering (87)
10 Bioinks Gelatin Cartilage regeneration (88)

2.2.4 Composites biomaterials

Composites are materials made up of multiple components, each of which has unique structural

and physio-chemical properties and works synergistically to provide the ideal mixture. The

earliest engineered composites were created for the automotive and aerospace sectors to provide

durable, robust, and stable materials whose performance surpassed specifications. Research on

engineered composites began in the 1960s. The incorporation of two materials in which one acts

as a reinforcement in the form of fibres, sheets, or particles encased within the other material,

the matrix, is commonly referred to as a composite.
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Table 2.2: Various Composites and applications in tissue engineering

S.No

Composite

Fabrication Method

Major Findings

Application

Reference

PLA/Hap

3D printing

Biocompatible on
human MG-63
osteoblast cell lines
Compressive stress 53
+0.2 MPa.

Collagen/Hap/Deoxy

Freeze casting method

Biocompatible on
Bone marrow-derived
mesenchymal stem
cells (BMSCs)
Antibacterial activity
for S. aureus and P.

aeruginosa

Strontium
Chitosan/MMT

Freeze drying method

Biocompatible on Human
primary osteoblast
(hOBs)

HA/Zein

Calcium  oleate-

based
solvothermal method

Maximum tensile
strength of 114+ 8MPa
Cytotoxicity observed in
Mouse mesenchymal

stem cells

Collagen/B-TCP

3-axis printing system

Bio-ink of
collagen/cells/ B-TCP
has been made.
Osteogenic in MC3T3-E1
and hASCs cells

Ti-Forsterite/PHB

Sol-gel and dip
coating

Technique

Biomineralization in
SBF and

Biocompatibility on

Bone tissue

engineering

(89)

(90)

(91)

(92)

(93)

(94)
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MGG63 cells observed

WPI/gelatin/CaP

Ultrasonication

Biocompatible in human
osteoblast-like MG-63
cells

MBG/Silk fibroin and
MBG/PCL

3D printing

Compressive strength of
20MPa, Osteogenic gen
markers in mice has
been detected qRT-PCR
technique

(95)

(96)

Collagen/CMC

Lyophilization

Biocompatible on
Keratinocyte

Elastic modilus of
Bilayer of collagen and
chitosan found to be
523.92 + 156.26 kPa

10

Collagen/Elastin

Lyophilization,
Electrospinning

Biocompatible on
human fibroblast and

human keratinocytes

11

Polypyrrole/Chiosan/
Collagen

Electrospinning

Scaffold showing
electrical conductivity to
be 164.274 x 10-3 s/m
Biocompatible on
SHSY5Y human

neuroblastoma cells.

12

mSF/PGS and
CS/PGS

Particulate leaching
and

freeze-drying

Biocompatible on
fibroblast of mice.
Pore size of 50-250 um
obtained

Skin tissue

engineering

97)

(98)

(99)

(100)

13

PU/CS/CNT

Electrospinning and

Electro spraying

Highest Tensile
strength of about 13
MPa for 1%LDH

obtained.

Cardiac  tissue

engineering

(101)
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Scaffold found to be
biocompatible on SH-
SY5Y cells

14

PVA/Silk Fibroin

Electrospinning

Highest Tensile strength
found to be 4.67 +1.11
MPa

(102)

S.NO.

Composite

Fabrication Method

Major Findings

Application

Reference

15

PLA/Chitosan

Electrospinning

The maximum Young’s
modulus found to be
83.67 £ 14.51 MPa.
PLA /Chitosan showed
viability on
Cardiomyocytes
assessed through LDH
assay kit

16

PCL/CNT

3D printing

Average maximum
Peak load found to be
1.27 £0.07 mN

Slight proliferation in
the H9c2 myoblast cells
observed

(103)

(104)

17

PLA/Polyaniline

Electrospinning

Water contact angle
found to be decreased
from 138.6°+ 0.7 to
127.2°+£1.2.

An APPJ
(atmospheric pressure
plasma jet) treatment

has been done.

18

PPy/SF

3D printing

Electrospinning

Biocompatibility on
Schwann cells

Nerve tissue

engineering

(105)

(106)

Different composites inclusive of polymers, natural fibers, carbon nanotubes, ceramics, metals

have been described in the table above along with the fabrication methods and the applications into

tissue engineering.
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2.2.5 Nanomaterials

One of the most cutting-edge technologies of the modern era, nanotechnology focuses on the
creation of materials and structures with dimensions ranging from one to one hundred
nanometers (107). The physical-chemical and biological characteristics of materials at nano size
scale differ greatly from those of materials in bulk at greater sizes. Nanomaterials possess unique
mechanical, biological, and physico-chemical characteristics that can be used in a wide range of
applications due to their extremely small size, enormous surface area, and big surface to volume
ratio. Thus, nanotechnology has transformed practically every aspect of our daily lives as well as
scientific subjects (108). A plethora of opportunities in healthcare have been made possible by the
use of nanotechnology in medicine, or "nanomedicine,” including those related to disease
diagnosis (109), and drug delivery (110), bioimaging (111,112), tissue engineering, and
regenerative therapies (113,114). Numerous medications including those for diabetes (115),
infections (116) and inflammation (117), have made use of nanomaterials. As a carrier system for
the m-RNA-based Covid-19 vaccine, nanoparticles have been used in medicine for the first time
recently (118). Furthermore, different types of nanomaterials utilized in Alzheimer's disease and

their therapeutic applications were detailed by Faiyaz and colleagues (119).

Nanomaterials can be further classified on the basis of origin and dimensions. Nanomaterials
based on the source can be further divided into carbon-based materials inclusive of Fullerene,
graphene and its derivatives, carbon tubes and carbon fibres, Inorganic based nanomaterials
including Metal- based, Metal-oxide, Lipid-based and ceramic based are some of the major
nanomaterials. In addition, Organic-based materials include Ferritin, Micelles, Liposome whereas
composite-based materials include the mixture of two or more types of nanomaterials (V. Singh et
al., 2020).

On the other hand, the nanomaterial size can be used as another aspect to classify the
nanomaterials. On the basis of dimensions, there are four groups of nanomaterials. All the
dimensions of the zero-dimensional nanomaterials lie in nanometre scale of less than 100nm.
Quantum dots, fullerenes, magnetic and polymeric nanoparticles are some of the instances of

these nanomaterials (121).

Furthermore, one dimension reveals the dimension of nanomaterial is under nanoscale in one

direction only. Metals, metal-oxides and carbon-based materials are some of the examples of 1D

19



nanomaterials (122).

Nanomaterials

4 = L

On basis of On basis of
Origin Dimensions
Carbon-based Zero Dimensional
) One dimensional
Organic-based
. Two Dimensional
Inorganic-based —_—
Composite-based _ Three Dimensional

Figure 2.2: Classification of Nanomaterials

Similarly, the 2D nanomaterials exhibit the nanoscale dimensions in two directions only.
Graphene, Graphene oxide, reduced graphene oxide, silicates, hydroxides, dual layers, black
phosphorus are important instances of 2D nanomaterials (123). Lastly, if the material possesses
nanometre dimensions in three directions, then they are recognized as three dimensional
nanomaterials. Three dimensional nanomaterials take the interest of the researchers to develop

complex 3D nanostructures to be used in solar cells, biomedical devices and robotics (124).

2.2.6  Smart biomaterials

Developments in the fields of medicine, biology, physio-chemical, and biomaterials have
contributed to the generation of smart and functional biomaterials, which are now being used
in medical applications and aids in healing the wounds and repair various biological functions
(125,126). However, owing to their intricate interactions with biological components and

unforeseen responses, these biomaterials still require additional improvement (127).

20



As a result, the future clinical applications of functional and intelligent biomaterials for
enhancing patient health and quality of life will be ensured by their excellent design and
development. However, smart hydrogels, stimuli-responsive and 3D bioprinting have been
employed in order to fabricate the smart biomaterials (128). Furthermore, the immune-
modulated biomaterials have also taken the interest of the researchers that ameliorate the

biomaterial and tissue interaction (129).

2.3  Biomaterials types on the basis of the generations

Biomaterials can be classified on the basis of the time span and the properties of the biomaterials
used. With the advancement in the technology, the improvement in the synthesis of biomaterials
has been noticed. Presently, the significant emphasis that scientists are focusing on creating

fourth-generation biomaterials.

2.3.1 FIRST GENERATION BIOMATERIALS: First generation biomaterials are those that
have been around for a long time and are often bioinert in nature. During that time, these
materials were often referred to as prostheses. The primary goals of the first generation of
research were to decrease host rejection and produce skeletal characteristics that
resembled injured tissue. According to reports, first-generation biomaterials include metals,

alloys and wood (130).

2.3.2 SECOND GENERATION BIOMATERIALS: Conversely, the second generation of
biomaterials consists of an enhanced designed form of biomaterials. There have been reports of
bioactive and bioresorbable biomaterials in this generation. During this time, bioceramics and
polymers were used more frequently. Second-generation materials include ceramics and
polymers, both natural and manmade. Bone cements are instances of second-generation
biomaterials (131).

2.3.3 THIRD GENERATION BIOMATERIALS: The latest developments in matrix and fillers
are the focal point of the third generation of biomaterials. Moreover, this generation has fostered
connections between cells and genes. The third generation reduces the likelihood of host
rejection, increases biocompatibility, and enhances physio-chemical properties. In this
generation, the ideas of biodegradability, bio-inertness, and bioactivity come together to build
nanomaterial that persist in complicated bodily functions. In this generation, additional
elements like increased porosity and mechanical strength have been added. In this period of

biomaterials, metal, polymers, ceramics, and composites have all been employed extensively (132).
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Fourth Generation e« Biomimetic
(2010-2030) * Smart Biomaterials

Third Generation e« Bioactive & Bioresorbable
(1990-2010) « Nanocomposites

Second Generation e« Bioactive/ Bioresorbable
(1978_1990) * Bioceramics& Polymers

First Generation e« Bioinert
(1950-1978) e Metal & Alloys

Figure 2.3: Generations of biomaterials

4. FOURTH GENERATION BIOMATERIALS:

The biomimetic behaviour of the biomaterials is the focus of fourth generation
biomaterials. Emphasis has been given to carefully developed smart biomaterials, that
consist of composite biomaterials, cells, and biological moieties. The biomimetic
behaviour of the biomaterials is the focus of fourth generation biomaterials. Emphasis
has been given to carefully crafted smart biomaterials, that include composite
biomaterials, cells, and biological moieties. Future developments in this generation of
biomaterials will include a thorough understanding of enhanced production techniques,
control over drug release kinetics, and resemblance to natural tissue (133,134).

The Figure 2.3 above demonstrates the way by which biomaterials have evolved. In this
technophile world, cells, growth factors and biomaterials together are integrated so as to
obtain the engineered composite for the tissue engineering purposes whereas earlier only
one property has been used for the same as shown in generation 1%t and 2.

2.4  Fabrication of Biomaterials
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In order to develop materials for medical purposes that interact with biological tissues, various
methods have been employed to contrive the biomaterials. The fabrication methods can be
divided into groups according to the nature of the biomaterial (such as metals, polymers, or
ceramics) and its intended application. Several typical techniques for creating biomaterials have
been illustrated below. The fabrication methods have been classified on the basis of material
used and on the basis of technological advancements. The conventional and advanced methods
have been used nowadays. In this tech-savvy world, the smart biomaterials have been developed
using advanced methods of 3D Printing. Further, different materials have been treated
differently in order to ameliorate properties of biomaterials. Nevertheless, the composite
biomaterials have developed the leapfrog opportunities in the field of tissue engineering. In

order to develop a promising material an appropriate fabrication method should be implemented.

Polymeric Biomaterials Conventional Methods

Solvent  Electro 3D Solvent Freeze Electro
casting ~ spinning Printing Casting drying spinning
Melt
Molding
Fabrication methods
~ Melt  Powder  Electro
‘Processing ~ Metallurgy  deposition -
Stereolitho Fused deposition |
Sol-gel Powder  Bioceramics graphy ---:.;.;.__;_:m_odielir_lgf_,__,__,.,..r---
Processing ~ Metallurgy ~ Coatings | 3D printing

Figure 2.4: Categorization of Bio fabrication methods
Some of the biomaterial fabrication methods have been discussed below

2.4.1 Solvent Casting and Particulate leaching
This method involves dissolving the polymer in a volatile solvent that has a
homogenous distribution of porogens. Subsequently, the solvent evaporates, leading to
the synthesis of a polymer network that traps the porogen. Lastly, the scaffolds are
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submerged in an appropriate porogen solvent to leach the porogen, creating
pores in the matrix (135). Three-dimensional biodegradable porous scaffolds play an
important role in tissue engineering. A new polymer based on maleated poly (lactic-co-
glycolic acid) (MPLGA) was synthesized using direct melt copolymerization from
maleic anhydride (MAH), D, L-lactide, and glycolide monomers. MPLGA porous
biodegradable scaffolds were prepared by a solution-casting/salt-leaching method. The
effects of content and size of the NaHCOz porogen on the compressive strength of the
MPLGA scaffolds were investigated, and the effect of content of the porogen on the
porosity of the MPLGA scaffolds was also studied. The results indicated that MAH was
grafted onto PLGA successfully and MPLGA scaffolds with interconnective and open
pore structure were obtained. Increasing content of NaHCO3 porogen resulted in an
increase of porosity and decrease of the compressive strength of the MPLGA scaffolds
with the compressive strength of the scaffolds also decreasing with increasing
porogen(136). Porogens are typically either water-soluble inorganic salts like NaCl or
organic substances like collagen and gelatin (137).
2.4.2 Melt molding
Melt molding is a simple, traditional method that makes use of thermoplastic polymers.
The polymer is first heated and then cast in a mold with an appropriate three-
dimensional structure based on the tissue defect. The technique is straightforward and
doesn't necessitate the use of organic solvents. Also, it gives control over morphological
properties including pore size and interconnectivity(138).
2.4.3 Gas foaming
In this method, an inert gas has been passed at higher temperature and then undergone
freeze drying leading to formation of microstructure with closed pores and low

interconnectivity, hence exhibiting low mechanical strength (139,140).

2.4.4  Electrospinning

One popular method for creating nanofiber (NF) polymers and composites is
electrospinning. Once the surface tension is balanced by the electrostatic force generated

by the high-voltage source, an electrically charged jet of polymer solution would explode

into a cone. The jet hardens into NFs when the solvent finally evaporates (141,142).
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2.4.5 Stereolithography (SLA)

One of the additive manufacturing techniques is stereolithography. In this method, the
laser curing of photosensitive resin has been employed but this method is limited to

epoxy/HA and polymer/ceramic composites (143,144).

2.4.6 Fused deposition modelling (FDM)

This type of additive manufacturing technique can be used for Hydrogels, thermoplastics
and ceramics. Low resolution and high shear force are some of its drawbacks. This
manufacturing process can be implemented to bioprinting the scaffolds for cell culturing

and for synthesizing the rigid, soft models for surgery (145).

2.4.7 3D Bioprinting

3D bioprinting is one of the advanced methods used for the synthesis of biomaterials.
Additionally, the process of 3D bioprinting has been implemented step by step. Data
Acquisition (146,147), Biomaterial Screening (148), computational designing (149) and
printing parameters. Further three different types of bioprinters inclusive of Inkjet,

Extrusion 3D and Laser-assisted have been reported (150).

Table 2.3 Different Fabrication methods with their Perk, Challenges and Parameters

S.No. | Fabrication Method | Perks Challenges Processing References
Parameters
1 Solvent Casting Cost-effective | Selection of | Solvent mixing | (151)

appropriate followed by
solvent  for | drying of the

the synthesis | sample (1-
of bio- | 10°C/min)
composite
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Electrospinning Ease to obtain | Solvent used | Voltage  (10- | (152)
nanoscale may be | 30kV),  Flow
cytotoxic rate (0.01-
1ml/h)
Melt molding Expensive Only High (153)
thermoplastic | temperature
materials can | (180° to 250C°)
be processed
Gas Foaming Porous, light | Controlled High (154)
weight temperature temperature
structure  can | and pressure | (180° to 220°
be obtained required C), CO2 or N
gas required
Sol-Gel Wide variety | Long pH range (2-10) | (152)
of  materials | processing Gelation  time
can be | time from min to
processed, hours
Lower
processing
temperature
Fused Deposition | Thermoplastics | Poor surface | Temperature (155)
Modelling (FDM) can be | quality, low | from 180° to
processed strength 250° C required
Stereolithography High Expensive, uv light | (155)
resolution with | Post  curing | required
smooth required
structure
obtained
Selective Laser | Post High Laser  power, | (156)
Sintering processing not | operating Scan Speed,
required temperature Laser spot size,
hinders post-processing
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porosity conditions need

to monitor
9 Inkjet Printing Minimal Reduces the | Ink  viscosity, | (155)
material mechanical Drop Volume,
wastage strength print speed

need to be

checked
10 Thermal-induced Low Only Organic | Polymer (157)
phase separation processing solvents concentration,
temperature required Solvent
selection,
Temperature,

Quenching rate

need to monitor

Table 2.3 above collectively showed the processing parameters the pros and cons of the different
fabrication methods. Biomaterial fabrication has become feasible due to additive manufacturing
(AM). In order to create biomimetic tissue or organs and functional organs, researchers accelerate
the bioprinting process by employing additional techniques. For decades, advanced technologies
have been employed to fabricate three-dimensional organs that mimics to the natural tissue. The
world has revolutionized as a result of robotics, deep learning, machine learning, organ-on-a-chip,
and big data. 4D bioprinting incorporates cells and stimulus responsiveness within the structure.
Additionally investigated are robotics, biosensors, and bio actuators(158).

