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Abstract

This thesis aims to study the synthesis of hydroxyapatite nanoparticles by facile low
temperature._refluxing -and  hydrothermal methods (nHAp):-using calcium nitrate
tetrahydrate (Ca(NOs)3-4H,0) and diammonium hydrogen phosphate  (NH4),HPO,) as
starting materials, in ‘which the Ca/P motlar ratio was controlled at 1.67. The
synthesis parameters were varied, i.e. 'sodium polystyrene sulfonate (PSS) template
addition, reaction pH-and reaction times.  In the refluxing method, the nHAp was
synthesized -using various concentrations of PSS template, i.e. 0.00, 0.05, 0.20 and
0.30 w/v%. The higher RPSS-concentration, the shorter rod-liked crystallite size of
nHAp was obtained.. When.the reaction pH for synthesizes of nHAp was varied, i.e.
8.5, 9.5 and 10.5, the shorter rod-liked nHAp crystals were created with the increase
of reaction pH. When therefluxing time was increased from 1 hr to 6 hrs, the
crystallite size of 002-plane~of NHAp-would increase:” In"the hydrothermal synthesis,
the reaction was performed at 100°C-for-various reaction times, i.e. 0, 0.5, 1, 2 and 3
hrs. The longer hydrothermal treatment times, the larger rod-liked nHAp crystals
were obtained. In the PSS free system, the hydrothermal reaction pH increase from
8.5 to 9.5 and 10.5 resulted in the reduction of crystallite size of rod-liked nHAp
crystals.  However, the longer rod-liked nHAp crystals were obtained in the
hydrothermal synthesis with PSS adding. In refluxing method, the surface charge of
the synthesized nHAp showed the positive { value, preferably bonding with the
negatively charged aspartic acid than the positively charged arginine. Conversely, the
surface of nHAp particles synthesized by hydrothermal method possessed the
negative & value, thus, they preferably bond with the positively charged arginine.
Moreover, the nHAp synthesized by refluxing and hydrothermal methods with and



without PSS template presented the low percentage of cytotoxicity against Vero cells
and effective inhibition of S.aureus microorganism.
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Chapter 1

Introduction

1.1 Research Motivation

Hydroxyapatite (HAp, Ca1o(PO4)s(OH),) is identified as an inorganic biomaterial
containing calcium phosphate as a basic substance, i.e. bone and teeth. The HAp
possesses some interesting properties for medical applications such as
biocompatibility, non-toxicity and bioactivity. A small fracture toughness and a
flexural strength of HAp are drawback properties_of.this materials [1-2]. Then, the
use of this materials are in the form of powder, coating and non load bearing
applications. Forthermore; there are some reports informing abeut the characteristic
of the Hap, which has plate-like or rod-like crystalline forms with particle size smaller
than 100 nm and.it-has similar structure of physical ricid tissues [3-4]. Therefore, this
special characteristic of the-nanosized HAp is considered to be the best material for
long term using in ‘medical applications [5-6]. “In_addition, the nanosized HAp also
showed much higher bioactivity. than the microsized HAp [7-9]. " Besides, the HAp can
be used in various fields of ‘applications, such as wastewater treatment [10], gas
sensor [11], chromatography [12], etc.

The developments of synthetic methods including mechanochemical process
[13], sol-gel ‘process {14] and solid-state reaction [15] haveeen purpaosed by various
researchers torproduce the HAp-nanosized material. However,-these methods still
have some drawbacks such as multi-tep procedure with high firing temperature and
product impurity. To overcome these drawbacks, a hydrothermal reaction has been
used for synthesis of HAp nanoparticles [16]. Moreover, this' method could perform
in the closed system.using the agueous media, classifying as the environmentally
friendly process. Although this methed-is-one eood way for synthesis the HAp
nanoparticles, but it requires an expensive equipment to control the pressure.
Therefore, it is a main limitation to be used for large-scale.

From the above mentioned points, this research aimed to study and develop
an effectively facile refluxing method for synthesis of HAp nanorods, in which it will
be in comparison with the hydrothermal method. The refluxing method is
considered to be safe, economic and convenient method for indrustrial manufacture.
Moreover, the macromolecular template is added into the synthesis system for
control of the size distribution and morphology of HAp nanoscale particles. It is
because some macromolecular templates, e.g. chondroitin sulfate (ChS) [17],
ethylenediamine tetraacetic acid (EDTA) [18], etc., have been reported that they act



as the effective promoters for nucleus formation and development of HAp crystals
and/or preventing HAp agglomeration. In this research, sodium polystyrene sulfonate
(PSS) has been used as the macromolecular template because it is strong anionic
polyelectrolytes possessing the negative charges on its backbone when it is dissolve
in water. Particularly, it is non-toxic and commonly used in biomedical applications,
e.g. drug delivery [19], biosensor [20], etc. Moreover, the PSS has been reported that
it could enhance the cell adhesion in the in vivo tests [21], indicating its biosafety
property for biomaterials. Therefore, this research will study the effect of PSS on
size, morphology and properties of HAp synthesized by environmentally friendly
refluxing and hydrothermal systems....In_addition, the biological activities of the
synthesized HAp were investicated in order to determine the possibility for

biomedical usages.

1.2 Objectives of the study

1) To study-the effect of preparation parameters on-structure, morphology
and properties of HAp.

2) To investigate the biological activities of synthesized HAp.

1.3 Scopes of the study

1) The HAp nanoparticles are synthesized by refluxing methad using various
preparation parameters as followed;

- PSS concentration; i.e..0.00, 0.05, 0.20 and 0.30 w/v%

- pH ofreaction; .e. 8.5, 9.:5,10:5-11.5 and 12,5

- Refluxing times; j.e. 0, 1, 3 and-6 hrs

2) The. HAp nanopartictes are synthesized by hydrothermal method using
various preparation parameters as followed;

- Hydrothermal.times; i.e. 0, 0.5, 1,2 and 3 hrs

- PSS concentration; i.e.0.00 and 0.20 w/v9%

- pH of hydrothermal reaction; i.e. 8.5, 9.5 and 10.5

3) The synthesized HAp surfaces are developed using two types of amino
acid, i.e. aspartic acid (negative charge) and arginine (positive charge).

4) The synthesized HAp nanoparticles and the develop HAp are characterized
by XRD, FT-IR, TEM and Zeta potential analyzer.

5) In vitro MTT cytotoxicity and anti-bacterial activity of the synthesized HAp

nanoparticles and the modified HAp are investigated.



1.4 Benefits of the study

1) HAp nanoparticles can be synthesized using suitable preparation
parameters by facile refluxing method. This method will be the tentative candidate
for industrial production.

2) The knowledge about the influence of PSS pattern on the mechanism of
HAp crystal development can facilitate the controlling of structure, size and
morphology of HAp to fulfill the medical uses.

3) The knowledge about biological activities of the synthesized HAp nanorods
can conduce to develop new biological and/or biomedical applications.



Chapter 2

Theory and Literature Reviews

2.1 Biomaterials

An interesting function of biomaterials is used for connecting with biological
process including evaluating, treatment augment or reimburse some tissues, organ or
specific operation in human body. [22-23] Therefore, the research about
biomaterials and their interactions in biological conditions become important for
future applications.

An improvement of human heath by using biomaterials is an essential aim of
various researchand outcome applying use in-human body. "It is necessary to clarify
about characteristics..of _biological materials’ such as structures, properties and
biological functions.—Therefere, there insight knowledges of -biomaterials could be
stated such as biological -materials, implant rﬁaterials and interaction between
materials 'and physiological environment in'the body. [22, 24] From the relationship
mentioned above, material with unigue structure and properties have been designed

and developed in order to fulfill the specific applications in medical ‘Uses.

2.1.1 Classification of biomaterials
Biomaterials are.commonly classified based-on types of materials and
interaction between materials and environment as follows:
(A) Types of materials [25]
®  Metals are classified as inorganic ~materials having non-
direction bonds of metals with extremely transferring-electrons. These materials are
suitable materials to apply for ‘orthopedic and dental applications such as hip
replacements and dental filling,-respectively.
® Polymers are identified as organic materials containing huge
network structures which are bridged together through directional covalent bonds.
Polymers are widely used in the human’s body applications such as in
ophthalmology, skin wound treatments and soft tissue implants.
® Ceramics are set in the group of inorganic materials presenting
non-directional ionic bonds through the mechanism of donation and acception of
electrons. These materials most often employed in biological applications such as

implant coating, bone graft substitution and bone cement.



(B) Interaction between materials and environment [25-27]

® Bioinert materials preserve both physical characteristic and
mechanical properties under the interaction with the neighboring tissues, in which
they do not form a bond with surrounding tissues and/or bone. In addition, they
should not release any toxic substance into the physiological environment and
damage the neighboring tissues, such as alumina, zirconia, titanium, etc.

® Bioactive materials form surface bonding with the neighboring
tissues and/or bone via chemical reactions. The common examples of these
materials are hydroxyapatite and bioactive ¢glasses.

® Bioresorbable materials are designed to degrade slowly by
time and substituted ~with natural tissues, in “which they introduce to the
reconstruction of tissues substuting their' replacement, exg. porour hydroxyapatite,

tricalcium phosphates, calcium sulfate, etc.

2.1.2 Bioceramics

Ceramics have been developed and used in medical applications in
order to develop the well being of -human daily life due to their similarities in
chemical properties to natural bones.  Therefore, the ceramics are most often used
for the repair and reconstruction  as ‘a part, of orthopedic implants and dental
materials, which are called “bioceramics”. [26] = In addition, the bioceramics are
manufactured in.different patterns, phases and functions for. the repair of the human
body listed in Table 2.1.

Table 2.1 Characteristic of bioceramic, Form, Phase and Fuction [26]

Form Phase Function

Powder | Polycrystalline, Glass Space-filling, therapeutic

treatment, regeneration of

tissues

Coating | Polycrystalline, Glass, Glass-Ceramic Tissue bonding, corrosion
protection

Bulk Single Crystal, Polycrystalline, Glass, Replacement and augmentation

Glass-Ceramic, Composite (Multi-Phase) | of tissue




2.2 Hydroxyapatite (HAp)

Hydroxyapatite (HAp) is a major type of calcium-phosphate mixed bioceramic,
presenting in the form of Cajp(POg)s(OH);, in which it is primarily used in the rigid
tissue replacement, such as bone and teeth. [28] The HAp has special characteristic
including bioactive, osteoconductive, non-toxic and non-immuncgenic activities.
Additionally, its structure displays crystallographically similar to bone materials.

Some of the physiochemical properties of HAp are illustrated in Table 2.2. [29]

Table 2.2 General Properties of Hydroxyapatite [29]

Properties Data
Chemical Composition Ca1o(PQq)g(OH),
Ca/P molar 1.67
Color White
Space group Hexagonal
Cell dimensions (A) a=b=942 =688
Young’s modulus (GPa) 80-110
Elastic modutus (GRa) 114
Compressive strength (MPa) 400-900
Bending strength (MPa) 115-200
Density (g/cm?) 3.16
Relative density (%) 95-99.5
Fracture toughness (MPa-m™?) 0.7-1.2
Vickers harness 600
Decomposition temp: (*C) >1000
Melting point (*C) 1614
Dielectric.constant 7.40-10.47
Thermal conductivity (W/cm-K) 0.013

The HAp primarily belongs to the hexagonal system of Pés/m space group,
consisting of six fold symmetry axis with a threefold spiral and a microplane. The
crystal pattern of HAp is shown in Fig. 2.1. The chemical composition of HAp can be
written as Cau()Cag(l(PO4)s(OH)s, where the Ca atoms involve two series of
uneguivalent sites. The Ca(l) atoms are in the four fold symmetry positions and the
Ca(ll) atoms present in the six fold symmetry positions. The disordered position are
occupied by OH group on the top or under of the triangles generated by the Ca(ll)
atoms. Four atoms of Oxygen (O) around phosphate (P) atom produce a tetrahedron

in which it is practically regular with only small distortion. The structure of purposed




crystal and the behavior of crystallization of HAp are energetically depend upon the
exchanging nature of the ionic species and the sequence. The crystalline structure of
HAp can be modified by administration of the calcium to phosphorus (Ca/P) molar
ratio. [29]
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Figure 2.1 Crystal structure of diagonally viewed HAp [29]

In: general, ‘the biomaterials with nanostructure commonly possess higher
bioactivity than those ‘with larger particle size, therefore, the HAp nanostructure has
attracted a lot of attention than the coarser crystals. [30] Among the various HAp
nanostructures, the plate-liked biological-apatite crystal occurs in bone orientated
along the c-axes which is different-from that in dentin and enamel in teeth.
Particularly, the enamel.is composed of rod-like apatite ‘cCrystals with 25-100 nm in

length.

2.2.1 Preparation of hydroxyapatite
The HAp can be prepared by many techniques, including rigid/ solid
state reaction, mechanochemical method, solvent based chemical process,
template-assisted method, etc. The preparation methodology and key ingradients
used in the synthesis can affect the morphologic characteristics, stoichiometry,
crystallinity and properties of the HAp products. [29]

2.2.1.1 Solid state reaction
Rigid or Solid state reaction has basically been applied for the

production of ceramic fine grained at high temperature. The HAp powders prepared



by using this method usually have irregular shapes with large grain size, in which they
guite often exhibit heterogeneity in their phase compositions. It is because the
differences in chemical reactions developing from small diffusion coefficients of ions
within the structure of solid. The basic manufacture of HAp through solid state
method is done by the following reaction in eguation (2.1) at 1000 to 1300°C: [29]

CaHPO4-2H,0 + 4CaC0s; —>» (Ca1o(PO4)(OH), + 4CO, + 14H;0 (2.1)

The significant parts of this reaction are fundamentally
occurred in solid phase acting as Ca-and-P.ancestor for preparation of HAp. [29] In
addition, the HAp can also be'produced by solid state reactions in equation (2.2-2.3)

as follows:
6CaHPOq + 4Cal0OH), —> - Cap(POg)(OH), + 6H,0 (2.2)
3Cas(POg)s +-€a(OH), —> Caip(POa)s(OH) + HO (2.3)

2.2.1.2 Mechanochemical method

The mechanochemical | process “is the  strategy in the
conventionalprocess of particle manufacture. The nanoscate particles are produced
by gradual cracking down bulk raw materials until they become nanosize. [31] This
method usually known as mechanical alloying is-a basic drying process for fabrication
various complicated materials, such as nanosized crystalline alloys and ceramics. [32]
The process not only involves physical reduction in-material size, but also uses the
milling energy to started chemieal reactions between the milled raw substances, in
which they usually-involve two or more solid reactants.” Sometimes, the starting
substances are milled toeether.in the presence of-a huge amount of sacrificial salt,
such as NaCl, which protects the accumulation of the purposed nanoscale particles.
[31]

In addition, the high energy occurred during ball milling not
only benefit to crystallize the HAp product without heat treatment, but also break
the HAp product to the nanocrystalline HAp. [31] Some of simplified reactions are
shown in equation (2.4-2.6) as follows: [32-33]

6CaHPO4 + 4Ca(OH)2 —> Cam(POq)e(OH)z + 6HEO (24)

10CaC0Os; + 6(NHa);HPOs —>  Ca1o(PQa)s(OH), + 2H,0 + 4CO, (2.5)



6CaHPO42H,0 + 4Ca0  —> CayolPOq)s(OH); + 14H,0 (2.6)

2.2.1.3 Wet-chemical method

Liquid-phase syntheses are generally wet-chemical method,
known as gentle solution procedure. An aqgueous synthetic process becomes a
remarkable method for synthesizing the ceramic powder, especially nanoscale-sized
particles with an achievement of size control and morphology. The solution based
chemical procedures have been generally recognized as an effective method to
produce nanoscale crystalline particles using low temperature. Main benefits of
liguid-phase procedure include: (1) The preparing procedure can be easily level up
due to the nature of bulk-precess; (2) The procedure has controlling ability because
the preparation methods have been modified and developed for aqueous base
chemical synthesis to produce the nanoscale particles; (3) Various procedures need
only gentle conditions such as low temperature and atmospheric process; (4) The
chemical gonstitutions of .nanoparticles can be converted in an aqueous phase; (5)
The addition of the surface-handily’ agents can be done'in-between and after
nanoscale particle: formation te control 'particle size;and; product the impurity of
some substant-accumulation in the liguid phase in order to control the size and
prevent any unnecessary ageglomeration; and (6) The process of a homogeneous
nucleation, growth -and -ageregation  mechanisms.-can - be ~used to prepared
monodispersed nanoscales in agueous phase [31]

Reactions belonging to ideal ceramic-nanoparticle formation
include: (1) the oxidation-reduction reaction; (2) particle precipitated by poor solvent;
(3) formation way-of ions; (4) chelate formation:; (5) dissociation of ‘compounds; (6)
dissolvation inorganic media, and (7) hydrolysis in liquid media.” The particle forming
process can be either by molecular diffusion/ addition to the nuclei surface or by a
particle agglomerating mechanism:. [31]

The aqueous.based chemical syntheses are especially fitted to
the syntheses of nanoscale particles (solid, core-shell, or hollow particles) with firmly
controlled conditions, such as: size and shape, monodispersity, the chemical
constitution and purity, bulk substructure, crystallinity (polycrystalline, single
crystalline, or amorphous), functional group of surface, free energy of interface and
density of surface charge, etc. [31] These methods can be mainly classified as
chemical precipitation, sol-gel, sonochemical, microwave heating and hydrothermal
methods. The simplified equations of commonly used chemical reactions modified
for the aqueous based synthesis of HAp are shown in equation (2.7-2.11): [29, 32, 34]