2.5 Hydroxyapatite

Calcium phosphates (CaPs) have piqued the interest of scientists since the early 1900s as raw

materials for the synthesis of bone substitutes for use in biomedical applications. In 1920, the first
study was conducted on rabbits, using CaPs as a reinforcement material to heal critical size bone
lesions. Being osteogenic in-vitro and in-vivo, as well as their physio-mechanical traits that
mimics the human bone, a wide range of medical specialties, including spinal surgery,

orthopaedics, cranial restoration, bone implants, fracture repair, and dental surgery, utilize CaPs
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extensively (159,160). The most prevalent crystal structure of hydroxyapatite is hexagonal, with
lattice parameters of a=b =9.432 A, ¢ =6.881 A, and y = 120°. It is a member of the P6s/m space
group. The structure is made up of invoices. tetrahedral that wraps around Ca ions and occupies two
different sites: one along the axis and the other in well-aligned columns (Ca+). Adjacent hydroxyl
groups (OH-) are orientated in opposite directions (161,162). The effect of sintering kinetics on the
mechanical characteristics and biodegradability of hydroxyapatite was reported by Trzaskowska
and coauthors. According to reports, porosity decreases while compressive strength and young's

modulus prominence with the rise in sintering temperature (163).

Hydroxyapatite possesses different properties that makes it an up-and-coming approach for
regeneration and biomedical applications. The physical properties of HA are greatly affected by
the manner of extraction or synthesis. The Density of the hydroxyapatite found to be 3.16g/cc
with the degrading temperature above 1000°C but the melting point of hydroxyapatite reported to
be 1614°C. Furthermore, the hydroxyapatite exhibits low compressive strength of 120-900MPa
and Young's modulus ranging from 35-125GPa (57). Numerous methods have been employed for
the synthesis of Hydroxyapatite that have been classified as dry methods, wet methods and
combination methods. Hydrothermal, solvothermal, chemical precipitation and Emulsion
techniques are some of the instances of the methods (164). In addition, the different fabrication
methods implemented to synthesize hydroxyapatite composites that showed significant
application in the field of tissue engineering and drug delivery has been tabulated in table 2.4
below. Nevertheless, different sources of the hydroxyapatite inclusive of Fishbone, Bovine bone,
Oyster shells, eggshells, Mussel shells, Plant & algae and minerals have also been reported (165).

The laboratory synthesis hydroxyapatite has a poor crystallinity, large surface area and higher
porosity based on the synthesis method utilized. In contrast, naturally derived HA, is typically
obtained by heat treating the bones at higher temperatures usually at 800°C, leading to formation
of supremely crystalline HA (166). Sintered HA extracted from bovine bone showed the
similar porosity and pore structure as natural bone. The most stable form of calcium phosphate
salt possesses a molar ratio of calcium to phosphorus as 1.67 and usually precipitates at a higher
pH of 10. At 1360°C, the hydroxyapatite has been degraded into TTCP and alpha TCP (167). Due
to its high thermal stability, the crystallinity of hydroxyapatite has been improved through various
thermal processes inclusive of calcination, hot-isostatic pressing and sintering (168) and through
different methods as sol-gel and ultrasonication (169). In addition, the calcium, phosphate,

anionic and cationic substitutions have been made in order to improvise the physio-chemical
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properties of hydroxyapatite. Moreover, the nano-hydroxyapatite is reported to be cyto-
compatible on accessing MC3T3-E1 cells (170).

The hydroxyapatite in human bone is made up of extremely well-organized nanocrystals (171).

Moreover, n-HA may be produced chemically from precursors or taken from biological waste or

natural resources such eggshells, animal bones, microbial and plants resources (172). In order to

eliminate reaction byproducts, calcination at high temperatures is typically necessary for the

extraction of pure HA. HA will alter in both structure and morphology throughout the calcination

process.

A further investigation revealed that when HA was calcined at a higher temperature, p-tricalcium

phosphate (B-TCP) also appeared, which might be connected to the removal of hydroxyl groups

(173). Studies have shown that HA would transform from nanocrystals to microcrystals under the

impact of temperature when the calcination temperature is higher than 700 °C, which will impair its

clinical applicability (171,174).

Table 2.4 Hydroxyapatite composites for different applications with major outcomes

Material Used | Fabrication Processing Major outcomes Application | Referenc
method e
Ti-HA Powder Metallurgy | Sintering of a Improving Tissue (175)
composite of Ti and Biocompatible with engineering
bovine HA at 800°C Vero and NIH3T3
in an argon cells
atmosphere
nHA-PU Foaming method Surface modification Compressive strength Bonetissue | (176)
of nano- 224MPa, engineering
hydroxyapatite by Bio-compatibility
grafting etidronic acid
CNT-Fe/HA In-situ synthesis Fe catalyst and Anti-cancerous Targeted a77)
chemical drug doxorubicin drug
modification by targeting delivery
Chitosan and Folic
acid
LDH/PCL/Gel | Electrospinning Layered double Biocompatible on Nerve (101)
hydroxide (LDH) Human tissue
prepared using co- neuroblastoma SH- engineerin
precipitation SYS5Y cells g
PCL/Gelatin/B | 3D printing Bacterial cellulose Improved cell viability | Bonetissue | (178)
C/HA (BC) in Human osteoblast engineering

Glucanoacetobacter
xylinus

cells

1.58 + 0.19 MPA tensile
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strength

(179)

(180)

(102)

PCL/HA Extrusionbased 3 | Cuttlefish bones Bioactive on Mg63 cell
printing (Sepia officinalis), lines. Compressive
mussel shells (Mytilus | modulus of 316 MPa
galloprovincialis) and | obtained
chicken eggshells
used for extraction of
Hydroxyapatite
PHB/HA/Algin | 3D printing PHB has been obtained | Porous scaffold with
ate seeded on from Azotobacter pore size of 104+25
Mesenchymal chroococcum 7B. pum formed and tested
Stem cells on Animal model Rat
parietal bone showing
osteogenesis
PVA/Silk Electrospinning Heart patches with Biocompatible on
Fibroin diameter of 228 + 49 Human cardiac
nm fibroblast
created cells (HCFC)
Chitin/PLA/HA| Solvent casting lonic solvent 1-ethyl-3- | Biocompatible for

methylimidazoliu
m acetate is used

Osteocyte cells, Tensile
strength 20.68 MPa

(181)
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2.6 Reduced graphene oxide

Carbon-based materials inclusive of graphene and its derivatives possess distinctive structure
and properties, became another promising candidate in biomaterial research. A honeycomb
lattice of graphene with a single carbon atom's thickness is present. It may be shaped into 0D,
1D, and 3D forms and is quite solid (182). Moreover, it has exceptional electrical qualities,
highly crystalline and remarkable transparency. Though graphene exhibits a lot of good
features and addition of epoxy, hydroxyl, and carboxyl groups to the basal plan of the graphite
layers, graphene oxide has been generated (GO). GO is extremely hydrophilic because of these
functional groups that contain polar oxygen. Because of this, GO has outstanding dispersibility
in a wide range of solvents, particularly in water. Furthermore, the oxygen-containing
functional groups can offer reactive sites for functionalization or chemical modification of
graphene oxide, which can be utilized to generate GO-based biomaterials. While the oxygen-
containing groups can help graphene overcome some of its drawbacks, they can also lead to
other issues. For instance, electrically insulating GO can be produced addition of oxygen
containing groups. However, GO can be chemically reduced to recover its conductivity upto an
extent. Due to the fact that the reduced GO (rGO) that is obtained enhances the dispersibility in
different solvents. The characteristics of the chemically reduced graphene are similar to those
of pure graphene (183).

On analyzing structure of graphene and its derivatives, the presence of functional groups on its
surface, that include carboxylic acid (COOH), hydroxyls (OH), and epoxides (COC), especially
in graphene oxide (GO) and reduced graphene oxide (rGO), allows graphene to be paired with
numerous biomolecules, which broadens the diversity of its biomedical applications (184-187).
Nevertheless, the reduced graphene oxide (rGO) has poor colloidal stability and easily clumps
after dispersing in water for a few hours as compared to graphene oxide (188). The colloidal
stability of rGO is influenced by the proportion of C-O and C=0 bonds in it. The superior
hydrophilicity of GO over rGO is ascribed to the abundance of oxygen-containing functional
groups in Graphene oxide (188). However, rGO with enhanced colloidal stability can be
generated, contingent upon the reducing agents and consequent surface characteristics
(189). Furthermore, materials generated from graphene are known to possess exceptional
mechanical strength and flexibility; the effective elastic modulus of monolayer rGO, found to
be 250 GPa (190) which is higher than graphene oxide which showed 207.6 GPa (191).
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Lastly, because rGO is somewhat less deoxygenated, it has been demonstrated to have greater
thermal stability (192).

Numerous methods have been enforced to reduce the graphene oxide. The methods that have
been employed affect the certain properties of the graphene oxide. The figure 2.5 below
illustrates the various methods utilized for the reduction of graphene oxide to obtain the

reduced graphene oxide.

Chemical
Reduction

Reduction of

Thermal Electrochemical
Reduction Grap .hene reduction
oxide

Biological
reduction

Figure 2.5: Different methods of reduction of Graphene oxide

The graphene oxide has been reduced using different methods inclusive of chemical, thermal,
electrochemical and Biological. The chemical and thermal methods are the most popular method
that has been extensively used for obtaining reduced graphene oxide from graphene oxide. The
graphene oxide can be prepared by oxidation of graphene using Hummer’s method or modified
Hummer’s method (193). Further, the thermal approach uses microwave assisted thermal reduction
or photoreduction (194-197) whereas chemical reduction has been done using different chemicals
such as hydrazine (198), Hydroiodic acid, hydroquinone, Benzoin (199-201). Electrochemical
reduction is another approach of reducing the graphene oxide (202,203). The effect of reducing

temperature on the conductivity, resistibility of reduced graphene oxide has been studied and
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revealed that the 70°C found to be ideal temperature for obtaining better conductivity ((204). On
the other hand, the impact of different chemical reductants inclusive of NaBH4, CH20, NaOH,
CsHoOg on the thickness of the graphene flakes in reduced graphene oxide has been investigated
(205).

Biosensors Bioimaging

Reduced
Graphene Oxide

Drug Delivery Tissue Engineering

Figure 2.6: Applications of reduced graphene oxide (rGO)

The diverse applications of reduced graphene oxide have been demonstrated in the above figure 2.6.
In lieu of the outstanding properties of reduced graphene oxide, the composites of reduced graphene
oxide developed leapfrog opportunities in the field of tissue engineering, drug delivery, bioimaging

and biosensors. The table below listed the applications of the reduced graphene oxide composite.
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Table 2.5: Use of reduced graphene oxide composites for different applications

S.No. | Composite Cells used | Application References
1 rGO/CS HT-29 Cancer therapy (206)
2 rGO/HA-SP MDCK Bioimaging (207)
3 Gd-rGO H1299 Bioimaging (208)
4 rGO-Ru-PEG MDCK Bioimaging (144)
5 rGO-Polydopamine- | - Biosensors for Mycobacterium | (209)
Au Tuberculosis Detection
6 PCL/rGO MG-63 Bone tissue engineering (210)
7 Amine- HUVEC Cardiac tissue engineering (211)
rGO@AIg/ECM
8 Zn-dopamine-rGO T-47D Drug delivery (212)
MCF10A
9 PVA/rGO CCD- Skin tissue engineering (213)
986Sk
10 Gd-rGO H1299 Drug Delivery (208)
11 NiO/rGO - Biosensors (214)

2.7 Carboxymethyl cellulose

As per the structural basis of carboxymethyl cellulose is negatively charged, water-soluble

analogue of cellulose and a linear polysaccharide of anhydro-glucose. The monomers are

bonded through glycosidic linkages (B-1,4-). The primary distinction between CMC and

cellulose at the molecular level is limited to the presence of carboxymethyl groups (-

CH2COOH) in the CMC structure, which substitute hydrogen atoms for certain hydroxyl
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groups found in the pure cellulose structure. The industrial manufacturing of the polymeric
materials was initially documented in Germany during 1920s (215). Researchers are
fascinated in utilising certain plant-based precursors, such as corn cobs (216), corn husk
(217), corn stalks (218), pineapple peel (219), sugarcane bagasse (220), Asparagus officinalis
stalk end (221) etc., along with some waste materials, like wastepaper to be used for the
large-scale or commercial production of CMC.

Numerous industries, including biomedical, pharmaceutical, textile, construction, food,
plastics, cosmetics, paper, and oil, have discovered extensive uses for CMC and CMC-based
hybrid products. For example, CMC and its composites are utilised extensively in biomedical
fields for a variety of purposes in tissue engineering (24), bone-tissue engineering
(25,26,222), wound dressing (223-225), constructing 3D scaffolds for biocompatible
implants (226) and in drug delivery (227,228).

Biodegradability

Viscosity Binding Agent

Water

Carboxymethyl Degree of
Solubility

cellulose Substitution

Figure 2.7: Properties of carboxymethyl cellulose
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The diversified applications of the carboxymethyl cellulose depends upon the various vital
properties of carboxymethyl cellulose as illustrated in the figure 2.7 above. In the process of
synthesizing CMC from cellulose, the quantity of substituent groups (carboxymethyl) bonded to
every anhydro glucose unit governs the quantity of DS. The solubility, emulsion property,
thickening property, viscosity, stability, and salt tolerance attributes of CMC are highly dependent
on the DS value (229). The DS value of CMC varies from one to another based on the cellulose
source and synthesis process. According to various sources, the ideal DS values determined as
0.17 for Musa paradisiaca fruit, 0.28 for Musa paradisiaca stem (230), 0.29 for palm fiber,
0.31 for palm kernel cake (214), 0.35 for M. sinensis (231), 0.51 for seaweed (232).

As a result of its high hydrophilicity, CMC, a polymeric substance, generates a viscous solution in
an aqueous media. Thus, in order to describe the fluid behaviors, properties (thickening,
emulsifying, etc.), and property-based applications of aqueous Na—CMC (or H- CMC), the
viscosity parameter is crucial. However, the synthesis conditions (concentration of NaOH, reaction
temperature, and pH of solution) and source parameters (cellulose particle size, molecular weight,
and DS) also affect or depend on the viscosity property of CMC derived from cellulose (221) . As
the high or low viscosity of the applied medium is maintained with increasing or decreasing CMC
concentration, respectively. The Carboxymethyl cellulose is anionic polymer due to presence of
carboxymethyl group. In textiles industries, the CMC has been extensively used as a binder
because it ameliorates the bonding between the materials (233). Moreover, the mechanical
properties of the composites have been enhanced with the addition of carboxymethyl cellulose
(113,234,235). Nevertheless, the biodegradability of carboxymethyl cellulose has been reported
which aids its applicability in tissue engineering (236,237). In order to improve the mechanical
strength as well as the other biological properties of the binary blend of calcined hydroxyapatite
and reduced graphene oxide, the polymer addition has been done. A number of different
polymers inclusive of both natural and synthetic possess a bunch of important traits that when
inculcated with other material enhances the overall properties of the composites (238). Moreover,
different polymers have been added to the hydroxyapatite in order to improve its mechanical
properties (239). Carboxymethyl cellulose, sometimes called cellulose gum, is an anionic
substance that is made of cellulose and carboxymethyl groups. Kukrety and colleagues have
provided a thorough description of the process by which carboxymethyl cellulose can be extracted
from cellulase-based natural resources such as sugarcane bagasse, cotton stalks, banana stems,

paper sludge, and sago waste (21). Numerous areas can benefit from the uses of carboxymethyl
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cellulose owing to diverse qualities, such as biodegradability, non-toxic nature, low manufacturing
costs, and abundance of resourcefulness. Recent research by Basu et al. stated the potential of
CMC-based film for wound healing in both normal and diabetic animal models (33). Through
solvent mixing and freeze drying, chitosan, carboxymethyl cellulose, and a zinc and iron- loaded
hydroxyapatite scaffold were created and showed antimicrobial properties, decreased degradation
behavior, with the ability to promote bone cell proliferation (34). Carboxymethyl cellulose has
been added in various amounts to enhance the characteristics of the binary blend of hydroxyapatite

and reduced graphene oxide.

2.8 NEED AND SCOPE OF RESEARCH
The valuable insights for the research gap in the synthesis of composites of hydroxyapatite has
been discussed below:

o Biomechanical properties: Being brittle in nature, the mechanical properties of
hydroxyapatite have been enhanced by incorporation of various different materials as well

as by synthesizing the composites using different fabrication methods.

e Influence of composite compositions: The addition of appropriate fillers into the
hydroxyapatite as well as the impact of varying concentration of the reinforcing materials
and attaining the right composition of the composite is another aspect to look into.

o Biodegradation: In order to overcome the surgical issues, it is important to find an
appropriate biodegradable composite of hydroxyapatite. The hydroxyapatite should be
integrated with the material that mitigate the biodegradability of the composite.

o Surface properties and biocompatibility of the composite: The impact of fillers on the
surface properties need to be explored as the surface morphology influences the cell
adhesion which further impelled the biocompatibility of the composite. The composite
should be biologically compatible and non-toxic in nature.