1OC3(NO3)2+6(NH4)2HPOq+8NHaOH —> Calo(P04)6(OH)2+20N H4N03+6H20 (27)
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10Ca(NO3)z+6(NH)sPO4+2H,0 —> Caio(POg)s(OH),+ 18NHGNO5+2HNO- (2.8)
10CaCly+6K;HPOg+2H,0 —> Ca1p(POq)s(OH)2+12KCI+8HCL (2.9)
10Ca(OH),+6H3POq —> Ca1o(PO4g)s(OH)2+18H,0 (2.10)
10CaCO3+6NHgH:POq+2H,0 —> Ca(PO4)s(OH)z+3(NHq)2CO3+ 7TH,CO5 (2.11)

A. Chemical precipitation method

Precipitation “of ~chemical process can be normally
explained by the occurance of solid phase from the reactions of soluble reactive
species in a solution (agqueous or nonagueous).. The the. process of chemical
precipitation consists of-three steps; i.e. chemical reaction, nucleus formation, and
crystal development. [ The 'chemical precipitation is naturally .not a controlled
process in terms of reaction kinetics and nucleus formation of solid phase and
developing processes: Therefore, the solids achieved by chemicalprecipitation have
a wide range, of particle size distribution, Uncontrolled particle /morphology and
accumulation. [31]

Moreaver, the HAp manufactured < from aqueous
systems by precipitation or hydrolysis was frequently calcium-deficient and enriched
HPO4 and the formation of a tri-calcium phosphate upon heating process above
800°C. [26] ‘Moreover, the dicalcium ‘phosphate anhydrous (DCPA) and dicalcium
phosphate dihydrate (DCPD), the acidic phases of CaP, are thermodynamically lower
stable under pH values larger than 6-7 and transform to the HAp phase, in which the
transformation process ‘depend-on: the temperature, pH, value and illustration of

other ions in the system. [32]

B. Sol-gel method

Metal in the form of alkoxides dissolved in the
homogeneous alcohol-water solutions are significantly used in a sol-gel method.
This process naturally relates to a stage of sol (solids suspended in a continuous
liguid phase) formation and then a stage of gellation (liquid particles/ pockets
suspended in a continuous solid phase). Science water and initial substance of
alkoxide group are unmixable, thus, a common solvent such as alcohol is purposed
Catalysts such as mineral acids (such as HCl) or bases (such as ammonia) are mostly
used. [31]

Sol-gel process is related to the hydrolysis and

condensation of initial molecules, in which it played an important role in glass and
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ceramic coating applications.  Through this process, the homogeneous oxide
materials with sensible properties like hardness, optical transparency, chemical
durability, customize porosity and thermal resistance can be produced at room (or
low) temperatures. [31] Therefore, this process is one of the most popular method
proposed for the wet chemical preparation of HAp and the HAp product can be
calcined at lower temperature than that from the other wet chemical methods. [32]
In addition, a stoichiometric structure with huge surface
area and little cluster size of powders was recieved by the typical sol-gel process. In
the solution phase, the reaction between the Ca and P precursors with a long period
of aging is frequently required for the formation of apatitic phase form. Furthermore,
the heating process has been.discovered to be eriticatiin the generation of pure HAp.

[32, 35] A general reaction is shown in equation (2.12) asfollows:
10Ca(NO3),-4H,0+6KH3POs+20NH:OH —>Ca10(PQas(OH)+6KOH+20NHgNO5+5H,0 - (2.12)

However, 'the -major disadvantages of this method
include the high cost of alkoxide-based precursors and the generation of secondary
phase, i.e. Ca0. The CaO has been illustrated to be toxic to the biocompatibility of
HAp. [32]

C. Sonochemical synthesis

Ultrasound has been utilized to-particularly in materials
synthesis for ‘enhancing chemical reactivity.  The chemical effect of ultrasound is
primarily derived from acoustic cavitation. The breakdown of ‘bubbles in liquid
results a concentration of enormous power from the transformation of the kinetic
energy of motion inte heat liquid contents of the bubble, in'which it occurs the rapid
cooling from the high local temperature 'and pressure-under extreme conditions.
Additionally, the chemical reactants are activated to accelerate the heterogeneous
reactions between liquid and solid substances, therefore; this method can increase
the rate of reaction. [31] The general formation of HAp using scnochemical synthesis

is shown in equation (2.13) as follows: [36]

6HsPQs + 10Ca(0OH), —» Ca1o(POg)s(OH)»+18H-0 (2.13)

D. Microwave heating synthesis
Microwave-assisted method for the manufacture of
inorganic substances has been examined since 1986. As compared to tradiyional

oven heating (with a low rate heating and heat transfer), the microwave “volumetric”
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heating of liquids is an alternative heating approach with specific benefits The
microwave heating of hydrothermal reactor was found in some cases to significantly
reduce the time of reaction, to generate extraordinary uniformity size and to produce
some new phases. [31]

In addition, the HAp-related bioceramics have been
prepared by using microwave processing techniques under the optimum conditions
in order to minimize the reaction time and product cost, and to increase the purity
of biomaterials. This method offers several advantages over normal furnace heating

corresponding to time and energy saving. [29]

E. Hydrothermal synthesis

Hydrothermal production methodology relates to the
reaction of the starting solution at high temperature-and high pressure atmosphere.
This process able to-prepare’ well phase of erystalline product with homogeneous
composition: This-synthetic method mention to liguid based-process of metal salts
or autoclaving of  starting materials’ salts' inctuding gels at elevated temperatures
(typically 100-300°C) and pressurés above 1'atm [29, 31]

ln-this purposed. procedure; the' sols of ceramics zre
formed through chemical process in‘the aqueous solution under controlling of heat
and pressure in_the alkali or acid media having a pseudo’ catalytic-effect following
the reaction. In_the laboratory, the synthetic process frequently used is
hydrothermal method carried onin a batch-type autoctave, where moisture or liquid
in solution are gentlely evaporated wuntil reach the target temperature, and then
spend several hours or days for aging. [31} It is alse a useful technique for growth of
single crystals; by arranging for a suitable temperature gradient to'be present in the
reaction vessel, dissolution, of the starting material.may occur at the hot end and
reprecipitation at the coeler end. [37] In addition, the water in the hydrothermal
synthesis acts as a reaction activator-and-occasionally as a component of solid phase
in the synthesis. At the increased temperature and pressure, the requirements for
the initiating materials used in the hydrothermal synthesis are the accurately known
compositions that is as homogeneous, pure, and fine as possible. [38]

The conditions of the process including pH of solution,
temperature and ion in solution, etc., can be used to identify what the phase of solid
are formed. By changing the solution parameters (pH, surfactant concentrations,
anion concentrations, cation concentrations and solvents) and processing parameters
(temperature, duration and stirring), can effectively control the nanoparticle size and

shape, and the extent of agelomeration. [31]
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2.2.2 Template-assisted HAp preparation
In the present, templates have been used to develop the synthesis of
high surface area materials with structure and size in the length scales between
nanometer and micrometer for various applications. [25] Principles of the structure
pattern through templating are based on two different procedures, i.e.
® Endotemplating; molecules or larger template are added to
the mixture of precursors and are blocked in the growing solid. These templates are
removed in the last step.
® Exotemplating; this approach is based on the infiltration of
performed porous scaffold with.a-precursor-mixture. After solidification, the porous
scaffold or template is removed.
In _addition, the removal of the template is. the last step in the
synthesis, in which it can-generally be perfarmed-in different ways, e.g. [25]

® [Extraction is performed by several washing steps.

® Organic solvents with dissolved racids, such as ethanol with
HCL, are used to remove the template. However, the covalently bonded templates
cannot be removed by this procedure:

e Calcination is typically performed between 400 and 600°C in

various atmospheres such as nitrogen or air.