The urgency for the need of alternative treatment for tissue regeneration or repair due to several
limitations associated with currently available therapies such as insufficient regeneration of tissue
due to poor cell survival, immunological rejection, and severe donor site expiration leading to loss
of functional tissue. Biomaterials has lately emerged as an appealing alternative strategy for the
clinical treatment of injured and/or deteriorating tissue through the regenerating the function of the

diseased tissue.
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The key challenge is the design and production of a suitable three-dimensional (3D) artificial
extracellular matrix from biocompatible and biodegradable materials with tailored properties.

Among the numerous ceramic biomaterials, hydroxyapatite has been identified as a possible
contender for tissue regeneration applications. Finally, it appears that an integration of diverse
polymers and carbon-based materials with other ceramic components is required to provide the
appropriate composite qualities for clinical use. In this procedure, a ternary composite with
desirable qualities will be developed utilizing a thermal pressing approach with hydroxyapatite,

reduced graphene oxide, and Carboxymethyl cellulose polymer.
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2.9 Objectives of the research
The objectives of the thesis work are:

1. Processing and Characterization of additives for biomaterial preparation

2. Study of mechanical properties of biomaterial fillers.

3. Biomaterial fabrication steps with addition of appropriate polymer to the additive and
characterization

4. Biological compatibility testing parameters.

39



Chapter 3

MATERIALS AND METHODS
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3._ MATERIALS AND METHODS

The essential steps of the experimental technique for treating the components and then
creating a binary composite have been outlined in this chapter. The processing of the
components separately and then the blending of the same has been performed in order to
develop the binary composite has been described herein. Further, the addition of polymer
and heating the composites at constant pressure has been utilized to create the ternary

composite, is also briefly introduced.

Finally, all pertinent characterization methods, such as biocompatibility studies,
morphological analysis with FESEM analysis, mechanical property evaluation, contact angle
measurement, and Physio-chemical characteristics through X-ray diffraction and Fourier

transform infrared spectroscopy that has been carried out is being discussed.

High purity graphene oxide powder with bulk density ~2.7 g/cm?® has been purchased from
Platonic Nanotech. Carboxymethyl cellulose has been purchased from Central Drug House
Chemicals (CDH), Dulbecco’s modified eagle’s medium (DMEM) media, Fetal Bovine
Serum (FBS), MTT Solution, Dimethyl Sulfoxide (DMSOQ) purchased from HiMedia.

3.1 Pre-Treatment of the Ceramic and Carbon-based components

The mineral type of calcium apatite that occurs naturally is called hydroxyapatite (Hap,
HAp, or HA) written as (Cai0(PO4)s(OH)2). The main mineral that makes up bones and teeth
is known as hydroxyapatite, and it naturally exists as calcium phosphate. Natural
hydroxyapatite is biocompatible because it has a few chemical and physical characteristics
that go well with bone. As a result of the hydroxyapatite's low mechanical strength,
numerous attempts have been made to increase its density using a variety of techniques,
including mechano-chemical cold sintering(240,241) ; spray pyrolysis (242); hydrothermal
hot-pressing (243).

As compared to graphene oxide, reduced graphene oxide had superior characteristics. In
comparison to graphene oxide, reduced graphene oxide (rGO) demonstrated larger surface
area and higher electrical conductivity. Nevertheless, as compared to graphene oxide, the

rGO demonstrated greater mechanical strength.
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The composite's component materials underwent heat treatment to produce the proper
material for binary composite due to the aforementioned characteristics. In order to improve
the physicochemical characteristics, pre-treatments were applied to both graphene oxide and
hydroxyapatite. FTIR and XRD are just two of the characterization methods used to look
into the improvised features.

3.1.1 Synthesis of Hydroxyapatite and Calcination of prepared hydroxyapatite

Using the wet precipitation approach, HA has been successfully produced, yielding a white
crystalline powder. FTIR and XRD studies have been used to characterize the precipitates
that were produced. Thermal processing has been used to calcine hydroxyapatite in order to
improve its density, as mentioned above. The mechanical strength of hydroxyapatite is
increased through densification. In a muffle furnace, the calcination was done for two hours
at 800°C. X-ray diffraction can be used to evaluate the crystallinity after calcination
(168,244).

3.1.1.1 Chemical Synthesis of Hydroxyapatite (HA)

The process of creating HA entails mixing 500 mL of 10M calcium hydroxide Ca (OH)2 with
300 mL of 6M orthophosphoric acid (H3zPO4) in an aqueous solution. Ca (OH). was mixed
with the solution H3POs dropwise while being magnetically stirred for two hours at

approximately 60°C.

10Ca (OH)2+6H3(PO4) —(Cawo(POs)s(OH)2) +18 H.O (1)

The solution described above should be stirred continuously and left undisturbed overnight
at the basic pH. Add 1 M of ammonium hydroxide (NH4OH) to this mixture. Following three
rounds of washing with distilled water, the solution was then left aside for four hours.
Furthermore, the nanoparticles in powder form were annealed at 900°C at a rate of
10°C/min. Pure, white, and crystalline powder was the end product as shown in Figure 3.1
(245,246).
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" calcined Hydroxyapatite : i Muffle furnace

Fig 3.1 Synthesis of Hydroxyapatite through chemical precipitation method

3.1.1.2 Calcination of Hydroxyapatite

When Hydroxyapatite (HA) was calcined, its physicochemical characteristics improved. The
material's crystallinity is improved by heat treatment, and when it is calcined, the
crystallinity is increased but the carbonate ion and embedded pores are constrained
(168,244). HA was calcined at 800°C for two hours in order to improve its physicochemical

properties.
3.1.2 Reduction of Graphene oxide

The purchased graphene oxide with density 2.7g/cm?® has been characterized through FTIR
and XRD. In addition to altering its physicochemical characteristics, a reduction of Graphene
Oxide (GO) enhances its mechanical behavior and dispersive power. Chemical (247),
solvothermal, photocatalytic (248), thermal, and other reduction processes have all been
scrutinized before generating a reduced version of Graphene Oxide (GO). It has been
reported that Graphene Oxide thermally reduces in a variety of atmospheres, including
nitrogen and air (249). The thermal reduction of graphene oxide has been achieved and
characterized through FTIR and XRD analysis. As already stated, when compared to
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graphene oxide, the reduced form of the graphene oxide exhibited greater mechanical
strength. There are several ways to reduce it, but the heat treatment has been chosen as the
reduction procedure. In a muffle furnace, the thermal reduction of GO was conducted for 2
hours at a temperature of 200°C, and the results were examined using FTIR and XRD
analysis (249,250).

3.2 Preparation of rGO-HA composite

As shown in Table 3.1, various rGO weight concentrations (10, 20, 30, 40, and 50%) were
incorporated to calcined HA. The powdered samples were contrived through the ball impact
Process. Five zirconia balls with a thickness of 5 mm were used for the ball impact method,
and they were vertically vibrated simultaneously mixing powder for 30 minutes. The powder
was then put under a high pressure of 5 tons for 30 to 60 seconds to give it a pellet structure
as shown in Figure 3.2. For further experiment, pellets with a diameter of about 15 mm and a
thickness of 4 mm were used and every experiment has been performed in triplicates.

Table 3.1. Percentage of Hydroxyapatite (cHA) and reduced graphene oxide (rGO) used for
different blends.

Blends | cHA (%) | rGO (%)
cHA | 100 0

HrGl1 | 90 10

HrG2 | 80 20

HrG3 | 70 30

HrG4 | 60 40

HrG5 | 50 50

Table 3.1 above described the percentage concentration of calcined hydroxyapatite that is
being reinforced with reduced graphene oxide in various variants of binary blends namely
HrG1 to HrG5. The concentration of calcined hydroxyapatite decreases alongside increasing
the percentage contribution of reduced graphene oxide and successfully achieving the

formation of binary composite.
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Figure 3.2: Schematic diagram for the preparation of binary composite and ternary composites

The figure 3.2 above showed the steps for the synthesis of hydroxyapatite and reduced
graphene oxide separately as well as the preparation of variants of calcined hydroxyapatite
and reduced graphene oxide composites and the ternary composites after the integration of
carboxymethyl cellulose (CMC). Later, the characterization of treated constituents and the

composites has been accomplished.
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3.3 Characterizations of materials and composites

FTIR and X-ray diffraction have been used to mark the calcined hydroxyapatite's physio-chemical
properties. To ascertain the alteration that took place during the calcination process, the peaks have
been assessed. FT-IR spectroscopy was carried out in the 400-4000 cm™ wavelength range at room
temperature. The diffraction pattern was investigated using an XRD analyzer and a Cu-K radiation
source with a wavelength of 1.540°A. The values of diffraction pattern with 20 ranged from 0° to
80°.

Utilizing X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy, the
produced samples have also been studied. Through the analysis of the scattering intensity with
respect to angle 20, X-ray diffraction techniques were scrutinized. The diffraction pattern was
investigated using an XRD analyzer and a Cu-K radiation source with a wavelength of 1.540 °A as

shown in the figure 3.3 below. The values of diffraction pattern with 20 ranged from 0° to 80°.
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Figure 3.3 The schematic representation of X-ray Diffraction

A strong analytical method for figuring out the atomic and molecular structure of crystal is X-ray

diffraction (XRD). The constructive interference of monochromatic X-rays with a crystalline
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sample is the basis of X-ray scattering (XRD) concept. To ensure the detection of all
crystallographic orientations, the sample has been carefully pulverized. The atoms of a crystalline
material scatter X-rays when they come into contact with it. Constructive interference is the result
of satisfying Bragg's Law, the fundamental principle of X-ray diffraction (XRD), which links the
wavelength of X-rays to the diffraction angle and lattice spacing in the crystal (251). It occurs
when the path difference between rays scattered by successive planes of atoms equals an integer

multiple of the wavelength.

Additionally, the presence of various material constituents in the composite can be examined
through FTIR spectroscopy by determining the bonds.
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Figure 3.4 The schematic representation of FTIR spectroscopy

The infrared spectrum of absorption, emission, and photoconductivity of a solid, liquid, or gas can

often be obtained using the Fourier Transform Infrared (FTIR) spectroscopy technique.
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Analyzing absorption pattern of infrared light by the sample at various wavelengths yields
the information for the molecular makeup and structure of the sample. The vibrational energy of
the bonds that make up molecules cause them to absorb infrared light at particular frequencies. An
absorption frequency is specific to each kind of bond, such as C-H, O-H, and N-H bonds (252). An
interferometer produces a signal called an interferogram as shown in the figure 3.4 which is a
signal that has all the information on the infrared absorption of the sample.

3.4 Thermal treatment under pressure

Ceramics materials like hydroxyapatite showed poor mechanical strength due to which various
attempts have been made to enhance the mechanical behavior of the hydroxyapatite either by
processing thermo-mechanically as well through addition of appropriate material. Thermal
treatment is one of the inexpensive and successful approaches to obtain dense and compact
material. Nevertheless, it prevents the unnecessary material loss that usually occurs while
processing of the composites. Thermal treatment under pressure has been achieved by heating the
material to the low temperature simultaneously pressing with the appropriate applied pressure.
Various composites have been fabricated through hot pressing as ZrB2 and SiC has been blended
using ball milling and then subjected to hot pressing to obtain the final densified product (253).
Khalil and co-workers also reported the hot pressing of aluminum alloys with epoxy adhesive
(254). The loose powder after complete drying in hot air oven and after ball milling has been
compacted into pellets which were then used to press in the hot-press machine for two different
temperatures of 100°C and 150°C for three different time intervals of 5, 10 and 20 mins at constant

pressure of 7.8 psi in uniaxial direction.
3.5 Preparation of ternary composite

In order to generate ternary composite addition of carboxymethyl cellulose to the optimized
calcined hydroxyapatite and reduced graphene oxide has been implemented (255). The dry powder
of three constituents have been blended in mortar-pestle and ball milling and then has been
subjected to thermal treatment under pressure to fabricate the ceramic-based polymeric blends.
The thermal treatment has been carried out at temperatures of 100°C and 150°C for holding periods
of 5, 10, and 20 minutes at a constant pressure of approx. 7.8 psi. The specifics of ceramic-based
polymeric blends are detailed in the Table 3.2, where B1-100 indicates the Blend-1 thermally
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treated under pressure at 100°C and B1-150 indicates the Blend-1 thermally treated at 150°C,

along with additional blends as well.
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Figure 3.5: The flowchart to demonstrate the overall experimental procedure

The figure 3.5 above reveals the preparation strategy for the synthesis of ternary components. The
appropriate candidate from the binary blend has been chosen and further improved with the

addition of carboxymethyl cellulose polymer that has been thermally treated under pressure at
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different temperatures and time periods. The Figure 3.5 demonstrates the addition of polymer as

well as the overall experimental analysis.

Table 3.2: Ceramic-based blends of calcined hydroxyapatite, reduced graphene oxide and

carboxymethyl cellulose Thermally treated at different temperatures and various time intervals.

Samples | Temperature (°C) | HAP (%) | rGO (%) | CMC (%)
B1-100 | 100 60 30 10

B1-150 | 150

B2-100 | 100 60 20 20

B2-150 | 150

B3-100 | 100 60 10 30

B3-150 | 150

3.6 Characterization of Ternary Composites

The generated samples have also been investigated for physio-chemical analysis through X-ray
diffraction, FTIR as well as for thermal analysis. Nevertheless, the variants also have been
evaluated on the basis of mechanical testing. Furthermore, the cytotoxicity and the bioactivity of
composites have been determined.

3.7 Physio-chemical Characterization
3.7.1 X-ray Diffraction

The individual pre-treated sample of calcined hydroxyapatite and reduced graphene oxide as well
as the composites both binary and ternary were characterized by X-Ray Diffractometer. Figure 3.3
describes the fundamental principle and setup for X-ray diffraction. The X-ray Diffractometer
(XRD, Bruker) with mono chromated Cu K, radiation (K= 1.540 °A) operated at 44 KV, 40 mA
with the dwell time 1 second per step and scan rate of 2°/min has been used for the phase
identification of the composites. The scattering intensity has been studied with respect to the
changing angle 20 ranging from 0° to 80° (255). In order to observe the effect of calcination on
hydroxyapatite the crystallinity needs to be figured out. The crystallinity of the composite has been

evaluated using the equation:
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C% = Xc

Xc+Xa x 100 (2)
Where Xc is the area of all crystalline peaks and Xa is the area of all amorphous peaks whereas C%

is the percentage crystallinity.

3.7.2 Fourier transform infrared spectroscopy (FTIR)

A FTIR spectrometer (PERKIN ELMER) interfaced with an IR microscope running in absorbance
mode was used to conduct the FTIR analysis. The infrared spectrum is created when the sample
interacts with IR-radiation. When subjected to IR radiation, electromagnetic (EM) radiation
fluctuates in molecules with an ultimate electric dipole. These variations are the results of the
sample's chemical makeup. Therefore, the spectrophotometer records the variations in EM-
radiations in order to examine the chemical composition of the sample. Employing the Fourier
transform, the signal is obtained. The setup has been illustrated in figure 3.4. The spectra were
measured and recorded for powdered samples in the range of 500-4000 cm™. For comparison, the

spectra were smoothed using a constant smooth factor (256).

3.7.3 Thermogravimetric analysis

Thermogravimetric analysis uses a piece of equipment to gauge how a sample's mass and weight
change when the temperature changes. The apparatus detects numerous chemical or physical
changes in a sample's mass as heat events. Desorption, absorption, sublimation, vaporization,
oxidation, reduction, and decomposition are some examples of these chemical/physical changes
occurring with thermal events. Using the software that comes with the instrument, the study is
conducted by exposing the sample to a variety of temperatures. Excellent temperature
reproducibility is provided by the equipment' broad isothermal zone. In addition to these quick
furnace cooling options, it is also possible to study more samples faster by employing integrated
forced air and tap water. TGA (PERKIN ELMER) was used to examine the thermal stability of
composites. Each measurement used approximately 1 mg of samples, and all were heated at a rate

of 10 °C per minute in flowing N2 up to the temperature of 600 °C.

51



3.8 Grey-Taguchi approach for optimization

The Grey-Taguchi approach is one of the best methods of optimization because it combines the
Taguchi method and Grey Relational Analysis (GRA) to optimize multiple performance characteristics
at once not like other methods of optimization include Response Surface Methodology (RSM), Genetic
Algorithm, and Artificial Neural Networks (ANN) (153,257). To identify the ideal amounts of factors
with efficient output, the Taguchi technique has been applied, systematically varying the numerous
components using an orthogonal array. However, GRA normalizes the experimental data to convert
various performance metrics into numbers that are similar. Determine the grey relational grade (GRG)
and grey relational coefficient (GRC) as well. Selecting Grey-Taguchi optimization over alternative
techniques not only minimizes the use resources and the experimentation but also optimizes several

performance factors in a user-friendly manner.

To reduce the number of practical experiments, the experimental process has been
optimized using grey- Taguchi approach. The L18 orthogonal array has been employed which had
two columns and eighteen rows, allowing for seventeen degrees of freedom to address one
parameter with three levels and another with six levels. The figure 3.6 below illustrates the process

flow for the grey-Taguchi approach.
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Figure 3.6 Flowchart representation of Grey-Taguchi approach for Optimization



Based on the Taguchi design of the experiment method, each parameter level is set using the L18
orthogonal array. The experimental data is then converted into a signal-to-noise ratio using the

MINITAB 14 program to determine quality and evaluate a variety of factors (258,259).

3.8.1 Grey relational analysis (GRA)

The initial phase in gray relational analysis is to develop a grey grade. To generate the grey scale,
the response will be set between zero and one. The grey coefficient will be calculated using the
input data to show the extent to which predicted response fits the actual result. The grey relational
coefficients of all the performance parameters belonging to each sample condition will then be
averaged to generate the grey relational gradient. The grey relational grade is an overall assessment
of all performance attributes. GRA optimization has been done in twin forms (260).