2.3 Polyelectrolytes

Polyelectrolytes are a class of macromolecutar compounds or polymers that
develop significant charges when dissociated or swollen in solvent having high polar
such as water.  These polymers are generally called polvions because their charges
arise from various types of ionized functional groups. tocated along the backbone
(chain contour), resulting.in the pelymer chains with electrostatic charges. The force
of electrostatic objects presents the.interaction between the ionized groups on the
backbone make the polyelectrolyte systems discrete from the neutral polymer
systems, in which they show the prominent feature, i.e. stretching between the

ionized groups on the chain due to the repulsive force. [39-42]

2.3.1 Types of Polyelectrolytes
McCormick et al. (1991) classified the types of polyelectrolytes based
on their behaviors in aqueous electrolyte solutions as follows: [43]
® Univalent polyelectrolytes are polyelcetrolytes with same

charges, either negative (anionic groups) or positive (cationic groups).
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® Multivalent polyelectrolytes or polyampholytes are the

polyelectrolytes contain both negative and positive groups.
The polyelectrolytes can also be classified into two categories, i.e.
natural macromolecules (biopolymer) and synthetic macromolecules, in which some
typical examples are given in Table 2.3. Furthermore, the polyelectrolytes exhibit

various molecular architectures, e.g. <globular polyelectrolytes, chainlike
polyelectrolytes, etc. [41, 44-45]

Table 2.3 Typical Polyelectrolytes [46]

Natural Polyelectrolytes Repeat Units

DNA (single stranded)

1

|

¢
HO —]I’:()

Chitosan

Hyaluronic acid

COOH CH.0H 1
=AY S0 |
Of1 )
o M
OH 1 tN—Icl‘ —CH,
Synthetic Polyelectrolytes Repeat Units
Poly(acrylic acid) / }
Ty
¢] \OH
Poly(lysine) {\ \
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2.3.2 Properties of Polyelectrolytes

The solution properties of polyelectrolytes are described by Noda and
Muroga (1996) [45] that the properties of polyelectrolytes are mainly related to the
chain conformations, in which they are affected by short- range and wide gap
electrostatic interactions. The narrow gap effects are the interactions between
adjacent monomers charged groups, resulting in the chain stiffness. Whereas, the
long-range effects are the interaction between the chareed groups along the
disconnected chains. Additionally, the behavior polyelectrolyte chains in solution
can be determined by the solution conditions, such as ionic strength and
temperature, in which these behaviors. depended on the chain orientation and the
electrostatic interactions~between polyelectrolyte chains. [45] Considering the
behavior polyelectrolyte chains in salt free solution, the.electrostatic interaction is
occurred between'the chareed groups along the polyelectrolyte backbone chains i.e.
strong Coulombic repulsions resulting in the elongate chains. When a salt is added
into the polyelectrolytes solution, the interaction of electrostatic force between the
charged ‘groups-on the backbone is screened- by the salt-ions, therefore, the
electrostatic interaction on the polyelectrolyte chains is collaped, creating the chain
flexibility. [40]

Because - of 'their  specific properties, both: natural “and synthetic
polyelectrolytes have been widely used in wide range. of applications. Previously,
they have been utilized as thickeners or gelling agents in foods, pharmaceutical and
cosmetics, [41] Particularly, the polyelectrolytes .are mostly used in biological
functions, ‘such. as - modification ef—solution rheology and controlling the
agglomeration of colloidal particles. [42]

In. this' thesis, the sodium polystyrene sulfonate (PSS) was used as
template for hydroxyapatite synthesis. The PSS is-an anionic polyelectrolyte as
shown in Fig. 2.2. The PSS is identified as a water=soluble substance generating
strong multi-electrolyte, they possess the polyanions which can interact with the

positive active sites.

SO; Na*

Figure 2.2 Chemical structure of sodium polystyrene sulfonate (PSS)
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2.4 Biological Testing of Biomaterials

In the present, the biocompatible property of the biomaterials is important to
utilize in the biomedical applications. Particularly, the consideration of this property
is depended on two principles, i.e. biosafety and biofunctionality. The prominent
properties of materials for biosafety and biofunctionality are these materials must
not release any toxic substance into the system and relate to the efficiency of these
materials for specific tissue applications, respectively. In order to determine the
biocompatibility of biomaterials which will be used in the human body, they must

be primarily in vitro tested by the standardized testing. [47]

2.4.1 Cytotoxicity Testing
Cytotoxicity relates to the effect of the texic substances that affect
the viability cells.” The evaluation of cytotoxicity of biomaterials to cells by in vitro
assays can be used-for primary. screening of biomateriats. The simplest in vitro
cytotoxicity  testing is the- direct contact assays or the MTT assays. [48] The
advantage of this study ‘can provide the informationabout the response of a specific
cell type to the biomaterials, therefore, the suitable materials can be selected for in

vivo system. [22]

2.4.2 Anti-bacterial Testing

The study on the effect of the bacterial adhesion to the biomaterials
surface is one of the necessary step for biomedical applications, particularly, the
infection and the antibiotic sensitivity.~ This effect can be explained the interactions
mechanisms between the bacterial and the biomaterials surface, in which it can
provide the suitable surface  properties. of the biomaterials for the anti-adhesion
bacterial applications. The simple method for screening the antibiotic sensitivity of
biomaterials is the diffusion.method using agar medium, in which it can be evaluated
by the measuring of the diameter of the inhibition zone of bacterial growth. [49-50]

2.5 Literature Reviews

2.5.1 Preparation of Hydroxyapatite
The literature reviews involved the preparations of HAp are

summarized as follows;

2.5.1.1 Solid state reaction
Hoa. et al. [51] studied on the synthesis of calcium phosphate

bioceramic by solid state reaction. The solid state reactions were performed by using
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calcium pyrophosphate (Ca;P,07) or dicalcium phosphate dihydrate (CaHPO4-2H:0,
DCPD) and egeshell powders. When the reaction between the eggshell powders and
DCPD was heat-treated at 1150°C for 3 hrs, only a single HAp phase was achieved.
By object in heat at 1100°C for 3 hrs, the fabricated product from raw eggshell
powders (CaCOs3) and CayP;07 showed the XRD pattern B-tricalcium phosphate (8-
TCP) with the trace quantity of HAp. The trace elements, i.e. Na, Mg and Sr, were
also determined in calcium phosphate ceramics synthesized from eggshell powders.

Pramanik. et al [52] studied on the synthesis of suitable
bioceramic for hard tissue replacement. The HAp of hexagonal structure was done
using reaction of solid state at temperature about 1250°C by using CaO and P;Os as
the reactants. The HAp samples were improved.in the mechanical properties with
increasing cold compaction pressures. | The result indicated.that it showed the high
resistance to surface reaction with the simulated body fluid.

Guo. et al. [15] focused. on the effect of calcination
temperature’ on -particle size of HAp. = At room temperature, the HAp was
manufactured by reaction of _solid state, In-which ‘the sinitial materials were
diammonium phosphate, calcium nitrate tetrahydrate and sodium bicarbonate. The
size and shape of the HAp particles powerfully cantrotled by .the calcination process.
The morphologies of HAp particles were observed as irregular and aggregate particles
when calcining at temperature lower than 600°CL_The XRD, patterns of products
showed pure-HAp crystalline phase when the products were calcined at temperature
higher than-600°C.. . Therefore, the increase of calcinations temperature could
promote the crystallization of HAp.

Monmaturapoj and Yatongchai: [53] studied on the effect of
sintering on microstructure and characteristics of nanosized HAp fine grains produced
by aqueous based chemical precipitating and solid-state reaction using Ca(NO3),-4H,0
and (NH4),HPO, as thereactants. The reactions were sintered at temperature ranging
from 1200 to 1250°C. It was found that the increasing of sintered temperature could
be effect to the increasing of the grain size, density and strength of the HAp powders.
In addition, the morphologies and properties of the sintered HAp could be control by
variation of particle size.

Pramanik. et al [54] studied on the development of
mechanical properties of HAp by reaction of solid state. The samples were
generated by mixing the ingradients, i.e. Ca0, P,Os and SiO; and sintered these cold
compacted pellets at wide range of temperature from 500 to 1250°C. The results
showed that the monetite phase was obtained in the unsintered condition whereas
the a-tricalcium phosphate was the final structural transformation of samples when

increase the sintering temperature to 1250°C. In addition, the mechanical testing, i.e.
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compressive, tensile and bending and were improved after resintering the pellets at
1250°C, where these pellets formerly refused at the similarity of temperature.

2.5.1.2 Mechanochemical Method

Nasiri-Tabrizi. et al. [13] purposed on the effect of milling
conditions on the formation of nanocrystalline HAp using various kinds of initial
materials. The milling parameters used in the synthesis of nanocrystalline HAp, i.e.
milling time and atmosphere, in which the syntheses were performed under air or
high purity Ar atmosphere at 800°C. The HAp products with high degree of
crystallinity were obtained in both milling environments and were influenced by the
chemical compositions of initial-materials, i.e. CaHPOg, Ca(OH), and CaCOs. In the air
atmosphere, the average sizes of HAp were about 32 and-27.nm for products from 1-
hr and 80-hrs milling, respectively.  On the other hand, they were respectively about
32 and 34 nm for 1 hr-and 80 hrs milling under Ar atmosphere. However, the milling
under both atmospheres for 80 hrs could drastically decrease the crystalline phase
of products.

Fahami. et al: [55] studied on the preparation of calcium
phosphate-based composite nanopowders, by ~mechanochemical method and
heating process After mechanochemical activation, the major phases, i.e. HAp, MgO
and TiO; were' obtained, in which the average HAp. crystallite size for 10-hrs milling
product was 21 nm..‘When thermal annealing at 700°C, the major. crystalline phases
were HAp, MgTiOs.and MgO, in which the crystallite size of HAp-was 34 nm. In
addition, the decomposition ‘of HAp te--TCP was happened when heating step in
between 900 to 1100°C and the morphological change from the cluster-like shape to
the spheroidal crystals was observed.

Mandal. et al. [56] studied on. the optimization of milling
conditions of the mechanical @ synthesis of nanosize of crystals HAp using
phosphorous pentoxide and calcium hydroxide as starting materials. The effects of
milling process, i.e. ball size, milling time and milling speed, were studied. The result
showed that the optimal grinding condition was the system using 4 nm diameter
balls at 60% milling speed for 15 hrs, in which the milled HAp powder showed the
spherical particles with size of around 100 nm.

Rhee [57] studied on the synthesis of HAp via
mechanochemical method from calcium pyrophosphate (CayP,0;) and calcium
carbonate (CaCOs) in acetone and water using milling time ranging from 2 to 8 hrs.
The results showed that the single phase HAp was received when the fine grain was
milled in water and followed by heating procedure at 1100°C for 1 hr without added
water vapor. In addition, it was found that the hydroxyl group needed for the HAp
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formation might be supplied from the mechanochemical reaction between the
starting powders and water during milling.

Wu. et al. [58] prepared the HAp using oyster shell powders
through ball milling and heat treatment. The raw materials were CaCO5 (oyster shell)
and calcdum pyrophosphate (Ca;P;07) or dicalcium phosphate dihydrate
(CaHPO4-2H,0, DCPD). In the air atmosphere, the reaction between CaCOs; and
CayP;0;7 powders produced the major HAp phase with a small B-TCP by product.
When the CaCOs and DCPD were mixed and milled for 5 hrs and followed with the
heating process at 1000°C for 1 hr, the pure HAp phase was achieved.

Nasiri-Tabrizi. et al. [59] synthesized the nanasized single-
crystal HAp through mechanochemical method using Ca(OH),, CaHPO, and CaCOs as
the reactants. The nanorods and nanogranules of HAp.crystals were synthesized
when using the polymeric milling media. The average size of HAp powder was in the
range of 20 t0 23 nm.—This proposed method was considered to be a facile method

for synthesize the-high quality single crystal HAp.

2.5.1.3. Chemical Precipitation Method

Monmaturapoj. [60] prepared the nanoesized HAp powders by
wet-chemical method using various concentrations of  the starting solutions, i.e.
Ca(NO3)2+4H,0 and (NHq):HPO4.. The reactions were occurred under the reflux process
at 100°C for-ihr followed by ageing for 24 hrs, in which their dried products were
calcined at temperature ranging in between 800 to, 1000°C... It was found that the
optimized low concentration of the starting solution could be induced the nanosized
HAp phase, but it-obtained a-small amount of P-tricalcium phosphate. In addition,
the result of density and specific surface area of product were 4.05 ¢/ cm® and 89.58
m?/ g, respectively,

Afshar. et al. [61] studied on theeffects of many parameters in
the wet precipitation process,-i.e. pH, atmosphere and stirring speed on the HAp
synthesis. In this process, the orthophosphoric acid solution was filled into the
calcium hydroxide suspension. The high purity small rod-like particles of HAp
precipitates were obtained.

Cengiz. et al. [62] studied on the preparation and
characterization of HAp nanoscale particle by precipitation procedure in the presence
of simulated body fluid (SBF) or calcium phosphor tris (CaPTris) solution. It was
found that the HAp nanoparticles were obtained when the resulting precipitation in
the CaPTris were sintered at 700°C for 2 hrs, whereas the HAp nanoparticles from SBF
system need not to be sintered. The structured HAp crystallites from both CaPTris
and SBF system were hexagonal structure. The SEM results showed that the needle-
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shaped HAp from the SBF system had a width in the range of 10 to 50 nm and a
length of 120 to 450 nm. Whereas the HAp desultory particles from the CaPTris
system had the length and width lower than 500 and 100 nm, respectively.

Abidi and Murtaza [63] synthesized the HAp nano-powders via
aqueous based chemical precipitation technique through Ca(OH); and HsPOq4 as
precursors at different calcinations temperatures from 100 to 800°C. The deionized
water and the ammonia were respectively used for diluting media and adjusting pH
of the reaction. It was found that the optimum temperature was 600°C, in which the
HAp powders were decomposed to CaO phase when the temperature was above
this temperature. The calculated crystallite size of HAp was found in the range of
8.47 to 24.47 nm.

Zhu. et al [64] studied on the. manufacture of HAp by
chemical precipitation method - under atmospheric pressure... The mixtures of
Ca(NO3),-8H,0,(NH4)2HPO4, (NH2).CO and) HNO5 were used-as the starting solution, in
which the molar ratio of Ca/P was strongly. controlled at 1.67. The HAp particles
were synthesized by heating the solution in_the range from 60-to 80°C, followed by
the heating process at 660°C for 8 hrs. The result showed that the increasing of the
reaction temperature could increase the' size of the particles. _In-addition, it was
found that the various morphologies of HAp powders, such as sphere, rod, layered,
dumbbell and fiber, were obtained by controlted conditions.

Rujitanapanich. et al  [34] synthesized the HAp from oyster
shell via precipitation method. The Ca-source was prepared. by calcining the oyster
shell to calcium oxide, and then the calcium oxide was reacted.with nitric acid to
calcium nitrate.< > The calcium nitrate was reacted with diammonium hydrogen
phosphate at various pH, then the product was calcined at 900°C for 2 hrs. The XRD
results showed that-the HAp powder obtained at pH 10 had the crystallite size of
about 89.5 nm.

Goloshchapov. et al. [65] synthesized the nanocrystalline HAp
by precipitation method using hen’s eggshell (the biological source) and
orthophosphoric acid HsPO. at pH 8.5 under the annealing temperature in between
400 to 900°C. The outcome illustrated that the single phase of globular HAp
particles having size of 4 to 5 nm were obtained when the annealing temperature
was below 900°C. While, the HAp particles decomposed to the calcium diphosphate

at the annealing temperature of 900°C.

2.5.1.4 Sol-Gel Method
Bakan. et al [14] synthesized the thermally stable of
nanocrystalline HAp carried on by using Ca(NO3),-4H,0 and NHqH,PO4 through alcohol



21

based sol-gel pathway at room temperature. The samples were aged for 12, 24 and
48 hrs, followed by the calcinations at 750°C for 4 hrs. The results showed that this
method could prepare the HAp nanoparticles with no catalyst and no grinding
process uses in between the formation of gel. In addition, the SEM and TEM results
showed that the nano-pin shape like HAp was a 12 nm of average particle diameter
and 65 nm of average particle range.

Liu. et al. [66] studied on the aging effect of the HAp phase
development in water-based sol-gel system. The aging time and aging temperature
were varied in the range of 0.25 to 24 hrs and 35 to 80°C, respectively. It was found
that the HAp phase was developed by aging of Ca and P molecular precursors. The
monophasic HAp was obtained after the calcination at.400 or 500°C when using the
higher aging temperature and shorter aging time. However, the contaminating
phases, such as Ca0, CayP;07, Cas(POy); and CaCOs, were detected in the system if
the aging conditions were not perfectly controlled.

Fathi-and, Hanifi [67] \prepared. the HAp nanaparticles using
Ca(NO3)»aH,0 and P:0s via the sol-gel method. it was found that the agglomerated
single phase of HAp was achieved after heating process at 600°C, in which the
particle size of HAp nanopowder was about 25-28 nm. Whereas-the P-tricalcium
phosphate and calcium oxide phases were detected due to the HAp decomposition
when the sintering temperature were increased to 700°C.

Kumnar and Kalainathan [68] synthesized the plate-like HAp
nanocrystals using CalNO3)-dH,0 and (NH4),HPO4 at 85°C in presence of polyethylene
glycol as madifier by the sol-gel method. The samples were sintered at 400, 750
and 1100°C for 4 hrs. It was found that'the single phase HAp was recieved after
heating process at (1100°C. The SEM result-showed that the polyethylene glycol
molecules could foree the start of HAp growth via the interaction between the ether
bonds of polyethyleneglyeol and the HAp nanocrystallites, in which the average size
of HAp was 50-70 nm.

Rajabi-Zamani. et al. [69] synthesized of the nanocrystalline
HAp powder via nonalkoxide sol-gel process using Ca(NOs)z-4H;0O and P,0s. The
samples were sintered at temperatures in the range of 300 to 750°C for 6 hrs. It was
found that the nanocrystalline HAp was obtained at 450°C, but the presence of
carbonated HAp was detected at 750°C. In addition, the crystallite sizes and the
degree of crystallinity were increased with the increase of the calcining temperature.