To put it another way, achieving a single grey relational grade requires optimizing a slew of
difficult, complex performance parameters. The most appropriate value for the process parameter is
at the top grey relational grade level. The statistical analysis of variance (ANOVA) is then used to
establish the significance level of the applied process parameters. The ideal set of process
parameters will be identified through ANOVA and grey grade analysis. A confirmation experiment
is then carried out to confirm the optimal process parameters determined by the study. GRA is
employed in the following circumstances (258).

1. GRA is utilized when there is insufficient information and to maximize many performance
characteristics.

2. When calculating gray relational generation value, the larger the better or the smaller the better
is used. The larger the better is used in this study because higher compressive strength is sought

while a smaller is the better is required for water contact angle (WCA).

In gray relational analysis, data preprocessing is first done to standardize the raw data for analysis.
The gray relational generation, also called a linear normalization of the experimental data, is
carried out in the region between zero and unity (260). A study of normalized values usually
identifies three kinds of performance characteristics: nominal-the-agreeable, higher- the-better, and
lower-the-acceptable(259). In general, the higher the predicted value for compressive strength, the
better, and the smaller the expected value for wettability of the composites. Less than a 90° water
contact angle indicated hydrophilicity or wettability. Higher cell adhesion and proliferation are
correlated with greater wettability (261,262). However, thermal treatment has been used to produce
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harder materials with higher strength and, thus, higher compressive strength values. For the two
outcomes, the normalized results can therefore be written as xo (k) (k =1,2...,.8).

vi(l) = zi(l)—minzi(l) (2)

maxyi(l)—minyi(l)

vi(l) = maxzi([)—zi(l) 3)

maxzi(l)—minzi(l)

where i(l) is the experiment's kth outcome, max(l) and min(l) are the maximum and minimum
values of the i(l) value, respectively, and yi(l) is the normalized value of the ith experiment's kth
performance characteristic. According to Deng, greater normalized results are linked to better
performance, and one is the optimal normalized result (263).

The grey relational coefficient (GRC) was computed using equation 4. The grey relational

coefficient shows the link between the expected and actual experimental results. It also makes it

possible to compare and compute the statistical mean of the non-additive multiple experimental data.

The GRC of each reaction variable is averaged to get the Grey relational grade (GRG).

1 d

yi =;Zizlfi k) 4)

where a is the bulk count of the performance characteristics and yi is the GRG value computed for

the ith experiment.

3.8.2 ANOVA analysis

An ANOVA is used to determine which combination of factors has the greatest impact on the
overall quality of the experiment. To accomplish that, the commitments for every component and

error were divided into squared deviations from the absolute mean of the gray relational grade,
which serves as an indicator of the grade's overall inconsistency. First, using Eqg. (5), was used

to determine the squared deviation SST from the total grey relational grade mean m.

P 2
SSr=>" _()’f — Ym)

’ ()
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where p is the number of orthogonal array experiments and j denotes the mean of the grey
relational grade (GRG) for the jth experiment.

The total squared deviation SST is composed of two parts: the total squared deviation from each
factor and the total squared error SSe.

In order to analyze the influence of factor on performance characteristics, the commitment rate of
every variable blend to the absolute amount of squared deviation SST must be investigated. The
Fisher F test (258) can also be used to determine the component combination that has a substantial
influence on performance parameters.

When the F value is quite large, a change in the variable mix usually has a considerable effect on

the outcome features.

3.8.3 Desirability test
The desirability assay has been used to optimize the varied outcomes. Desirability functions are
sometimes known as objective functions. Using the desirability function, all of the output responses
are turned into a desirability value on a free scale. By attributing the highest composite desirability
to the input parameter setting, the ideal parameters are determined. To use the DFA approach, the
following steps must be followed (264).
Step 1: Calculate the desirability index for each parameter.
Step 2: Compute the composite desirability. The optimal factor configuration was determined
based on the desirability of the blend.
Step 3: The Taguchi approach is used to assess the composite desirability values of each
experimental run to discover the best parametric setting for the desired results.

Step 4: To establish which heat-pressing condition has the largest influence, an ANOVA is
employed. To depict the influencing parameters, ANOVA used the total sum of squares approach.

Step 5: The composite desirability value is forecasted using the ideal parameter settings discovered
throughout the investigation. In order to determine that the obtained parametric setting is the ideal
set of input parameters, the anticipated composite desirability value of the optimal parametric
setting must then be confirmed and supported.

3.9 Mechanical Behavior
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The strength of calcined HA, variants of hydroxyapatite and reduced graphene oxide and ceramic-
based composites has been measured using a Universal Testing Machine (UTM). Compressive
moduli of the composites were determined from the slopes of compressive stress- strain curves for
each version, which were examined in triplets at a rate of 5 mm per minute (265). Furthermore,
Materials called bio-composites are made up of a reinforcement (natural fibers or bio-based fillers)
and a matrix (often polymer-based). The kind and quality of the matrix, the chemical makeup of the
reinforcement, and the interface between the two all affect the mechanical characteristics, which
include compressive strength, tensile strength, Young's modulus, toughness, and hardness. The
Universal Testing Machine has been used to examine the mechanical attributes. In material testing,
a Universal Testing Machine (UTM) is a flexible and popular tool. It is made to carry out several
mechanical testing on materials, including tensile, compressive, flexural, and shear tests. As seen in
Figure, the Universal Testing Machine (UTM) consists of a load frame, load cell, grips or plates,
control panel, and computing system coupled to it.

The sample specifications are mounted between the grip plates and have been developed in
compliance with the American Society for Testing and Materials (ASTM D695). To carry out the
experiment, the parameters such as speed, size, and the kind of test to be conducted—tension or
compression—have been established. After running the test, the data obtained on the computer

software in the form of the stress-strain curve has been analyzed.
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Figure 3.7 The set-up of Universal Testing Machine (UTM)

The powdered material has been shaped into circular dimensions as per the ASTM D695 (266).
The final dimensions for the samples prepared found to be diameter mm and height mm. All the
experiments have been performed in triplicates. The pellets were created by the KBr Press
machine and had a height of 12.4+ 0.24 mm and the diameter of approximately 5.8 + 0.28 mm.
Composites were run through the Universal Testing Machine (UTM) at a crosshead speed of 5 mm
per minute to assess their mechanical characteristics. The experimental setup has been shown in the
figure 3.7 above. Compressive moduli of the composites were determined from the slopes of
compressive stress- strain curves for each version, which were examined in triplets at a rate of 5

mm per minute (265).
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Figure 3.8 The experimental set-up for the mechanical behavior of the composites

The stress-strain plot aids to determine different mechanical characteristics of materials under
compressive pressures during a compression test. An essential graph in material science and
engineering that shows the link between the strain (deformation) that a material experiences and the
stress that is applied to it is called a stress-strain plot. The stress-strain plot may be used to identify
a number of different components as shown in the figure 3.8. Different kinds of stress-strain curves
exist. The Ductile material is represented by a curve in the plot that shows a considerable plastic
zone prior to deformation, whereas the Brittle material is shown by a different plot in which no
plastic region appears. Furthermore, the elastic area is contributed by the initial linear segment of

the curve, which bears Hooke's law and is directly proportional to strain.

Stress (o) «x Strain (&)

Young's modulus is determined by the slope of elastic region. The nonlinear section of the curve

designated as the Plastic area extends beyond the Yield point. The material experiences persistent
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deformation in this area. Furthermore, the Ultimate compressive strength (UCS) is the maximum
stress that a material can sustain. The phrase "fracture point™ or "point of fracture" refers to the

location where the material breaks.
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Figure 3.9 Microhardness test

One of the most important methods for assessing the hardness characteristics of bio composites at
the microscopic level is microhardness testing. This test is especially crucial for materials used in
biomedical applications, where surface characteristics have significant effects on longevity and
performance, such in the case of dental composites, tissue scaffolds, and bone implants. The ability
of a material to withstand localized plastic deformation is determined by the microhardness test. It
offers information on the mechanical characteristics of the material, including its hardness, wear
resistance, and capacity to tolerate mechanical stress. The following formula is used to get the
Vickers hardness (HV):
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1.8544 P

T
Where P is the applied load in kilogram-force (Kgf) and d is the average length of the diagonals in
millimeters (mm) (267).
A fully calibrated nano-indenter (TTX-NHT, CSM Instruments) was mounted to a three-sided
pyramidal Berkovich diamond indenter with a nominal edge radius of 20 nm (facing 65.3 from the
vertical axis) for the purpose of performing the nanoindentation measurements. A three-sided
pyramidal Berkovich diamond indenter with a nominal tip radius of 20 nm was used for the nano-
indentation experiments. It was connected to a nano-indenter (TTX-NHT, CSM Instruments) and
operated in load control mode as shown in figure 3.9. Every test was run at ambient temperature.
The conventional Oliver and Pharr approach ( Beh etal., 2020).
This paper presents the correlation between the morphological characteristics and the diffuse
reflectance (optical properties) of the porous hydroxyapatite/cornstarch (HAp/Cs) composites with
various starch proportions (30, 40, 50, 60, 70, 80 and 90 wt%). The porous composites were
measured via SEM and enhanced by image processing to find the average pore size, strut width,
and average surface roughness. The average porosity of the porous composites was measured using
liquid displacement method. The diffuse reflectance spectroscopy was implemented to investigate
the diffuse reflectance and the corresponding optical band gap energy of the porous composites in
the 500e900 nm range. A relationship between morphological characteristics and diffuse
reflectance properties were established using Pearson’s correlation coefficient. The findings of the
study depict that a strong correlation can be noticed between optical band gap energy with porosity,
pore sizes and surface roughness of the porous composites. Meanwhile, the strong correlations
between the diffuse reflectance spectral gradient with surface roughness can be observed. The
moderate correlations can be observed between the diffuse reflectance spectral gradient with pore
sizes and strut width of the porous composites."”,"container-title":"Journal of Materials Research
and
Technology","DOI":"'10.1016/j.jmrt.2020.10.012","ISSN":"22387854""issue":"6","journal Abbrevi
ation™:"Journal of Materials Research and Technology”,"language™:"en","page":"14267-

14282""source™:"DOl.org (Crossref)","title":"Morphological and optical properties of porous
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hydroxyapatite/cornstarch (HAp/Cs)
composites”,"volume™:"9" "author":[{""family":"Beh","given":"C.Y."}{"family":"Cheng","given":
"E.M."}{"family":"Mohd  Nasir","given™:"N.F."},{"family":"Mohd  Tarmizi","given":"Emma
Ziezie"}{"family":"Eng","given":"S.K."},{"family":" Abdul
Majid","given™:"M.S."}{"family":"Ridzuan","given":"M.J.M."},{"family":"Khor","given:"S.F."}
{"family™:"Ahmad Saad","given":"F.S."}],"issued":{"date-
parts™:[["'2020",11]]1}}}].""schema™:"https://github.com/citation-style-
language/schema/raw/master/csl-citation.json"} (Beh et al., 2020)was used to examine and
interpret the observed data. About 10 indentations has been made for each sample and each

experiment was performed in triplicates.

3.10 Surface Roughness and Wettability of composites

The morphology of the composites has been determined through FESEM. The texture of a surface
with peaks and valleys is referred to as surface roughness. As surface roughness influences the
mechanical characteristics, adhesion, friction, wear, and biological interactions of the material, it is
an important parameter in many domains, including materials science, engineering, and biomedical
applications. Typically, measures like Ra (arithmetic average roughness), Rz (average maximum
height of the profile), and Rqg (root mean square roughness) are used to quantify surface roughness.
Numerous methods, including as profilometry, atomic force microscopy (AFM), and field emission
scanning electron microscopy (FESEM), can be used to quantify these attributes. The process flow
for calculating the surface roughness parameters has been illustrated in figure 3.10 below. The
FESEM image is taken and processed using appropriate software as MATLAB or ImagelJ. Further
the processing of the image has been done and a reconstruction of the surface topography has been
done to generate a 3D analysis of the 2D image. Moreover, these images further used to plot the
profile and to calculate the roughness parameters as Average roughness (Ra), Root Mean Square
Roughness (Rg/RMS) and then the data has been analyzed. Average Roughness, (Ra) is the
mathematical mean of the profile heights' absolute values during the testing length (L),
Whereas (Rq) RMS Roughnes determines the mean square average of the heights of the profile over
the testing length (L). Additionally, the Testing Length is the distance across which surface
parameter values are assessed. Further, the mean line denoted as Mt is taken as the reference line

and serves as the measurement point for profile deviations.
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Figure 3.10 The flowchart describes calculation of Surface roughness using FESEM Images through

ImagelJ.

ImageJ has been used to analyze FESEM images of composites to evaluate the root means
square roughness (Rq), and the average roughness means (Ra) through the Surf CharJ plugin (268).
The contact angle measurement technique is used to determine the wettability of the composite
surface. The wettability signifies the hydrophilicity or hydrophobicity of the several variants of
composites. It is the ability of a composite to hold the liquid droplet on its surface as shown in

figure 3.11 below.
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Figure 3.11 Wettability of the surface using contact angle measurement

The different variants of the composites have been shaped circular with radius of 0.66 cm and
thickness of 0.5-0.6 cm approx. In this approach, a water droplet using a glass dropper pipette has
been placed on the surface of the composites approximately 2 ml. The volume of the water droplet
has been kept constant for all the composites that were used to determine the wettability. Using a
smartphone equipped with a macro lens, the drop photographs were captured after 30 seconds,
when the droplet images appeared to be the sharpest and clearest. Thereafter, utilizing ImageJ
software to analyze the captured images, the contact angle of the droplet was then calculated by
drop analysis plugin (269,270). For the purpose of calculating an average, five measurements of

each variant of composite were made (254).

3.11 Biomineralization in SBF Solution

The deposition of calcium and phosphorus ions in the ternary composite with significantly
increased mechanical strength was further investigated. The samples spent four weeks submerged
in simulated bodily fluid (SBF). In order to achieve an ions concentration similar to that of human
blood plasma, the SBF solution was prepared complying with the methodology given by Kokubo
et al 1990. The table 3.3 below describes the ion formulation for the SBF solution and the blood
plasma (271). Each sample weighed about 5gm and it was soaked in a fixed volume 100ml of
SBF solution while being kept at a temperature of about 37°C and an approximate pH of 7.4. After
the immersion process, the samples were taken out of the SBF, rinsed with deionized water and
dried in the ambient atmosphere. Further, the samples' microstructure was examined using a
scanning electron microscope (SEM), and the levels of calcium and phosphorus ions were
evaluated using an Energy dispersive spectroscopy (EDS)(102)
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Table 3.3 Concentration of lons in grams for simulated body fluid (SBF)

lon Concentration in grams for
1000ml of SBF solution
Na* 8.035
CI 40 mi
HCOs 0.355
Ca2t 0.292
K+ 0.225
Mg?* 0.311
HPO4 0.231
SO4> 0.072

Through soaking in SBF solution, the bioactivity of the ternary mixtures of hydroxyapatite,
reduced graphene oxide, and carboxymethyl cellulose was ascertained. FESEM has been used to
assess the surface of the composite for the development of a bone-like apatite layer (261). In
hydroxyapatite (HA) and reduced graphene oxide (rGO) composite, matrix mineralization has
previously been documented as elevated calcium deposits as early as day 14 (272). Additionally,
Radha and coworkers reported on the theorized mechanism of the apatite layer in reduced graphene
oxide and hydroxyapatite, exhibiting a greater Ca/P ratio as compared to pure hydroxyapatite
(HA). According to Turk and colleagues’ 2018 report (273), the biomineralization process
improved with decreasing the amount of reduced graphene oxide.

3.12 In Vitro Biodegradation

The rate of biodegradation of the composites was assessed using an in vitro biodegradation
technique. The figure 3.12 below illustrates the experimental procedure. The pellets of about 4 mm
thickness and 15 mm diameter have been dipped into the 10 ml SBF solution. The ceramic-based

polymeric blends possessing higher mechanical strength have been chosen and then pellets of
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different variants of the composites were submerged in simulated bodily fluid (SBF) prepared

following the procedure described by Kokubo and coworkers (271).

Synthesis of SBF Prepared SBF solution
Solution

Oven dried

Check Weight Loss

Soaking of samples for 28 days

Figure 3.12 The experimental procedure for the Biodegradation assay

During 28 days of incubation, the composites were removed from the SBF, oven dried, and
weighed (274). The following equation was used to calculate the percentage decrease in composite
weight at a specific time:

Weight loss % = "

wi

where Wi is the initial weight of the composite and W: is the weight of the composite after time t

(days) in SBF solution. This experiment was enforced in triplicates.

3.13 Cell Culture and Cytotoxicity

The fibroblast cell line (NIH3T3 cell line), that had been acquired from the National Centre for
Cell Science (NCCS), Pune, India, was used to test the samples for cytotoxicity. The cell line was
cultured in a T25 tissue culture flask using 89% Dulbecco's modified eagle's medium (DMEM)

with 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic solution 100X liquid. The cells
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were incubated at 37C and 5% CO2. Every other day, fresh media has been introduced in order to
achieve good confluency. The adherent NIH3T3 cells were separated using a Trypsin-EDTA
solution (0.25%) after 80% confluency, and then centrifuged at 1500 rpm for two minutes.
Additionally, the cells were resuspended in fresh culture media after the supernatant was discarded,
and the cell suspension has been utilized for further experiment. The MTT test was employed to
measure cytotoxicity. The powdered samples then went an hour-long UV sterilization. Following
thorough ultrasonic mixing of the sterilized samples with DMEM complete growth media at two
separate amounts of 25 mg/ml and 50 mg/ml for 30 minutes, sample extracts were removed after
incubation at 37°C and 5% CO2 for 24 hours. In 96 well plates with 300 pl of DMEM complete
culture media, NIH3T3 cells were seeded. The medium was replaced with sample extracts (n=3)
after 24 hours of incubation. The plates were incubated for 24 and 72 hours at 37°C and 5% CO?2
with two different sample extract concentrations of 25 mg/ml and 50 mg/ml. The media were
removed after the previously stated time interval had passed, and the wells were then gently rinsed
with sterile PBS. Then, 100ul of dimethyl sulfoxide (DMSO) was added to dissolve the purple
formazan crystals formed inside cells in the 96-well plate by shaking the plate in the dark for about
20 minutes. The MTT [3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
solution was added to each well of the plate and incubated for 4 hours. The absorbance was
measured after the supernatants were taken and shaken. Using a microplate reader, at a wavelength
of 570 nm the absorbance (OD values) of the obtained supernatant from each well was recorded
(275). The well with only the cells and without sample has been used as the control. The cell
viability (%) of the samples were calculated using the following equation:

__ OD of the samples

Cell Viability (%) = % 100 (6)

OD of the Control

Additionally, the composites that had been seeded with cells were examined under a fluorescence
microscope. In order to observe the cytoskeleton and nucleus of the live cells FITC and DAPI
staining was employed (276,277).

3.14 Statistical Analysis

All the data described as meanz+ standard deviation has been evaluated through statistical analysis

using GraphPad. All the variables were analyzed in triplets and the p value < 0.05 is considered as
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significant. For each group of samples, statistical significance was assessed in triplicates and P
values were produced by an analysis of variance (ANOVA) utilizing Tukey test for multiple
comparisons. This approach is predicated on the notions of normality and homogeneity of

distributional variances.
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Chapter 4

RESULT AND DISCUSSION
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RESULT AND DISCUSSION

In this chapter, the pre-treatment of the composites individual components is discussed along with
the investigation of their mechanical strength as aforementioned following their XRD and FTIR
characterization. Nevertheless, the morphology of the samples has been tested using FESEM. The
premade binary composite that demonstrated the highest mechanical strength and biocompatibility
later underwent an adequate polymer addition. The final composite material has been fabricated
using thermal treatment under constant pressure. The Taguchi technique was used for optimization,
and the best-formed composites were evaluated for their morphological, Wettability and surface
roughness properties. Later, we looked into biological factors like bioactivity, biocompatibility, and

biodegradation.

PART 1: Processing and characterization of additives for biomaterial preparation.

4.1 FTIR analysis

The structural study of calcined HA has been looked at employing FTIR. The various functional
groups present in calcined HA are displayed in Figure 4.1. Peaks at 558.44 cm™ and 1056.64 cm™
show the vibrational stretching mode of the phosphate group of hydroxyapatites. The peak
1658.24cm™ is thought to have been influenced by the stretching mode of the carbonate
group. The water that was absorbed also came from the top at 3437cm™ (168,278).
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Figure 4.1. FTIR analysis of Hydroxyapatite (HA) and calcined hydroxyapatite (CHA)

4.2 XRD analysis

The Figure 4.2 contrasts the cHA along HA assessed using X-ray peaks. The crystallinity has been
determined from the XRD pattern seen in Figure 4.2, which agrees with the accepted JCPDS file
no. 090432 (279). According to the XRD in the figure below, the calcination procedure at 800°C
enhanced the crystallinity of HA.

The formula below has been used to calculate the sample's crystallinity:

CY% = Ac

Ac+Aa x 100 (l)

In this formula, Aa denotes the combined area of all amorphous and crystalline peaks, Ac denotes
the area of crystalline peaks, and C% is the crystallinity percentage. The crystallinity of chemically
synthesized hydroxyapatite (HA) was found to be 42.49 +1.2% which increases on calcination to
73.09 £1.5% in calcined hydroxyapatite (CHA).
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Figure 4.2. XRD Peaks of Calcined Hydroxyapatite (cHA) and synthesized Hydroxyapatite (HA).

4.3 Characterization of Graphene oxide and reduced graphene oxide

FTIR and XRD analyses were used to evaluate the thermally reduced graphene oxide. The peaks
obtained from FTIR and XRD show evidence of the successful reduction of graphene oxide. FT-IR
spectroscopy was performed between the wavelengths of 400 and 4000 cm™ at room temperature.
The diffraction pattern was analyzed using XRD equipment and a Cu-K source of radiations with a

1.540 °A wavelength. The 26 ranged from 0° to 60° during the diffraction process.
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4.3.1 FTIR analysis

The effective reduction of graphene oxide has been verified by FTIR analysis. Graphene oxide has
been reduced using thermal methods. The graphene oxide and reduced graphene oxide peak
patterns are depicted in the figure 4.3 below. It is possible to identify the functional groups that
exist in both the GO and the rGO by FTIR analysis. When the spectra of GO and rGO were
compared, it was found that the O-H bond's broad peak can be seen between 3200 and 3500 cm™.
Further C-OH band at 1151 cm—1, attributed to the hydroxyl groups in GO. At 1651 cm—1, the
stretching band for C=C, characteristic of the double bonds in the polycyclic aromatic graphene
ring, is observed. Additionally, the C-O-C band, representative of epoxy groups, appears at 1078
cm—1. The C=O band is shifted to a lower frequency due to interactions with the intramolecular
hydrogen bond, leading to overlap with the C=C band. Thermal treatment has reduced the oxygen
content, as evidenced by the lowered intensity of the oxygen-containing group in reduced graphene
oxide, which includes vibrations at frequencies of 1618.94 cm™, 2344 cm™, and 1039 cm?
(198,280).

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (Cm")
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Figure 4.3: FTIR analysis of Graphene oxide (GO) and reduced graphene oxide (rGO)
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4.3.2 XRD analysis

The reduction of Graphene Oxide is verified using an X-ray diffraction approach. According to the
XRD pattern, the GO are polycrystalline. In contrast to rGO, which had an interlayer spacing of
0.33 nm and a sharp peak matching to (002) at 26.35° whereas XRD plot for GO revealed a sharp
peak at 11.8° and the interlayer distance found to be 0.63nm. This peak is associated with (002) hkl
values. The decrease in d spacing values showed the loss of oxygen- and groups containing water,
and it was also in sterling accord with the findings provided by Alam and colleagues (193). As seen
in Figure 4.4, the peak at 11.8° in rGO also disappears, proving that the oxygen-containing groups
were successfully expunged. The peaks examined in rGO are consistent with the JCPDS file no.
75-2078 is the graphite phase of rGO.
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Figure 4.4. XRD peaks for Graphene oxide (GO) and Reduced Graphene Oxide(rGO)

74



4.4 Synthesis of binary composite of calcined hydroxyapatite and reduced graphene oxide

After undergoing pre-treatment to produce calcined hydroxyapatite and reduced graphene oxide,
both materials were combined to create a binary composite. The fabrication of several reduced
graphene oxide and calcined hydroxyapatite variations involved combining dry powder in a mortar
and pestle and then ball milling. To create the various sorts of variations, the concentration of
calcined hydroxyapatite has been steadily declining while the concentration of reduced graphene
oxide has been gradually rising. The composites were finally put together and shaped as pellets
with dimensions of 13 mm diameter and 3-5 mm thickness. In the calcined HA, white pellets could
be seen, but as the rGO concentration was raised, the color of the pellets darkened, as seen in the
Figure 4.5.

HrG1. HrG2, HrG3 HrG4 HrG5

Figure 4.5: Pellets of calcined Hydroxyapatite (c(HA) and Reduced graphene oxide (rGO)
composites in a different ratio namely HrG1 (90 cHA: 10 rGO), HrG2 (80 cHA: 20 rGO),
HrG3 (70 cHA: 30 rGO), HrG4 (60 cHA: 40 rGO) and HrG5 (50 cHA: 50 rGO)

4.4.1 Characterization of composite using FTIR

The composites of hydroxyapatite and reduced graphene oxide have been scrutinized using FTIR
analysis. Almost all the peaks showed both the peaks for the hydroxyapatite and reduced graphene
oxide except the peaks for absorbed water at 3437cm™ which is present in Hydroxyapatite
(102) and for carbonyl group at 2344cm™ (281) which is present in reduced graphene oxide found
to be absent due to heat treatment given to the composites which contributed to the enhanced
mechanical strength as discussed in the later part. The figure 4.6 showed the FTIR analysis of the
binary composites.
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Figure 4.6. FTIR Spectra of composites of calcined hydroxyapatite(cHA) and reduced graphene
oxide (rGO)

4.4.2 Characterization of composite using XRD

Figure 4.7 shows the XRD spectra for various HA and rGO variations. It is straightforward to
observe convergence because of the peaks. It has been shown that HA and rGO peak in the normal
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manner. Peak depth 26.5° enabled to determine the rGO peak, which also overlaps with the HA
peak. The table below shows the d spacing and hkl values of the different peaks, which were

calculated using Bragg's law (282).
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Figure 4.7. XRD analysis of blends of calcined hydroxyapatite and reduced graphene oxide.

The figure 4.7 reveals the diffraction pattern of the hydroxyapatite and reduced graphene oxide
blends. The figure illustrates the successful development of the composite of HA and rGO as
different versions, with peaks at angles 25.7°, 28.7°, 31.8°, and 32.8° represented as examples of

the typical peaks of HA whereas the characteristic peak for rGO has been shown at angle 26.6°.
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Table 4.1: Atomic spacing in blends of HA and rGO.

2 thetas d spacing(°A) | HkI

25.7 0.171 (002)
31.8 0.211 (211)
325 0.215 (300)

4.4.3 Morphology of the binary composite

The morphology of the HA and rGO composite versions has been determined using FESEM.
Figure 4.8 (a) and 4.8(b) below displays the FESEM images of the blends of Hydroxyapatite,
calcined hydroxyapatite, Graphene oxide, reduced graphene oxide,variants of calcined
hydroxyapatite and reduced graphene oxide designated as HrGl to HrG4. The morphology
revealed that the combination of decreased graphene oxide and calcined hydroxyapatite led to the
formation of bigger crystals. Hydroxyapatite is the main component of the upper, white layer, while
decreased graphene oxide is found in the lower area. The particles can be seen in morphology of
calcined hydroxyapatite, whereas the variants revealed successful blending that could be observed

through huge particle clumps.

Figure 4.8(a) Morphology of the starting materials (a) Hydroxyapatite (b) Graphene oxide (c) Reduced
graphene oxide
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Figure 4.8 (b) Morphology of the composites of calcined hydroxyapatite and reduced graphene oxide
(A) cHA, (B) HrG1(90 cHA: 10 rGO), (C) HrG2(80 cHA: 20 rGO), (D) HrG3(70 cHA: 30 rGO),

(E) HrG4(60 cHA: 40 rGO), and (F) HrG5(50 cHA: 50 rGO).

Image J was used to evaluate the particle sizes of the variants. Analysis revealed that variants are
microparticles, and it was shown that the particle size reduces as rGO concentration is raised. However,
it was discovered that the particle sizes for HrG4 and HrG1 were roughly 12.98 um and 17.85 um,

respectively. The particle size plot is shown in Figure 4.9.
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Figure 4.9. Particle size analysis of the composites of calcined hydroxyapatite and blends of
calcined hydroxyapatite and reduced graphene oxide HrG1 (90 cHA: 10 rGO), HrG2(80 cHA: 20
rGO), HrG3 (70 cHA: 30 rGO), HrG4(60 cHA: 40 rGO) and HrG5(50 cHA: 50 rGO)

4.4.4 Surface roughness of the composite

Surface roughness plays a key role in regulating cell adhesion and proliferation. Surface roughness
was found to enhance cellular functions. Kunzler and associates found that increasing surface
roughness boosted osteoblast development. However, multiple studies showed that roughness had
sped up cellular proliferation when evaluating in vitro studies (283-285). On the other hand,

osteoblast MG-63 proliferation decreased as surface roughness increased (286). The surface
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roughness for the HA and rGO versions is shown in the table below. By analyzing the FESEM
images with image analysis tools, Ra values ranging from 38.06+ 0.90 um to 28.14+ 0.43 um have
been found, proving that the surface roughness reduces with increasing concentrations of rGO as
shown in figure 4.10. This may be due to effect of thermal treatment to the composites which make it
more dense and the cracks or gaps has been filled by reduced graphene oxide arising smooth surface

topography as also reported earlier (287,288).
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Figure 4.10. Surface Roughness (a-b)cHA, (c-d) HrG1(90 cHA: 10 rGO), (e-f) HrG2(80 cHA: 20
rG0O), (g-h) HrG3(70 cHA: 30 rGO), (i-j) HrG4(60 cHA: 40 rGO) and (k-I) HrG5(50 cHA: 50
rGO
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Figure 4.10 displays both the photographs and the roughness plot. The figure reveals the surface
roughness plot and the roughness parameters have been tabulated in the table 4.2 below. The
relation between the surface roughness and cell adhesion can be depicted from the biocompatibility
test that a decline in the surface roughness of blends increased cell adherence and proliferation.

Table 4.2. Roughness parameters of blends of calcined hydroxyapatite and reduced graphene

oxide.

Blends Arithmetic Mean Roughness (Ra) (um) | Root Mean square (RMS) (um)
HrG1 | 38.06 £ 0.90 46.46 + 0.68
HrG2 | 37.73+0.22 43.10£0.16
HrG3 | 31.28 + 0.59 36.98 + 0.62
HrG4 | 28.14+£0.43 34.22 +£0.93
HrG5 | 21.28 £0.98 27.92 +£0.52

Part 2: Study of mechanical properties of biomaterial fillers.

It has already been noted that hydroxyapatite has a reduced mechanical strength. To create a
mechanically robust composite, a variety of fabrication techniques and filler types have been used.
Because of its superior qualities, hydroxyapatite is one of the best biomaterials for use in tissue
regeneration. The hydroxyapatite in the previously published data demonstrated greater relative
density and hardness after being subjected to cold isostatic pressing and sintering (289).
Additionally, it has been noted that carbon fibre reinforcement of hydroxyapatite via spark plasma
sintering results in increased mechanical strength (290). In a different study, PEEK was employed
as a filler to enhance the hydroxyapatite's mechanical characteristics (291).

Additionally, it has been highlighted that the compressive strength was discovered to be enhanced
with an increase in sintering temperature when compared to hydroxyapatite, which has a
compressive strength of only 49 MPa (292). In this section, mechanical behavior has been studied
after the hydroxyapatite has been reinforced with reduced graphene oxide and has undergone a heat
treatment. Utilizing a universal testing machine (UTM), compressive strength and Young's
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modulus were evaluated. Further the cracking behavior that determines resistance the composites

has been studied.

4.5 Mechanical behavior of the composite

For various variants of calcined HA-rGO composites, the compressive strength has been
determined. A significant improvement in compressive strength was noticed. HrG4 has the
maximum mechanical strength, 185.16+ 4.87 MPa. It can be summarized that by enhancing the
crystallinity of HA during calcination and removing excess water from rGO during reduction, the
molecules interact better, increasing the compressive strength ((293). Prior to mechanical
investigation, it was found that thermally treating the pellets improved the material's strength, as
illustrated in Figure 4.11. The mechanical strength of composites before and after the heat
treatment was statistically analyzed, and the results show that p<0.0001. The average value and

standard deviation for all data were displayed.
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Figure 4.11 Statistical analysis of compressive strength of calcined hydroxyapatite (cHA) and
binary blends of Hydroxyapatite and reduced graphene oxide namely HrG1(90 cHA: 10 rGO),
HrG2(80 cHA: 20 rGO), HrG3 (70 cHA: 30 rGO), HrG4 (60 cHA: 40 rGO), HrG5(50 cHA: 50

rGO) before and after treatment *** indicates the p < 0.0001.
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On elevating the rGO content in HA to 40% made the variations strength easier to achieve. On the
other hand, as the rGO amount increased further, HrG5 showed a minor strength drop. Additionally,
it was discovered that thermally treating composites boosts their strength. As the quantity of reduced
graphene oxide increases, the compressive strength also increases. The maximum compressive
strength found to be 185.16+ 4.87 MPa for the blend HrG4 and on further increasing the percentage

of reduced graphene oxide in HrG5, little reduction in the strength observed.

Figure 4.12 displays a stress-strain curve for each blend. A larger stress-to-strain ratio was
observed in the case of HrG4, which was responsible for the highest modulus obtained. The curves

showed the ductile nature of the composites.
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Figure 4.12: Stress-strain graph for different composite variations of binary blends of calcined
Hydroxyapatite and reduced graphene oxide namely HrG1(90 cHA: 10 rGO), HrG2(80 cHA: 20
rGO), HrG3 (70 cHA: 30 rGO), HrG4 (60 cHA: 40 rGO), HrG5(50 cHA: 50 rGO)
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PART 3: Biomaterial fabrication steps with addition of appropriate Polymer to the additive

and characterization.