Padmanabhan. et al [35] synthesized the hexagonal HAp
nanorods using calcium nitrate and potassium dihydrogenphosphate as reagents at
different calcining temperatures in between 300 to 700°C. The results showed that

the crystalline HAp nanorods were obtained with 70-90 nm in diameter and 400-500
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nm in length. The particle size and the crystallinity of product increased with the
increase of the calcination temperature. In addition, the forming ratio (length to

diameter ratio) of HAp nanorods was in between 6 and 7.

2.5.1.5 Sonochemical Synthesis

Brundavanam. et al. [70] synthesized the nano HAp-gelatin
(Gel-HAp) composites by a heating supported low-power ultrasonic irradiation
process. The mixtures of Ca(NOs); and KH,PO4 in the presence of gelatin were used
to prepare the Gel-HAp under the heat treatment between 100 and 400°C. The
influence of the gelatine on the nucleation and growth of nano-HAp was examined.
It was found that the gelatin could attach to the mano-HAp, resulting in the formation
of normal spherical'shaped crystals of Gel-HAp with the particle size of 29 nm + 5%.

Cao. et al. [71] synthesized the nanocrystalline HAp using
Ca(NOs), and NH4H,PO: as starting materials and carbamide (NH,CONH,) as precipitant
by precipitation procedure with the assistantce of ultrasonic irradiation. The effects
of Ca/P/ molar-ratio, precipitation . temperature,. Ca**concentration ‘and ultrasonic
energy on the nano HAp powder were investigated. It was found that when the Ca?
concentration was. higher than 0.2 mol/L and the ultrasonic.energy-was lower than
300 W, the monaphasic HAp powder could not be obtained.. However, the spherical
HAp nanoparticles could be obtained when using the reaction was performed at 80°C
using 300 W-of ultrasonic. power and 2.0-2.5 of Ca/P molar ratio.- Moreover, the
crystallite. size of - HAp nanoparticles decreased , with the decreasing of Ca*'
concentration in the system.

Han. et at  [72] prepared the HAp nanoparticles from
Ca(H,POq4), and saturated Ca(OH), water based solution using glycosaminoglycans
(GAGs) as additiverby.precipitation and ultrasound irradiation‘methods. The grain size
and the size distribution of HAp depend ion the GAGs concentration, but they were
little sensitive to the ultrasound irradiation (Ul) time. In addition, the GAGs could
inhibit the HAp crystal growth and stabilized HAp nanoscale particles.

Poinern. et al. [73] prepared the nanostructured HAp using
Ca(NOs); and KHzPOq as starting materials with the Ca/P molar ratio at 1.67. The pH
of reaction maintained at 9 under the ultrasonic irradiation, in which the heat
treatment were performed in the range from 200 to 400°C for 2 hrs. The influences
of the ultrasound and temperature conditions were investigated. The results showed
that the spherical HAp particles with the size range of about 30 nm were obtained
when using the ultrasonic power of 50 W and heat treatment at 400°C.

Giardina and Fanovich [36] synthesized the HAp powders by

precipitation with ultrasonic irradiation (Ul). The mixtures of Ca(OH), and HsPO4 were



23

applied as the starting solution, in which the molar ratio of Ca/P was strongly
controlled at 1.67. This method could produce the HAp powders with controlled
crystal size between 31.7 and 70.6 nm. It was found that the thermal stability of
HAp crystals was up to 1100°C.

Rouhani. et al. [74] prepared the HAp nanoparticles using
ultrasonic irradiation at 24, 37 and 55°C for 6-40 min in the PBS solution. The result
showed that the monophasic HAp crystals were obtained when using 15 min of the
ultrasonic irradiation at 37°C.  The ultrasonic could increase the HAp crystal
development rate up to 5.5 times in comparison with that from non-sonication
condition, however, the ultrasonic deereased.the size of the HAp nanoparticles from
30 to 18 nm. In addition; the particles formed by ultrasonic were smaller and more

spherical than those achieved without the ultrasonic treatment.

2.5.1.6 Microwave Heating Synthesis

Kumar. et ~al [75). synthesized the flower-like HAp
nanostructure from the conversion of eggshell by the fast microwave irradiation
process with_the ethylenediaminetetraacetic acid (EDTA) as chelating agent. The
results showed-that the transformation of egeshell into the -HAp occurred through
the production of Ca-EDTA complex, in which it subsequently reacted with the
phosphate, under microwave sirradiation. It was found that the ‘flower-like HAp
nanostructure was composed- of the leaf-like flakes having-100-200 nm width and
0.5-1pm length.

Kalita ‘and Verma [76] synthesized the biocactive HAp powder
utilizing calcium ‘mitrate tetrahydrate and sodium phosphate dibasic anhydrous as the
initiating materials. * The ethylenediaminetetraacetic acid (EDTA) was used as the
complex forming reagent at pH 9, in which the microwave power of 600 W was
applied. It was found that the caleulated average HAD crystallite size was about 12
nm after microwave synthesis.~The. TEM. results indicated that the HAp powder
possessed the rod-shaped crystals with ~5 nm in diameter and ~15 nm in length
and the elliptical crystals with ~16 nm in diameter and ~27 nm.

Ramesh. et al. [77] studied on the influence of fast sintering by
microwave heating on the properties of nanoscale crystalline HAp powder. The
nano-HAp crystals were firstly synthesized by wet chemical precipitation procedure
and sinter by microwave-heating at temperature in the range of 1000 to 1300°C. It
was found that the microwave heating could prevent the grain growth of HAp when

sintering at temperatures < 1200°C.
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2.5.1.7 Hydrothermal Synthesis

Hao. et al. [78] synthesized the HAp fiber (fHA) by applying
propionamide (PA) for pH adjusting. The concentrations of PA and calcium ion (Ca*)
were varied from 0.05 molL™? to 5 molL' and from 10 mmolL™ to 100 mmolL™,
respectively. The results showed that the morphology of fHA moved from long
fibers to flowers and thorn-like bundles when the concentrations of PA and Ca were
increased. The higher temperature used in the synthesis, the higher crystallinity of
fHA was obtained.

Zhang. et al. [79] prepared the plate-like HAp nanoparticles
using calcium nitrate (Ca(NOs);) and.disodium hydrogen phosphate (Na;HPOq) as
calcium and phosphorous initial substances, respectively, by the hydrothermal
method. Sodium tripelyphosphate (STPP) was added into the synthesis system. It
was found that the size of the HAp nanoparticles were increased with the increase of
STPP concentration, whereas the particular ratios of HAp decreased with the increase
of STPP concentration. When the concentration of STPP reached about 0.015 M, the
average feature ratio of those nanoparticles was closed to 1, indicating that the STPP
and its concentration affected -on the morphology-of the HAp crystals.

Zhao. et al [80] synthesized the. HAp mnanorods using
biomolecule pyridoxal-50-phasphate (PLP) 'as. an organic. phosphorus initial
substances by hydrothermal method. The PLP biomolecules were: hydrolyzed to
generate phosphate-ions,.in which these phosphate ijons further reacted with the
pre-existing calcium-ions to form hydroxyapatite hanorods. -The result showed that
the lower hydrothermal temperature (120°C) could not produce-the HAp products.
When the hydrothermal reaction was performed at 150°C or 180°C, the uniform HAp
nanorods could be produced, in which the size of HAp increased with the increase of
hydrothermal temperature.

Jokic.. et 'al> [81] synthesized  the HAp whiskers by
hydrothermal method. Calcium-nitrate tetrahydrate, sodium dihydrogen phosphate
and urea were used as the starting agents. The HAp outcomes were flaky-like
particles composed of HAp whiskers. TEM analysis of the HAp whiskers confirmed
the formation of single crystal form of HAp with the c-axis orientation parallel to the
long axis of the fibers. The result showed that the HAp and monetite crystals with
different morphologies could be achieved when the different amounts of urea was
added into the starting solution.

Yang. et al [82] synthesized the HAp microspheres using
calcium nitrate and ammonium dihydrogen by hydrothermal method. Trisodium
citrate (TSC) was used as complexing agents. The influence of reaction times on the
morphology of HAp crystals was investigated. When the hydrothermal reaction was
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performed at 180°C for 24 hrs, the HAp dandelions were obtained due to the effect
of the TSC-Ca?* complex. The decomposition of the complex could release the Ca**
into this system after the hydrothermal process, therefore, it could be produced the
nanorod units of the dandelion HAp crystal growth. The results of drugs releasing
showed that the ibuprofen could be stored in the HAp crystals with the uptake
amount of 193 and 227 mg/g for dandelions and flowers structures, respectively.

Zhang and Darvell [83] synthesized the HAp whiskers by
hydrothermal homogeneous precipitation using acetamide as the additive. The
results showed that the low hydrolysis of the acetamide could raise the pH of
reaction and increase the nucleus formation and development of HAp process. The
HAp whiskers had an average-length of about 60-116 um when the Ca/P molar ratio
was fixed at 1.67. The variation of acetamide concentration. did not affect the HAp
crystal growth.