4.6 Selecting the ideal temperature for treatment

The composite of carboxymethyl cellulose, hydroxyapatite and reduced graphene oxide has been
fabricated through pressing thermally in order to achieve ameliorated compressive strength. Earlier
the thermal pressing was performed at 200°C and 350°C for 2 hours. The results for the same have
been analyzed through FTIR demonstrated below in Figure 4.13. The FTIR results of blends
showed that the peaks for hydroxyl group and for carboxyl and carbonyl group at 3500 cm™ are
visible which apparently comprehend that at temperatures of 200°C and 350°C, the water
molecules and oxygen containing functional groups can be seen. But the thermal degradation of

Carboxymethyl cellulose reported to be started above 200°C (294).
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Figure 4.13: FTIR analysis of ternary blends calcined Hydroxyapatite, reduced graphene oxide and

carboxymethyl cellulose thermally treated under pressure at 200°C and 350°C

On scrutinizing high temperature and risk of degradation of CMC so, to maintain the material

integrity of the carboxymethyl cellulose, low temperature thermal pressing has been opted. In

86



addition, low temperature also maintain the structural integrity of hydroxyapatite and the bonding
between the carboxymethyl cellulose and hydroxyapatite which enhances the mechanical strength

of the composite.

Thereafter, thermal treatment of hydroxyapatite, reduced graphene oxide and carboxymethyl
cellulose has been employed at two different temperatures of 100°C and 150°C and for three
different time intervals of 5 minutes, 10 minutes and 20 minutes at constant pressure of 7.8 psi.
Table represents the details for fabrication composition of carboxymethyl cellulose, reduced
graphene oxide and hydroxyapatite composites whereas BX (X=1,2,3) stand for Blend of samples
and 100, 150 tells the heat-treating temperature value in degree Celsius. For example, B1-100
stands for the Blend-1 thermally pressed at 100°C whereas B1-150 denotes the Blend-1 heat
pressed at 150°C.

Table 4.3: Composition of Blends of hydroxyapatite, reduced graphene oxide and carboxymethyl

cellulose
SAMPLES @ HA:rGO:CMC HA(g) @ rGO (g) CMC (g)
(Wt%)

B1-100 60:30:10 6 3 1
B1-150

B2-100 60:20:20 6 2 2
B2-150

B3-100 60:10:30 6 1 3
B3-150

Furthermore, the ternary composite has also been characterized utilizing physio-chemical
investigations using FTIR, XRD, and thermal studies using TGA analysis. Later, the variants of

ternary composite have been evaluated for the mechanical strength and biocompatibility.

Figure 3.1 demonstrates the methods that were used to fabricate ternary blend. In the image, the

composite of calcined hydroxyapatite and reduced graphene oxide (HA/rGO) was shown to have

reached its maximum strength and then being mixed with carboxymethyl cellulose (CMC) in

various ratios as listed in the table. These versions were shaped into pellets using Pellet making

machine and were then heated for three periods of five minutes, ten minutes, and twenty minutes at

temperatures of 100°C and 150°C. These blends have also been morphologically studied using
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FESEM, and their physicochemical characteristics have been determined by FTIR, XRD, and other
methods. Additionally, blends of Ceramic-polymeric materials were further examined for
mechanical behavior and separated based on optimal strength. Thereafter, the blends were further
studied for biocompatibility on murine fibroblast cells (NIH3T3) using MTT assay.

4.6.1 Physio-chemical Characterization

4.6.1.1 FTIR analysis

Figure 4.14 depicts the FTIR spectrum for the thermally pressed polymeric composites with
varied concentrations of carboxymethyl cellulose and reduced graphene oxide. The phosphate
group of hydroxyapatites (HA) is responsible for the bands at 1058 cm™, 549 cm™, and 924 cm™,
whereas the carbonate group's v2 and v3 vibrational modes are responsible for the bands at 1190
cm-1 and 1417 cm(261). The methyl group was assigned to the band at 1156 cm™. The
stretching of the CH2 group as seen in CMC is shown by the band at 1376. According to Azzaoui
and co-workers, the band seen at 1058 cm™ corresponds to the CH-O-CH2 stretching of
carboxymethyl cellulose (295). According to Hidayah et al.'s research, the band at 1593
contributes to C=O stretching vibrations of carbonyl and carboxyl groups (198,280).
Additionally, the effectively generated mechanically improved composite of hydroxyapatite and

reduced graphene oxide displayed the characteristic peaks.
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Figure 4.14: FTIR peaks for ternary Blends B1(60 cHA :30 rGO :10 CMC), B2 (60 cHA :20 rGO
:20 CMC) and B3 (60 cHA :10 rGO :30 CMC) thermally treated at 100°C and 150°C and
blend of calcined hydroxyapatite and reduced graphene oxide (HArGO) (60 HA:40rGO).
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The peak at 2344 cm-1, which corresponds to the carbonyl and carboxyl groups, has been totally
wiped out in the ceramic-based polymeric blends due to thermal pressing when compared to the
HArGO blend. Whereas, the bonds responsible for each of the FTIR peaks for carboxymethyl
cellulose (CMC) were displayed in figure 4.15. When compared to carboxymethyl cellulose, it
was discovered that heat-pressing entirely eliminated the peaks exhibiting the -OH group, which
were located at 3200-3400 cm-1. The thermal impact causes the loss of absorbed water from the
material (198).
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Figure 4.15: FTIR analysis of Carboxymethyl cellulose (CMC)
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4.6.1.2 XRD analysis

When thermally treated at various temperatures, the XRD peaks were obtained for several Ceramic
based polymeric blends. Three different materials' peaks are marked in figure 4.16(a) to ensure
accurate blending of the composite. For the hydroxyapatite, the distinctive peaks were found to be at
28.8° and 31.3°, which are in good agreement with the previously published work by
Manjubala and colleagues (265). The characteristic peaks for the CMC were found to be at
18.6°, 20.3°, 27.7°, 32.6°, and 45.68°. At 26.2 degrees, the typical peak of reduced graphene oxide
was visible and it overlapped the peak of hydroxyapatite. In the image below, the characteristic peak
at 26.2 exhibits a diminishing strength as the content of reduced graphene oxide decreased in the
blends from B1 to B3, demonstrating that the blending was done properly. The hydroxyapatite and
reduced graphene oxide XRD peaks can be seen in the blend HArGO as CMC has been reinforced
to the previously created Hydroxyapatite and reduced graphene oxide (HArGO) blend in the ratio of
60:40% by weight.

The degree of crystallinity for the blends was determined. As the temperature of is raised,
crystallinity increases. The crystallinity's graphical representation is shown in Figure 4.16(b) below.
By determining the degree of crystallinity, the impact of heat treatment under pressure on the

crystallinity of the composites has been examined.
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Figure 4.16(a): XRD peaks of thermally treated under pressure for ceramic based blends B1(60
cHA :30 rGO :10 CMC), B2 (60 cHA :20 rGO :20 CMC) and B3 (60 cHA :10 rGO :30 CMC) at
100°C and 150°C and binary blend of calcined hydroxyapatite and reduced graphene oxide
(HArGO) (60 cHA:40rGO).
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Figure 4.16(b): Crystallinity of the B1(60 cHA :30 rGO :10 CMC), B2 (60 cHA :20 rGO :20
CMC) and B3 (60 cHA :10 rGO :30 CMC) thermally-pressed at 100°C and 150°C

The crystallinity of the composites appeared to be impacted in a synergistic way by the rising
temperature of thermally treated under pressure. The crystallinity unquestionably increases as the
thermally treated temperature rises from 100°C to 150°C, and when the crystallinity of the
polymeric blends is compared, blend B2 is proven to have the highest crystallinity. As the
percentage of carboxymethyl cellulose is increased, blend B3 exhibits less crystallinity than blend
B2, as seen in Figure 4.16(b). The obtained results are in good accord with the findings published
by Son and coworkers, who discovered that strong hydrogen bonding and Vander Waal forces
caused a composite composed of NaCMC reinforced with rGO to show increased strength at 2%.
Similarly, blend B3 loses crystallinity relative to blend B2 as the amount of reduced graphene oxide

is progressively reduced, as the bond between carboxymethyl cellulose and rGO weakens (296).
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4.6.2. Mechanical Strength of the composites

Employing three identical copies of the composite, the compressive strength of the composites was
calculated by Universal Testing Machine (UTM). Ceramic based composites made of ceramic

reinforced with reduced graphene oxide and carboxymethyl cellulose that were heat treated under
pressure for different intervals and at various temperatures. For temperatures between 100°C and
150°C, holding times of 5, 10, and 20 minutes have been adopted. When the thermally temperature
was raised to 150°C, it was found that the mechanical strength increased, which is aligned with the
previously described crystallinity data. It is clear from the data that the crystallinity of blends B1
and B2 improves with higher temperatures, but blend B3 shows a slight reduction, which also has

an impact on the blend's mechanical strength when compared to blend B2 as shown in Figure 4.17.
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Figure 4.17: Compressive Strength of the hydroxyapatite and reduced graphene oxide blend
(60cHA: 40rGO) and Ceramic based polymeric blends B1(60 cHA :30 rGO :10 CMC), B2 (60
cHA :20 rGO :20 CMC) and B3 (60 cHA :10 rGO :30 CMC) heat treated at 100°C and 150°C for

the time intervals of 5min, 10min and 20min.
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The maximum compressive strength was found to be 320.16 +6.1 MPa and a Young's modulus of
4.87+5.04 GPawhen the percentage concentration of both reduced graphene oxide and
carboxymethyl cellulose became 20:20, i.e., in blend B2 when thermally treated at 150°C, which is
in good agreement with the reported findings (17). Because of the further rise in carboxymethyl
cellulose concentration to 30% while concurrently reducing the concentration of reduced graphene
oxide to 10%, the strength of blend B3 is less than that of blend B2 in comparison. This is due to
the fact that the bond between them becomes weaker as crystallinity decrease.
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Figure 4.18: Vicker’s Hardness and the modulus of the calcined Hydroxyapatite and reduced
graphene oxide blend (60 cHA:40rGO) and Ceramic based polymeric blends B1(60 cHA :30 rGO

:10 CMC), B2 (60 cHA :20 rGO :20 CMC) and B3 (60 cHA :10 rGO :30 CMC) thermally-pressed
at 100°C and 150°C

About 10 indentations have been established on the blends with the highest compressive strength in
order to analyze the hardness and modulus of the composites using the Vicker's Hardness test. Only
six of the 18 blends that demonstrated their greatest compressive strength after being thermally
treated under pressure for 20 minutes were used to determine hardness and young's modulus using

Vicker's hardness analysis. It was discovered that as the temperature increased, so did the Young's
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modulus and the Vicker hardness. The blend B2-150 had a maximum hardness of 216.22 +90MPa,
as illustrated in Figure 4.18. This is a novel technique, and it can be explained by the fact that blend
B3 agglomeration increases while the strength drops. As previously mentioned, switching to blend
B3 from blend B2 results in a decrease in crystallinity. Additionally, as the heating
temperature is raised, the surface roughness reduces, which might affect the mechanical behavior
of the composites composed of hydroxyapatite, reduced graphene oxide and carboxymethyl

cellulose.

4.6.3 Orthogonal array experimental result

About five significant parameters, including thermally treated components and the results of the
experimental data, have been chosen for optimization. The characteristics that were selected for the
Taguchi optimization are the composition of carboxymethyl cellulose (%), the heating temperature
(°C), and the time period (minutes). The experimental data for compressive strength (MPa) and

water contact angle (°) have also been obtained using the L18 orthogonal array (24,258)

Table below highlights the experimental details and results.

Table 4.4 Experimental details for composite synthesis

Run Temperature Composition Time Compressive Contact
order (Degrees) (%) (Min) Strength (MPa) angle (°)
1 100 10 5 91.26 72.49
2 100 10 10 157.81 67.38
3 100 10 20 96.62 59.99
4 100 20 5 96.46 68.34
) 100 20 10 198.67 64.31
6 100 20 20 155.03 58.17
7 100 30 5 208.75 67.15
8 100 30 10 312.41 63.25
9 100 30 20 302.7 53.18
10 150 10 5 96.92 69.03
11 150 10 10 163.44 63.19
12 150 10 20 118.6 58.36
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13 150 20 5 189.38 67.6
14 150 20 10 251.34 58.04
15 150 20 20 216.76 53.12
16 150 30 5 221.77 65.85
17 150 30 10 319.33 55.22
18 150 30 20 318.16 51.73
Table 4.5 Calculation of Grey relational grade

Normalize
Run | d value Normali GRC
orde| of zed valug Compressi Compressivel GRC
r Compressi | of ve Strength Wettabilit

ve Wettabili Strength | Wettabilit y GRG | Rank

Strength | ty (MPa) y (°)
ideal | 1 1 0 0 1 1 1
1 0.0000 0.0000 | 1.0000 1.0000 0.3333 0.3333 0.3333| 18
2 0.2918 0.2461 | 0.7082 0.7539 0.4138 0.3988 0.4063 | 15
3 0.0235 0.6021 | 0.9765 0.3979 0.3386 0.5569 0.4478 | 13
4 0.0228 0.1999 | 0.9772 0.8001 0.3385 0.3846 0.3615 | 16
5 0.4710 0.3940 | 0.5290 0.6060 0.4859 0.4521 0.4690 | 10
6 0.2796 0.6898 | 0.7204 0.3102 0.4097 0.6171 0.5134 | 7
7 0.5151 0.2572 | 0.4849 0.7428 0.5077 0.4023 0.4550 | 11
8 0.9697 0.4451 | 0.0303 0.5549 0.9428 0.4740 0.7084 | 4
9 0.9271 0.9302 | 0.0729 0.0698 0.8727 0.8774 0.8751 | 2
10 | 0.0248 0.1667 | 0.9752 0.8333 0.3389 0.3750 0.3570 | 17
11 | 0.3165 0.4480 | 0.6835 0.5520 0.4225 0.4753 0.4489 | 12
12 | 0.1199 0.6806 | 0.8801 0.3194 0.3623 0.6102 0.4863 | 8
13 | 0.4302 0.2355 | 0.5698 0.7645 0.4674 0.3954 0.4314 | 14
14 | 0.7019 0.6961 | 0.2981 0.3039 0.6265 0.6219 0.6242 | 6
15 | 0.5503 0.9330 | 0.4497 0.0670 0.5265 0.8819 0.7042 | 5
16 | 0.5722 0.3198 | 0.4278 0.6802 0.5389 0.4237 0.4813| 9
17 | 1.0000 0.8319 | 0.0000 0.1681 1.0000 0.7484 0.8742 | 3
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18 | 0.99487 1 0.00513 0 0.989844 1 0.9949 | 1
22

Table 4.5 describes the Taguchi data run of the experiment. Equations 2 and 3 were used to
calculate the GRC once the data were normalized, and equation 4 was used to estimate the GRG.
The least water contact angle (WCA) and the topmost compressive strength are the required
characteristics that were determined by ranking the data following additional research. Rank one
has been determined for the data run of the eighteenth array. In addition, 30% carboxymethyl
cellulose (CMC) that had been thermally treated for 20 minutes at 150°C was added in the
composition that produced the greatest outcomes for the processed data.

4.7 Study of Compressive strength through ANOVA analysis

ANOVA was run on the experimental data in order to analyze the impact of heating parameters on
the mechanical strength, which was measured using a Universal Testing Machine (UTM) as an
experimental output following the thermally treatment of the ceramic-based composites. The
compressive strength (MPa) ANOVA findings are displayed in the table below. The data has first
been standardized. After the compressive strength data was normalized, figure 4.19 below shows
that the majority of the data points appeared to be close to the line, indicating that the data were
determined to be in good agreement with the likelihood (226).
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Figure 4.19: Normality plot of Compressive Strength of the composites

Second, an ANOVA analysis was conducted on the compressive strength data. Table examines the
F-value, p-value, and mean square for each of the parameters, which include temperature (A),
composition (B), and time (C). Furthermore, a tabulation of the combined effects of composition

and time (BC) and square rooting of the time scale (C?) has been performed.
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Table 4.6: ANOVA analysis for the compressive strength

Source Sum of dF Mean F- p-value
Squares Square value

Model 1.05E+05 5 21030.2 50.07 < significant
0.0001

A- 4231.69 1 4231.69 10.07 0.008

Temperature

B- 79465.37 1 79465.37 189.18 <

Composition 0.0001

C-Time 7667.42 1 7667.42 18.25 0.0011

BC 33335 1 3333.5 7.94 0.0155

C? 16916.47 1 16916.47 40.27 <
0.0001

Residual 5040.68 12 420.06

Total 1.10E+05 17

Additionally, the F-value of the model, 50.07 indicated was considered significant. Only 0.01% of
the greater F-value may be attributed to noise.

Model terms with P-values less than 0.05 are deemed significant. In the example given, A, B, C,
BC, and C? are significant model values. The model terms that are not significant are revealed by a
p-value greater than 0.10. The Adjusted R? of 0.93 and the Predicted R? of 0.90 were found to
differ by less than 0.2. In addition, the Adeq Precision determines the signal-to-noise ratio. The
ratio ought to be more than 4. For the aforementioned experimental run, the signal strength was
determined to be adequate with a ratio of 21.23 (297).

The impact of processing settings on the compressive strength of the blends can be observed in the
figure below. To illustrate the influence, the figure 4.20 was divided into two sections: a surface
plot and a contour plot. Figure below (al and a2) illustrates the relationship between concentration
and heating duration and shows that the maximum compressive strength can be achieved by
increasing the concentration and maintaining the time above 14 minutes.

Conversely, in figure 4.20 (b1 and b2) describes the impact of temperature and heating duration on
compressive strength. The picture makes it clear that the maximum compressive strength output
was found to occur at a temperature of approximately 150°C and a time interval of greater than 14
minutes.