Parthiban. ‘et al. [84] focused on the effect of urea on the
formation of HAp-using beta-tricalcium phosphate (8-TCP) and dicalcium phosphate
dihydrate (DCPD) as the precursars for double-steps hydrothermal processing, i.e.
hydrothermal treatment in vapor. condition  and-hydrothermal treatment in liquid
condition. It was found that the application of urea in the double processes could
effectively control the morpholosy of HAp compacts. However, the HAp crystal
growth was inhibited from-'the C0,” ions released  from the urea during the
hydrothermal treatment.

Jinawath. et al. [85] studied on the transformation of aragonite
(calcium carbonate) to HAp via CaHPO4 phase. ~The hydrothermal reactions were
performed under vapor pressure of 1-2 MPa at 160-200°C for 8-14-hrs. It was found
that the CaCOs in the phosphate-solution transformed to. the CaHPO., in which it
could generate the. plates. and whiskers CaHPOa-crystal. After hydrothermal
treatment, the CaHPOs morphologies were transformed to the nanorods HAp by the
dissolution — recrystallization mechanism.

Zhang and Vecchio [86] synthesized the HAp using dicalcium
phosphate anhydrous (CaHPO4, DCPA) by the hydrothermal reaction at temperature
ranging from 120 to 180°C for 24 hrs with the two polymorphisms of the calcium
carbonate, i.e. calcite and aragonite (cuttlebone). At the starting time of the reaction
between DCPA and calcite, the nucleus formation and development of beta-
tricalcium phosphate (B-TCP) particles on the calcite particles were found. The HAp
rods were discovered to grow out of B-TCP particles. The size of synthesized HAp
rods was about 200 nm in width and many microns in length. For the reaction of
DCPA and aragonite, it was found that the nucleus formation and development of

HAp occurred certainly on the DCPA particles.
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Manafi and Rahimipour [87] synthesized of the HAp utilizing
Ca(NO4),-4H,0 and (NHq),HPO4 solutions as the beginning substances by hydrothermal
method at temperature ranging from 120 to 200°C for 18 hrs. The results showed
that the HAp crystals had size of 25-50 nm and lengths of 120+£30 nm, in which the
HRTEM showed the preferred rod-shaped orientation.

2.5.2 The template-assisted hydroxyapatite preparations

Xiao. et al [17] prepared the spherical HAp crystals using
(NHq)sPOg-3H;0 and  Ca(NOs),-4H,O with B-cyclodextrin (B-CD) as pattern by
biomimetic process It was found. that the morphology of HAp crystals were
depended on the B-CD_concentration, in which the spherical particles with the size
of 1.0-3.0 um were-achieved in the finding of 1.5% [-CD.

He. et al. [88] synthesized the nanoflake HAp using Ca(NOs),.4H,0 and
(NH4)sPO4.3H,Q as reagents, with chondroitin —sulfate ((ChS) as 'a pattern by a
biomimetic method according to the biomineralization theory:- It was found that the
nucleus formation-and’ development of the HAp crystals took place in chemical
interactions between HAp crystals and the ChS pattern. The concentration of ChS
influented to the morphology-of HAp crystals. The elemental analysis indicated that
a small amount of the ChS was detected in the HAp crystal. In addition, the staple-
fiber-like and the flake-like HAp crystals were respectively obtained when using the
low and high-concentration of ChS in the synthesis.

Garcia. et al. [89] synthesized the HAp nanoparticles by applying
calcium nitrate tetrahydrate ‘and  diammonium hydrogen phosphate as initiating
substances in a reverse microemulsion system containing cetyltrimethylammonium
bromide (CTAB)/toluene/n-butanol/water by-hydrothermal -method. It was found
that the monophasie. HAp «could be obtained by adjusting.the pH between 10 and
11. The corresponded. size_distribution jof the HAp-particles was varied in the in
between 60 and 105 nm by varying microemulsion conditions, i.e. the molar ratios of
water to surfactant and cosurfactant to surfactant. In addition, the probable
mechanism for the crystallization of HAp was considered to occur from the
interaction between the ionized groups of CTAB and the reactant ions.

Zhu. et al. [90] produced the rod-like HAp nanoparticles with a N-[(2-
hydroxy-3-trimethylammonium) propyllchitosan chloride (HTCC) as pattern by
hydrothermal procedure with low heating level of temperature. The results showed
that the size and morphology could be customized by moving synthesis conditions,
ie. pH, hydrothermal temperature and the mole ratio of POs” to quaternary
ammonium in the HTCC. The cationic macromolecule of HTCC pattern affected to

the nucleus formation and development of HAp crystals.
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Tsetsekou. et al. [16] synthesized the HAp nanoplates using HsPO,
Ca(OH), and L-arginine as precursor solutions in the presence of collagen or chitosan
by sol-gel method. The reaction was investigated by using two molar ratios of Ca/P,
i.e. 1/1 and 10/6 under basic conditions at the biomimetic temperature 40°C. The
mean size of the HAp crystals ranging from 5 nm to 20 nm depended on the
precursor concentration. In addition, the best homogeneity of HAp nanoplates was
obtained when the molar ratio of Ca/P was 10/6.

Ramedani. et al. [91] prepared the nano-HAp using calcium nitrate
tetrahydrate (Ca(NOs)»4H,0) and diammonium hydrogen phosphate ((NHq);HPO,)
precursors with nanoliposomes template... [t was found that the nanoliposomes
could in chart as carriers-for-the crystal development of nano-HAp particles. The
nano-HAp from lipesome encapsulation contained hexagonal bipyramidal structure
with spherical form of about 60 nm.

Verma. et al. [92] synthesized the pdrous HAp nanorads using cationic
cetyltrimethylammonium bromide (CTAB) and anionic hydrotrope sodium salicylate
(SS) as templates. - The results-showed that the-formation of-red-like HAp crystals
having length of 100-500 nm-and size of~50 nm were obtained in the mediated
surfactant condition, whereas, the irregular shaped nanoageregates of HAp crystals
were obtained in the absence of surfactant.

Gopi. et al. [93] synthesized the HAp nanoparticles using calcium
nitrate tetrahydrate-((CaNO;)»4H-0) and diammonium hydrogen -orthophosphate
((NHa),HPQq) as starting materials with elycine-acrylic acid (GLY-AA) hollow sphere
oreanic pattern by ultrasonic assisted method. When the ultrasonic irradiation time
was increased, the crystallinity and size of HAp particles would be declined. The
stable HAp nanoparticles at higher temperature were obtained by using an ultrasonic
irradiation time for 3:hrs:

Li. et al[94] synthesized the nanopcrous HAp from K;HPO4-3H,0 and
CaCl; with cetyltrimethylammonium bromide (CTAB) template. It was found that the
nanoporous HAp with pore size of about 1-5 nm were obtained, in which the porous
HAp structure was thermally stable up to 700°C.

Amer. et al. [95] manufactured the mesoporous nano-HAp (mn-HAP)
using calcium nitrate tetrahydrate (Ca(NOs),-4H,0) and diammonium hydrogen
phosphate ((NHg),HPO, as calcium and phosphorous sources, respectively, by
micelle-templating process with a lauryl dimethylaminoacetic acid as zwitterionic
surfactant. When the combination between microwave energy and the surfactant
were used in the system, the HAp with controlled pore size in a narrow-size
distribution range of about 36 nm was obtained. The results showed that the

specific surfaces area of dried and calcined HAp products were 87 m®g" and 55 m?g’,
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respectively, in which they were the basic role of zwitterionic surfactant in the
preparation of mn-HAp.

Liu. et al. [96] synthesized the extremely ordered lamellar HAp (La-
HAp) powder by surfactant templating process using sodium dodecyl sulphonate
(SDS, CizH25S03Na) as a pattern. Ca(NOs), and (NH4):HPO, were applied as calcium
and phosphorus initial substance, respectively. The results showed that the HAp was
the only phase in the La-HAp with the crystal size of about 3.6 nm. The surfactant

template might affect to the formation mechanism of La-HAp.

2.5.3 The biomedical applications of hydroxyapatite

Kawakita. et al-[97] studied on the.controlled protein adsorption by
dextran on the surface of HAp.. The results showed that the dextransucrase was
immobilized to the HAp surface when the HAp was immersed in the 0.3 U/mL at pH
5.5 dextransucrase solution. The immobilized dextransucrase reacted with a sucrose,
in which it could transfer to the dextran and generated the adsorption sites of HAp.
When the bovine serum albumin (BSA) and c-globulin were bound to the surfaces of
both HAp and dextrangenerated HAp, the quantity of protein adsorption declined
with the enhancing quantity of dextran manufactured. It was found that the protein
did not reach the adsorption sites of HAp due to the steric effect of dextran.