Additionally, the relationship between composition and heating temperature has been carefully
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examined, and it has been found that a greater temperature and increase in carboxymethyl cellulose
concentration strengthens the composite. Figure 4.20 (c1 and c2) displays the impact of the blend's
composition and the heating temperature using both a contour plot and a 3D surface plot.
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Figure 4.20: Effect of processing parameters on the compressive strength of the ceramic-based

blend of calcined Hydroxyapatite, reduced graphene oxide and carboxymethyl cellulose with 3D
surface (al, b1, c1) and contour plot (a2, b2, c2)
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In summary, the mechanical strength of the composites has been found to be enhanced by
increasing the polymer content and thermal treatment conditions. Additionally, the factor's R? value

was determined to be 90%, which is in good compliance with the expected value.

4.8 An examination of wettability using ANOVA

After the composites were heat-pressed, the experimental output was the static water contact angle,
which was measured using ImageJ. An ANOVA was performed on the experimental data to
examine the effects of the thermal treatment factors on the Wettability. The wettability ANOVA
results are shown in the table below. First, the data was normalized. The bulk of the data points
appeared to be closer to the line after the data were normalized for wettability, suggesting that the
data were found to be in good accordance with the probability (226).
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Figure 4.21: Normality Plot for wettability of ternary composite of calcined hydroxyapatite,
reduced graphene oxide and carboxymethyl cellulose
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Additionally, an ANOVA analysis was performed on the data related to Wettability. Temperature
(A), composition (B), and time (C) are the three parameters whose F-value, p-value, and mean
square are examined in Table 5. Additionally, squaring the time scale (C?) and a tabulation of the
combined impacts of composition and time (BC) have been carried out.

Table 4.7: ANOVA analysis for the Wettability

Source Sum of Squares | dF | Mean Square | F-value | p-value

Model 634.32 4 | 158.58 66.46 < 0.0001 | significant
A-Temperature | 57.32 1 |57.32 24.02 0.0003
B-Composition | 96.67 1 | 96.67 40.52 < 0.0001

C-Time 480.19 1 | 480.19 201.25 | <0.0001

C? 20.31 1 | 2031 8.51 0.012

Residual 31.02 13 | 2.39

Cor Total 665.34 17

Additionally, the model was considered significant based on its F-value of 66.46. Noise can only
be blamed for 0.01% of the larger F-value.

Significant model terms are those having P-values less than 0.0500. A, B, C, and C? are important
model terms in the current model. A p-value more than 0.1000 reveals the model terms that are not
significant. There was determined to be a less than 0.2 difference between the Expected R? of
0.9098 and the Adjusted R? of 0.9390. The signal-to-noise ratio is also determined by the Adeq
Precision. More than four should be the ratio. With a ratio of 26.897, it was concluded that the

signal strength for the previously described trial run was adequate.

Figure below illustrates how the wettability of the blend is affected by the processing
conditions. The figure was separated into a surface plot and a contour plot to show the

influence. The link between the polymer concentration and the heating temperature is
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depicted in Figure 4.22 (al and a2), which demonstrates that raising the concentration of
polymer and the heating temperature can result in good wettability.

Furthermore, Figure 4.22 (bl and b2) depicts how temperature and processing time affect
wettability. The figure illustrates that the wettability of the polymeric mix increases with
increasing processing temperature and time.

However, a thorough analysis of the link between composition and heating duration revealed that a
higher composition and longer processing times, as shown in Figure 4.22 (c1 and c2) utilizing both

a contour plot and a 3D surface plot.

Wettability

al

Wettabity

A: Temperature
Wettability
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Wettability
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Figure 4.22: Effect of processing parameters on the wettability of the ternary blends of calcined
Hydroxyapatite, Reduced graphene oxide and Carboxymethyl cellulose with 3D surface (al, b1,
cl) and contour plot (a2, b2, c2) for the composite
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In the end, it has been found that the heating parameters have a positive impact on the
wettability of the composite. However, the R? was discovered to be 0.909, indicating strong

concurrence with the modified value.

4.9 GRG examination using an ANOVA

The GRG (Grey relational grade) has been calculated using the previously mentioned equation 4.
The combined effect of the GRCs on wettability and compressive strength is also displayed by the
GRG. A ranking based on the GRG has been carried out to identify the best composite with the
optimal concentration and processing circumstances. Table 6 illustrates the GRG analysis (269)
using the ANOVA.

The data was first normalized. After the data were normalized for gray relational grade, the
majority of the data points seemed to be near the line, indicating that the data was deemed to be in

good agreement with the statistical analysis.
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Figure 4.23: Normality plot of grey relational grade (GRG)
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Table 6 showed that the model was deemed significant with an F-value of 50.07. The increased F-

value has a mere 0.01% probability of being caused by noise.

Model parameters are considered significant when P-values are less than 0.0500. A (Heating
temperature), B (composition of polymer), C (Processing time), BC (composition & heating time),
and C? (doubling the heating time) are significant model terms in the example. A p- value greater
than 0.1000 indicates the presence of irrelevant model terms.

Table 4.8: ANOVA analysis of GRG

Source Sum of dF  Mean F- p-value = Contribution
Squares Square value %
Model 0.6194 5 0.1239 33.57 <
0.0001
A- 0.0385 1 0.0385 10.44 0.0072 5.722
Temperature
B- 0.3326 1 0.3326 90.13 < 49.402
Composition 0.0001
C-Time 0.2139 1 0.2139 57.97 < 31.774
0.0001
BC 0.0525 1 0.0525 14.22 0.0027 7.794
C? 0.0357 1 0.0357 9.68 0.009 5.305
Residual 0.0443 12 = 0.0037
Cor Total 0.6636 17

The calculated corrected R? of 0.9352 was found to be less by a margin of less than 0.2 than the
estimated R? of 0.9099. Furthermore, the Adeq Precision computes the signal to noise ratio. The
optimal ratio is higher than four. The aforementioned test run produced a ratio of 21.230, meaning
that the signal strength was considered sufficient. Moreover, when examining the percentage

contribution, composition has the biggest influence, followed by temperature and time.
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Figure 4.24: Analysis of processing conditions with the Grey relational grade (GRG) through 3D
surface (al, b1, c1) and contour plot (a2, b2, c2) for the blend of calcined Hydroxyapatite, Reduced
graphene oxide and Carboxymethyl cellulose.

Figure 4.24 illustrates impact of processing conditions on GRG. The figure was separated into a
surface plot and a contour plot to show the influence. A link between concentration and

heating temperature is depicted in Figure 4.24 (al and a2), which indicates that increasing
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concentration and reaching 150°C as the heating temperature will yield the maximum GRG. In a
similar vein, Figure 4.24 (b1 and b2) details influence of temperature and processing time on
GRG. The chart clearly shows that higher range of processing conditions were found to be
optimal for GRG.

Furthermore, a thorough investigation of the relationship between blend composition and hot-
pressing duration revealed that higher processing times were associated with higher concentrations
of carboxymethyl cellulose, which in turn led to elevated GRG, as shown in Figure 4.24 (c1 and

c2), which was visualized using both a contour plot and a 3D surface plot.

4.10 Desirability Function Analysis (DFA)-Based Optimization
Greater desirability for compressive strength and lesser desirability for Wettability have been
selected in order to improve the process parameters. The desirability analysis has been analyzed

using the Design-Expert program (264,297).
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Figure 4.25: Plots for desirability for the different processing Temperature, time and composition
of carboxymethyl cellulose along with the best possible output of compressive strength (MPa),
Wettability (°) and Gray relational Grade (GRG) for the blend of calcined Hydroxyapatite,

Reduced graphene oxide and Carboxymethyl cellulose.
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Figure 4.25 provides a representation of the desirability ramp plot. Figure 4.25 shows that the ideal
temperature was determined to be 150°C, with a 30% (wt.%) carboxymethyl cellulose content and
a 19.87 minutes processing period. The compressive strength was determined to be 320.50 MPa at
the aforementioned variables, the wettability was 51.15° and the GRG was calculated to be 0.96,

which is in close proximity with the experimental findings.
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Figure 4.26: Effect of output responses with respect to composition and temperature after using

desirability approach for the blend of calcined Hydroxyapatite, Reduced graphene oxide and

Carboxymethyl cellulose.

Additionally, Figure 4.26 indicates that the composition and temperature of the thermal affect the

following: Desirability (A), wettability (C), compressive strength (B), and Grey relational grade
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(GRG) (D). The graphic clearly illustrates how compressive strength improved as carboxymethyl
cellulose concentration increased and wettability angle decreased. Likewise, extreme composite
circumstances were found to have a greater GRG. The expected value for GRG was determined to
be 0.964 when compared to the desirability, which is in good accordance with the projected value
of the desirability. Furthermore, the maximum values for Desirability, compressive strength, and
GRG were seen in the red zone. But conversely. In Figure 4.26 (C), the lower the better for
wettability is displayed in blue (259,264).
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Figure 4.27: Effect of output responses with respect to time and temperature after using
desirability approach

Additionally, Figure 4.27 indicates that the composition and temperature of the thermal affect the
following: Desirability (A), wettability (C), compressive strength (B), and Grey relational grade

(GRG) (D). The graphic clearly illustrates how compressive strength improved as carboxymethyl
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cellulose concentration increased and wettability angle decreased. Likewise, extreme composite
circumstances were found to have a greater GRG. The expected value for GRG was determined to
be 0.964 when compared to the desirability, which is in good accordance with the projected value
of the desirability. Furthermore, the maximum values for Desirability, compressive strength, and
GRG were seen in the red zone. But conversely, in Figure 4.28 (C), the lower the better for
wettability is displayed in blue (259).
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Figure 4.28: Effect of output responses with respect to time and composition after using
desirability approach

Moreover, the highest carboxymethyl cellulose content and a prolonged processing duration were
shown to yield the most favorable results in terms of desirability. Similar to this, a synergistic
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impact was seen in the grey relationship analysis for the compressive strength and wettability in
Figure 4.28 (B&C), respectively, with higher processing times and higher concentrations of the

polymer.

4.11 Analysis of regression

The response prediction model for compressive strength, wettability, and GRG values was
developed using regression analysis. The multiple linear regression analysis mathematical models
for the compressive strength, wettability, and GRG of the composites as a function of thermal
treatment parameters. The mathematical models for the results are shown in equations. The study
of inorganic hydroxyapatite (HA) assembly in polymer matrix is of great interest in the bone tissue
engineering field. An in-situ synthesis method is employed in this study to synthesize
carboxymethyl cellulose (CMC)/HA composite scaffolds to mimic the natural bone. The formation
of HA in the CMC matrix is initiated at three different temperatures (30°C, 60°C and 90°C) and the
size of HA decreases with the increase of temperature. The morphology of the scaffolds as viewed
by scanning electron microscope shows the formation of rough surfaces with agglomerated HA that
can favors appreciable attachment of cells. The X-ray diffraction and Fourier transform infrared
spectroscopy confirmed the purity of the formed HA in the polymer matrix. The mechanical
properties of the scaffolds reveal that they can form suitable templates to support newly formed
bone cells at the site of the defect. The cytotoxicity test of scaffolds with the fibroblast (NIH3T3)
cells demonstrated that they can form a suitable template for the attachment of cells and

proliferation in bone regeneration (265).

The regression equation for compressive strength was discovered to be;

Compressive Strength

=72.59139+0.613311xTemperature+4.86913xComposition+31.13748xTime+0.267268xE3XTime-
1.3245xTimexTime (5)

On the other hand, the regression equation for wettability turned out to be;
Wettability
=91.815-0.071378xTemperature-0.283833xComposition-
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1.99067xTime+0.045889xTimexTime (6)
and the GRG equation has been identified to be;

GRG

0.180308+0.00185xTemperature+0.003543xComposition+0.044711xTime+0.00106xComposition
xTime-0.001925xTimexTIme (7

The experimental and anticipated bar charts appeared to be comparable. In the same way,
wettability and GRG. The experimental results are validated by the graph presented in Figure 4.29.
The accuracy of the obtained values was confirmed by the increased linear correlation coefficient
(R2).

Table 4.9: Description of Predicted and Adjusted values of the outputs

Performance Parameters | Predicted values | Adjusted values
Compressive strength 0.909 0.935
Wettability 0.909 0.939
Grey relational Grade 0.909 0.935

113



WExperimental W Predicted

(A) Experimental V/S Predicted compressive strength (B) Experimental V]S Predicted Wettability

mExperimental mPredicted

ve strength

Wettability
B oW g

405 6 7 8 9 101112 13 14 15 16 17 1
1 2 3 4 5 6 7 8 9 1011 1213 14151 17 18 1122 567 EINUDBUBBYR

Number of Runs Number of Runs

(C) Experimental V/S Predicted GRG

m Experimental mPredicted

1 2 3 4 5 6 7 &8 9 1011 12 13 14 15 16 17 18

Number of Runs

Figure 4.29: Average percentage error of (A) compressive strength (B) Wettability and (C) GRG
for the blend of calcined Hydroxyapatite, Reduced graphene oxide and Carboxymethyl cellulose.

Table 4.9 and Figure 4.29 present a comparison between the predicted values obtained for the L18
optimized model and the observed data. The best fit model that can be achieved within the
processing parameter range, i.e., heating temperature of 100°C-150°C and time range of 5-20
minutes, has been determined using the predicted values, which have been derived from the

regression equation.
4.12 Morphological Analysis

Through the analysis of FESEM images, the morphology of various ceramic-based polymeric
blends has been identified. Further in figure 4.30, the variations B1, B2, and B3 that were treated at
two different temperatures are depicted in the picture below as FESEM images. The agglomeration
has been seen in blends that have been heated at 100°C or 150°C under pressure, according to the
FESEM images. Blends B2 and B3 showed greater agglomeration, which may have been due to
inadequate mixing
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of the blends. The creation of strong bonds with carboxymethyl cellulose may also be concealed by
a lower concentration of reduced graphene oxide, which may potentially be a contributing factor to
the agglomeration in B3. Additionally, the agglomeration has been noted in the HA/CMC
composite (265) and the blending of reduced graphene oxide and carboxymethyl cellulose also
exhibited agglomeration (296) due to the increased viscosity of the carboxymethyl cellulose.
Additionally, the CMC has been utilized as a dispersant, but if the ratio of rGO to CMC is too low,

there might not be a stable build-up and aggregates produced, which clarifies the formation of

clumps in the Figure 4.30 below.

Figure 4.30: SEM micrographs of Hydroxyapatite and reduced graphene oxide (60HA:40rGO),
Ceramic-based polymeric blends B1 (60 cHA :30 rGO :10 CMC), B2 (60 cHA :20 rGO :20 CMC)
and B3 (60 cHA :10 rGO :30 CMC) heated under pressure at 100°C and 150°C

Particles cluster together to form bigger assemblies, or aggregates, a process known as
agglomeration. This may have a substantial impact on the DLS data’ overall interpretation as well
as the PDI. A measure of the distribution of particle sizes in a particular sample is the
polydispersity index, or PDI. The dynamic light scattering (DLS) measurements are the source of
this measurement, which indicates the homogeneity of particle sizes inside a sample (298). A

totally monodisperse sample (all particles have the same size) is indicated by a PDI value of 0,
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which is a dimensionless number. Higher values, on the other hand, imply greater size
distributions. The PDI for different composites of hydroxyapatite, reduced graphene oxide and
carboxymethyl cellulose is shown in figure 4.31. The highest PDI found in B1-100 i.e. 0.693+ 0.17
whereas the PDI lowers on increasing the processing temperature from 100°C to 150°C. Further,
the B2-150 showed lower PDI of 0.499+ 0.05 as compared to B1-150 and B3-150 which confirms
the higher agglomeration in the B1-150 and B3-150 than in B2-150 hence, improving the
mechanical strength. The higher concentration of reduced graphene oxide in the B1 variant can be
explained by the fact that reduced graphene oxide has a tendency to agglomerate, leading to higher
agglomeration and higher PDI. This is in agreement with earlier data reported by Son and peers,
who found that higher concentrations of reduced graphene oxide in rGO blends with CMC resulted

in higher agglomeration (296). The PDI decreases along with the reduction in decreased graphene

oxide content in the B1-B3 composite.

1.0
5 0.8+ T
5
2 0.6 T
= 1 L |
S 0.4-
g
S 0.2-
OO 1 1 1 1 1 1 1

R

N
T o ¢ & ¢ ¢

&

Figure 4.31 The Polydispersity Index for various blends using Dynamic Light Scattering (DLS)
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4.13 Surface roughness of the composite

The most significant variable in regulating adhesion and its growth is surface roughness.
Additionally, according to Kunzler and co-workers, surface roughness promotes osteoblast growth.
Contrarily, numerous research demonstrated that MG-63 cell- lines showed a cutback in cellular
proliferation as the roughness increased (283-285). Interestingly, the thermal treatment had an

impact on the wettability and surface roughness of the ternary blends.

117



Figure 4.32(a) SEM Images, 3D plots and Surface plot for HArGO (al-a3), B1-100 (b1-b3), B2-
100 (c1-c3), B3-100 (d1-d3)
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Figure 4.32(b): SEM Images, 3D plots and Surface plot for B1-150 (el-e3), B2-150 (f1-f3), B3-150
(91-93)
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The surface roughness of the ceramic-based carboxymethyl cellulose (CMC) blends is shown in
Figures 4.32(a) and 4.32(b) in contrast to hydroxyapatite and reduced graphene oxide (HArGO).
The figure up above displays SEM images alongside a 3D image of the blends and a surface
plot using Image] after SEM image analysis. The wettability and biocompatibility of the

composites are significantly influenced by the surface roughness.

Table 4.10: Roughness means and RMS of the Ceramic-based polymeric composites

BLENDS = Root mean Square (RMS) Average Roughness (Ra)

(1) (Hm)
HArGO | 34.22+ 093 28.14+ 0.43
B1-100 0.46+ 2.61 0.22+ 0.76
B2-100 0.43+ 1.62 0.22+2.11
B3-100 0.46+ 2.39 0.24+ 2.54
B1-150 0.44+ 0.35 0.23+ 0.64
B2-150 0.40+ 2.36 0.20+ 1.11
B3-150 0.45+ 4.50 0.22+1.07

The table 4.10 above indicates that, with pressurized heating, surface roughness reduces as the
temperature elevates. The fact behind may be heating tends to fill the gaps between the components
of the material and smooth the surface with compaction pressure. Furthermore, compressive
strength is impacted by the declining surface roughness of the material. This might be because of
the improved molecular interactions that result from the smoother surface. The overall mechanical
strength may have decreased as a result of the stress concentrators that the imperfections in the

rough surface may have provided (299).

4.14 Wettability

Through static water contact angle (WCA) measurement using the sessile drop method, the
wettability has been estimated. The pellets were covered with around 4-6 ul of water droplets, and
it was found that the wettability decreased as the processing temperature raised. The DLSR macro

lens was used to capture the photographs. ImageJ has been used for image acquisition and
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analysis (300). The surface hydrophilicity of the ternary/ceramic-based polymeric blends has

been presented in the image below.
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Figure 4.33: Wettability of thermally treated blend of Hydroxyapatite and reduced graphene oxide
(60HA:40rGO), Polymeric blends B1 (60 cHA :30 rGO :10 CMC), B2 (60 cHA :20 rGO :20
CMC) and B3 (60 cHA :10 rGO :30 CMC) thermally-pressed at 100°C and 150°C

The increasing carboxymethyl cellulose concentrations from blends Bl to B3, ameliorated the
wettability of the composites, or the hydrophobicity of the blends appears to decline as the
concentration of reduced graphene oxide decreases. Furthermore, the effect of thermal treatment at
constant pressure was graphically represented in Figure 4.33, which demonstrated that as thermal
temperature rises, a rise in the water contact angle occurs. The rise in the water contact angle may
be caused by an increase in sample density as well as porosity shrinkage, which led to a larger
water drop angle. The composites still showed hydrophilicity, which provides a good foundation

for cell attachment and proliferation even when the water contact angle (WCA) is rising (290).
4.15 Thermal Behavior of the composites

The thermal stability and degradation of the blends have been demonstrated by thermogravimetric

analysis (TGA). Additionally, it provides quantifiable data regarding weight loss in relation to

temperature. According to the TGA curve for carboxymethyl cellulose, the first weight loss started
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at around 30°C and continued to approximately 220°C with a weight loss of about 17.9%, while the
second weight loss started at approximately 320°C and ended with complete degradation at
approximately 700°C (294,301).

However, the TGA of reduced graphene oxide demonstrates the considerable weight loss at or
above 600°C, demonstrating that the phase remained unchanged until 150°C. The TGA for the
blend is presented in Figure 4.34 below for viewing the impact of heating under pressure at various
time intervals. As the evaporation of absorbed water is responsible for the weight loss up to
200°C. Quantifying the weight loss for the composites after being heat-pressed for 5 minutes, 10
minutes, and 20 minutes revealed losses of 12.75%, 12.25%, and 21.09%, respectively which is
found to be significantly less than the weight loss for CMC, which was discovered to be 63.48%

hence, improve the thermal stability of the composites.
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Figure 4.34: TGA analysis of Carboxymethyl Cellulose (CMC), Reduced Graphene oxide (rGO) and
heat-pressed blend of Calcined Hydroxyapatite, Reduced Graphene oxide and Carboxymethyl
Cellulose for 5min, 10min and 20min.

Specifically, it has been determined that the composites’ thermal stability increases with the
increase in time period. The figure displayed both the derivative weight and the percentage change

in weight as a function of temperature. When compared to the blend pressurized heating at various
times, CMC demonstrated more weight loss. When comparing the blends, the largest weight loss
was discovered to occur after 20 minutes.
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PART 4: Biological compatibility testing parameters.

The biological compatibility of the aforementioned hydroxyapatite-based polymeric blend
has been examined in this chapter. The biomineralization and cytocompatibility using
MTT assay have been accessed. In addition to being a polymeric blend, biodegradability has

also been examined.

4.16 In vitro Biomineralization of composites

The Figure above showed the SEM images of B2 in which apatite layer is formed for thel®
(a), 3" as (b) and 4" week as (c) in the figure 4.35 inclusive of the EDX spectra that shows
the Ca?* and POs ions present in each week. After allowing the composites soak in the SBF
solution for around 28 days, the Ca/P ratio in the first week of soaking was higher in blend
B2, which had a ratio of 1.49 due to calcium deficient region, which increases in the 4" week
as shown in Figure 4.33. The drop in the Ca/P ratio in the 3@ week has also been linked to the
presence of an existing calcium phosphate layer. A layer of calcium and phosphate has
already formed, which is supposed to be stabilized by the bonding between HA, rGO, and
CMC, which is in good tuning with an explanation of the outcomes for the previously
reported composite of hydroxyapatite and reduced graphene oxide (274). This causes a sharp

decrease in the concentration of Ca** and PO* ions.
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Figure 4.35: Apatite layer formed on 1% week, 3 week and 4" week for blend B2 (60 cHA
:20 rGO :20 CMC) (a-c) respectively.

4.17 Cytotoxicity Assay

NIH3T3 fibroblast cells were used to analyze the composites over the course of three days.
The MTT test was used to determine the cell viability of the blends B1l, B2, and B3
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heated to 150°C. Murine fibroblast cells were grown in DMEM medium, and sample
extracts were added to 96-well plates. The cells were then incubated for 24 and 72 hours.
The experiment has also been run with samples at two different concentrations, 50 mg/ml
and 25 mg/ml. It has been found that the relative cell viability of the composites increased

when the period of incubation increased.
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Figure 4.36: Cell Viability study using MTT assay of blends calcined Hydroxyapatite and
reduced graphene oxide (60cHA:40rGO), Ceramic-based polymeric blends B1 (60 cHA :30
rGO :10 CMC), B2 (60 cHA :20 rGO :20 CMC) and B3 (60 cHA :10 rGO :30 CMC)
cultured for 24hrs and 72hrs (n=4, **p<0.001)

In addition to this, when compared to a blend of hydroxyapatite and reduced graphene oxide
(HArGO), the blends exhibit increased cell viability as the concentration of carboxymethyl
cellulose is elevated. The biocompatibility of hydroxyapatite and carboxymethyl cellulose
composite has been reported to enhance with higher carboxymethyl cellulose concentrations
(274). Furthermore, figure 4.36 shows the significant difference between the ternary composites
and the control was seen after analysis using the two-way ANOVA and the Tukey test. The

decreasing concentration of reduced graphene oxide together with the duration of incubation
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have both been found to have a substantial impact. The cell survival of various Hydroxyapatite-
based polymeric blends at various concentrations for 72 hours is also shown in Figure 4.37.
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Figure 4.37: Cell viability of calcined Hydroxyapatite and reduced graphene oxide blend

HArGO (60cHA:40rGO), ceramic-based polymeric blends B1 (60 cHA :30 rGO :10 CMC),

B2 (60 cHA :20 rGO :20 CMC) and B3 (60 cHA :10 rGO :30 CMC) thermally-pressed at

100°C different concentrations of 25mg/ml and 50mg/ml

By doubling the concentration of the sample extracts, it can be seen from the data in Figure 4.37
that the ability of the cells to proliferate was improved. Similarly, an increase in cell survival has been
noted when carboxymethyl cellulose (CMC) increased as reported earlier by Chakraborty and co-workers
(256).
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Figure 4.38: FITC and DAPI stained blends calcined Hydroxyapatite and reduced graphene oxide
cHArGO (60cHA:40rGO), ternary blends B1 (60 cHA :30 rGO :10 CMC), B2 (60 cHA :20 rGO
:20 CMC) and B3 (60 cHA :10 rGO :30 CMC).

Through staining, figure 4.38 illustrates the manner in which cell attachment occurs in the
cytoskeleton and nucleus. Fluorescein isothiocyanate (FITC) and 4,6-diamidino-2-phenylindole

(DAPI) staining have been used to visualize the cytoskeleton and nucleus of the murine fibroblast
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cells (NIH3T3) that adhere and multiply to the various blends in the 96-well plate. The figure
above displayed stained images of the cell proliferation using the MTT assay blends. Figure shows
that cell adhesion and proliferation improved as carboxymethyl cellulose concentration was raised

which is in good tuning with the reported data (225,302).

4.18 In vitro Biodegradation

The biodegradation of blends has been analyzed through soaking in SBF maintained at pH 7 and at
37°C. It has been observed that due to presence of reduced graphene oxide which is not
biodegradable, the blend of hydroxyapatite and reduced graphene oxide show low biodegradability
(256). On further analyzing the biodegradability of the ceramic-based polymer composites both
dried initial and final weight has been determined. The biodegradability of the composites found to
be one of the vital necessities for the appropriate biomaterial that can be used as promising

candidate for therapeutic use (303).
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Figure 4.39 Biodegradation % weight loss with respect to time for the blends of calcined
Hydroxyapatite and reduced graphene oxide (60cHA:40rGO), ternary blends B1 (60 cHA :30 rGO
:10 CMC), B2 (60 cHA :20 rGO :20 CMC) and B3 (60 cHA :10 rGO :30 CMC)
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The figure 4.39 showed the weight loss % of the ceramic-polymer composites with respect to the
number of days for which the composites have been soaked in the SBF solution. On comparison
among the ceramic based polymeric variants, it has been observed that the weight loss ameliorated
with increasing the concentration of CMC from composites B1 to B3 which is in good compliance
with the reported data of hydroxyapatite, Chitosan and CMC showing degradability due to
biodegradable polymer (304). The weight loss % for B1 found to be increased from 5.33% to 11.8 %
on 28" day. Similarly for others, the weight loss% found to be 6.66 % to 15.16% and 7.5% to 18.5
% for Composite B2 and B3 respectively.
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Chapter 5

SUMMARY AND CONCLUSION
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SUMMARY

In recent years, tissue engineering has been looked upon as a possible alternative to traditional
therapeutic methods for treating patients with tissue-related disorders. The key feature of this novel
technology is the production of tissue engineered composites from blending of biomaterials with a
set of desirable qualities that can imitate the extracellular matrix. Hydroxyapatite has been
recognized as a promising biomaterial for usage as a matrix material in this context. Keeping this in
mind, the current study aims to create hydroxyapatite-based composite with improved mechanical,
and biological properties by blending it with another polymer. The results of this research project

are summarized below.

Part 1

Initially, the hydroxyapatite was prepared using the chemical precipitation technique. It was then
effectively calcined at 800°C, increasing its crystallinity to 73.09£1.5%. In addition, thermal
reduction of the graphene oxide was performed for two hours at 200°C to obtain the reduced
graphene oxide. The final products obtained following the aforementioned procedures have been
validated using FTIR and XRD analysis. Additionally, a binary composite comprising reduced
graphene oxide and calcined hydroxyapatite in the following ratios: HrG1 (90:10), HrG2 (80:20),
HrG3 (70:30), HrG4 (60:40), and HrG5 (50:50) has been created and morphologically examined.
Additionally, ImageJ was used to examine the particle size research, and it showed that when the
concentration of reduced graphene oxide increased, the particle size appeared to be decreasing. On
the other hand, the SEM visuals also demonstrated a decrease in mean roughness with increasing
reduced graphene oxide concentration i.e. from HrG1 to HrG5, which could potentially improve the
cell adhesion. In short in this part, the Blend HrG4, or as 60cHA: 40rGO, exhibited the highest
degree of crystallinity with the particle size of 12.98 pum.

Part 2:

This section of the study has looked at the mechanical properties of the composite made of calcined
hydroxyapatite and reduced graphene oxide. A comparison study has been carried out comparing
hydroxyapatite and its composites reinforced by reduced graphene oxide. After a 2-hour heat

treatment at 200°C, the composites with different ratios of calcined hydroxyapatite and reduced
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graphene oxide (HrG1 to HrG5) were evaluated for mechanical strength using a universal testing
machine (UTM). A mechanical strength enhancement was seen when the heat-treated composites
(HrG1 to HrG5) were compared to those that were not heat-treated. The maximum compressive
strength of the blend HrG4 is around 185.16+4.87 MPa. Strength rises in direct proportion to the
measured crystallinity levels. Moreover, the heat treatment fortifies the connections among the
constituents, leading to a notable rise in the mechanical strength of the binary composite in contrast

to their untreated counterparts.

Part 3:

In this part, polymer addition has been carried out to enhance the properties of the binary
composite of calcined hydroxyapatite and reduced graphene oxide. The binary composite showing
maximum compressive strength has been further reinforced with carboxymethyl cellulose in
different ratios as Bl (60cHA:30rGo:10CMC), B2 (60cHA:20rGo:20CMC), B3(60 cHA
:10rGo:30CMC) vyielding ternary composite and has been fabricated using heat treatment under
pressure for 5 10, and 20 minutes at 100°C and 150°C . It has been observed that polymers excel
the biocompatibility when examined through MTT assay. In addition, XRD and FTIR analysis of
the ternary blend has been performed to validate the successful production of a ceramic based
ternary composite. Additionally, the compressive strength of the ternary composite has been
assessed utilizing the Universal Testing Machine (UTM) and microhardness and young's modulus
through Vicker's hardness analysis.

In addition, the ternary composites were optimized with the orthogonal L18 model by applying the
Grey Taguchi method. It has been established through statistical analysis utilizing ANOVA and
grade analysis using Grey relational grade. However, regression analysis and desirability have also
been accomplished, and optimum regression equations have been obtained. Both the polymer
concentration and the processing parameters has been taken as the input parameters for optimization.
The ideal parameters for thermal-pressing at 30% polymer concentration was determined to be
150°C for 20 minutes. In addition, using a FESEM, the morphology of the ternary composite has
been studied. Also, the surface roughness was determined after the FESEM pictures were analysed
using Image J. Furthermore, while determining the water contact angle, the wettability of the
composites appears to be improving. The ternary composite B2 was found to possess the maximum
compressive strength, measuring 320.16 +6.1 MPa, after being thermally-pressed for 20 minutes at
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150°C. Based on Vicker's microhardness analysis, Blend B2 i.e. (60cHA: 20rGO: 20CMC) has an
outstanding Young's modulus of 4.87+5.04 GPa and a microhardness of 216.221+90 MPa.

Part 4:

This section of the research has examined biological studies concerning biomineralization,
biodegradability, and biocompatibility. FESEM study demonstrated the occurrence of
biomineralization. The EDX spectra have confirmed the presence of an apatite layer resembling
bone in the FESEM visuals. The composite variations were submerged in Simulated Body Fluid
(SBF) for around 28 days in order to investigate biomineralization. Successful apatite layer
deposition is indicated by the Ca/P ratio increasing in the second week and decreasing in the fourth
week. Using the MTT assay, the cytocompatibility of the NIH3T3 cell lines has also been
evaluated. During three days, two different composite concentrations of MTT were used in the
experiment. Analysis showed that the cytocompatibility increased in proportion to the rise in
carboxymethyl cellulose concentration from blend B1 to blend B3 in ternary composite.

CONCLUSION

In this thesis overall research suggests a potential Hydroxyapatite-based composite (HA-
rGO/CMC). The composite is made of hydroxyapatite that has been reinforced with reduced
graphene oxide and subsequently with carboxymethyl cellulose that has fabricated using thermal
pressing. The composite (HA-rGO/CMC) with exceptional surface properties (hydrophilicity),
biological properties (cell adhesion and proliferation), and extraordinary compressive strength
required for tissue engineering. As a result, it comes to light that the novel ternary HA-rGO/CMC
composite has the potential biomaterial to be employed for tissue engineering applications. The
study focused on enhancing the properties of hydroxyapatite by incorporating reduced graphene
oxide and carboxymethyl cellulose. Calcination of hydroxyapatite at 800°C and thermal reduction
of graphene oxide were performed, followed by blending and morphological characterization. The
composite containing 40% reduced graphene oxide (HrG4) showed the highest crystallinity and
improved surface roughness and particle size. Mechanical strength tests revealed that heat-treated
samples demonstrated significant improvements, with HrG4 showing the maximum compressive
strength of 185.16 MPa. The inclusion of carboxymethyl cellulose further enhanced mechanical,

thermal, and biological properties, with Blend B2 showing the highest strength and hardness. The
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optimized processing conditions were identified through the Grey-Taguchi method.
Biomineralization, cytocompatibility, and biodegradability were successfully demonstrated,
indicating that the HA-rGO/CMC composite is a potential candidate for tissue engineering

applications.

5.1 Future Perspective

Looking ahead in this tech-driven world, advancements in fabrication techniques within
biomaterials offer immense potential for the development of superior composites. As society faces
evolving challenges, biomaterials have grown into a distinct field, particularly during the era of

rapid globalization. The following points outline key areas for future exploration:
1. Implementing advanced manufacturing processes for the cost-efficient synthesis of composites.
2. Using animal models like rats and rabbits for further in vivo testing.

3. Utilizing advanced fabrication techniques and alternative sintering mechanisms to enhance the
mechanical and physicochemical properties of composites, expanding their applications in bone

regeneration and other biomedical fields.
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