Zhang. et al. -[98] studied on the controlled bovine serum albumin
(BSA) delivery of mesoporous HAp (MHAp) at different pH environment, i.e. 4.7, 7.4
and 8.4. The adsorption behavior showed that the adsorbed amount of BSA on the
MHAp depended on the pH of protein solution. ' It was found that the loading
amounts of the BSA on the MHAp ‘decreased when. the pH was increased. In
addition, the MHAp adsorbed BSA showed a different release kinetic at the basic pH
8.4 when comparing with those in acid and neutralconditions, indicating that the
release of protein could be controlled by pH conditions.

Matsumoto. et at..[99] studied-on the possibility of utilizing HAp
particles as a controlled release carrier of protein. The HAp was synthesized in wet
chemical system at low temperature, having little crystallinity, high solubility and
huge specific surface area. The basic proteins were used as the growth factors for
bone regeneration in the protein adsorption, i.e. BMP, bFGF and TGF-b. It was found
that the protein binding on the HAp particles changed depending on its specific
surface area, in which it could be controlled by temperature and the concentration
of protein solution used in the synthesis system. When the particles of HAp bound
the protein (HAp-pro) at pH 4.0, it was found that the quantity of outcoming protein
depended on the time goes by.
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Tomoda. et al. [100] studied on the protein adsorption of the HAp
particles synthesized by three methods, ie. solvent diffusion, sintering and
homogeneous precipitation, in which they possessed spiky crystals, spherical
amorphous agglomerates and spherical particles, respectively. The shape and size of
the synthesized HAp depended on the temperature and duration time use in the
synthesis and the amount of additives, i.e. urea and Na;EDTA. The adsorptions of
bovine serum albumin (BSA) or lysozyme hydrochloride (LSZ) on the HAp particles
were investigated. The surface area ratio of a plane against total surface area of the
HAp crystals became smaller by decreasing Na,EDTA concentration. The HAp surface
charges of a plane and ¢ plane were positive and negative charged, respectively.
The amounts of BSA andLSZ-adsorbed on the HAp particle surfaces were different
since the BSA was negatively charged but LSZ was positively.charged in the solution.

Yin: et al. [101] studied on the binding of bovine serum albumin (BSA)
on HAp by investigation en G-potential of the HAp. When-considering the binding of
BSA buffed at pH-6.80 with different phosphate concentrations, it was found that the
increase of the phosphate concentration could-be generated more PO,™ ions at the
HAp surface, corresponding to-the hich necative G-potential value and enhancing the
electrostatic repulsion force between the HAp and the BSA.. Therefore, it could be
reduced the adsorption of the BSA on the HAp surface.



Chapter 3
Research methodology

3.1 Materials

® Calcium nitrate tetrahydrate (Ca(NOs),-4H,0), Ajax Finechem, Analytical grade

® Diammonium Hydrogen Phosphate ((NH4):HPOy), Fisher Scientific, Analytical
grade

® Sodium poly(d-styrene sulfonate) (PSS), Sigma Aldrich, Analytical grade

® Sodium hydroxide(Na©H), Calro Erba, Analytical grade

® FEthanol (CHsOH), Calro Erba, Analytical erade

® Phosphate buffer saline (PBS), Sigma Aldrich, Analytical grade

® | -aspartic acid, Acros, Analytical erade

® [ -arginine, Acros, Analytical erade

3.2 Apparatus

® X-ray diffractometer (XRD), Bruker AG, D8 Advance

® Transmission electron microscope (TEM), JEOL, JEM. 1220 and.2010

® Fourjer transform infrared spectrometer (FT-IR), Bruker AG, IFS28

® Zeta potential analyzer, Beckman Coulter, Detsa™ Nano C particle analyzer
® pH meter, Mettler Toledo FiveEasy'", FE20/ FG2

® Oven, Lab Companion

® Sonic bath, Cole-Parmer, 8892

® Refluxing set (Fieure 3.1)

® Teflon-lined stainless steel autoclave, PARR INSTRUMENT COMPANY, 302AC
T304 040511 (Figure 3.2)

® Mortar and Pestle
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Figure 3.2 Teflon-lined stainless steel autoclave

3.3 Studied Factors
In this thesis, the experiment could be divided into 3 main sections as follow;
1. Preparation of HAp by refluxing method
Various preparation parameters are carried out, i.e.

1.1 PSS concentration in the synthesized reaction; i.e. 0.00, 0.05, 0.20 and
0.30 w/Vv%

1.2 pH of reaction; i.e. 8.5, 9.5, 10.5, 11.5 and 12.5
1.3 Refluxing times; i.e. 0, 1, 3 and 6 hrs
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2. Preparation of HAp by hydrothermal method
Various preparation conditions are carried out, i.e.
2.1 Hydrothermal times;i.e. 0,05, 1, 2 and 3 hrs
2.2 PSS concentration in the synthesized reaction; i.e. 0.00 and 0.20 w/v%
2.3 pH of hydrothermal reaction; i.e. 8.5, 9.5 and 10.5
3. Characterization and testing of the synthesized HAp
The synthesized HAp are characterized and tested by various techniques as
follows:
3.1 Crystalline phase and crystallite size of HAp by XRD
3.2 Purity and functional groups of HAp by FT-IR
3.3 Morphology and selected area of electron-diffraction (SAED) pattern of
HAp by TEM
3.4 Surface charge of HAp and modified HAp by zeta potential analyzer in
phosphate buffer saline
3.5 In vitro MTT cytotoxicity testing
3.6 Anti-bacterial testing

3.4 Experiment

3.4.1 Preparation of HAp without PSS template by refluxing method

The concentrations of Ca(NOs);4H;0 and (NHq):HPO, were respectively
fixed at 0.2 mol/k and 0.12 mol/L, corresponding to the stoichiometric concentration
of HAp (Ca/P-molar ratio = 1.67), Firstly, the (NHg);HPOq water based solution was
dropwisely. added into the Ca(NO3),-4H0 aqueous solution under powerful stirring
for 30 min. "The pH values of the mixing-solutions were adjusted to 8.5, 9.5, 10.5,
11.5 or 12.5 by'adding/0.5 mol/L of NaOH solution. After that, the mixtures were
refluxed at 100°C for 1,.3 and 6 hrs with continuous ‘stirring. The white precipitates
were separated from the starting solutions by centrifugaticn, washed with distilled
water and ethanol for many times and leave until dry in oven at 45°C for 24 hrs.
Finally, the products were characterized by XRD, FT-IR and zeta potential analyzer.
Figure 3.3 shows the preparation procedure of HAp without PSS template by

refluxing method.
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Figure 3.3 Preparation of HAp without PSS template by refluxing method
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3.4.2 Preparation of HAp with PSS template by refluxing method

The concentrations of Ca(NOs),4H,0 and (NH4);HPO4 were respectively
used at 0.2 mol/L and 0.12 mol/L, corresponding to the stoichiometric concentration
of HAp (Ca/P molar ratio = 1.67). The PSS water based solution was diluted to
achieve 3 different concentrations, i.e. 0.05, 0.20 and 0.30 w/v%. Firstly, the diluted
PSS solution was added Ca(NOs),-4H,0 water based solution and stirred for 10 min.
Subsequently, the (NH.);HPO. aqueous solution was dropwisely added into the
previous mixture under powerful stirring for 30 min. The pH levels of the mixtures
were adjusted to 8.5, 9.5, 10.5 or 11.5 by adding 0.5 mol/L of NaOH solution. After
that, the mixing solution were evaporated by refluxing process at 100°C for 1, 3 and 6
hrs with continuous stirring..-The white precipitates. were removed from the starting
solutions by centrifugation, washed with distilled water and ethanol for many times
and leave until.dry in_oven at 45°C for 24 hrs. Finally, the products were
characterized by XRD, FT-IR; and zeta potential anatyzer. Ficure 3.4 shows the
preparation procedure of HAp with PSS template by refluxing method.
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Figure 3.4 Preparation of HAp with PSS template by refluxing method
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Sample [PSS] (w/v9%) pH value Refluxing time (hr)
P0O.0R6-12.5 0.00 12.5 6
PO.0R6-11.5 0.00 115 6
P0.0R6-10.5 6
P0.0R3-10.5 3
P0.0R1-10.5 000 102 1
P0.0RO-10.5 0
P0.0R6-9.5 6
P0.0R3-9.5 0.00 9.5 3
P0.0R0-9.5 0
P0.0R6-8.5 6
P0.0R3-8.5 0.00 8.5 3
P0.0R0D-8.5 0
P0.2R6-12.5 0.20 12.5
P0.2R6-11.5 0.20 {l.5
P0.3R6-10.5 0.30 10.5 6
P0.2R6-10.5 0.20 10.5

P0.05R6-10.5 0.05 10.5

P0.2R3-10.5 3
P0.2R1-10.5 0.20 10.5 1
P0.2R0-10.5 0
P0.2R6-9.5 6
P0.2R3-9.5 0.20 205 3
P0.2R0-9.5 0
P0.2R6-8.5 6
P0O.2R3-8.5 0.20 8.5 3
P0.2R0-8.5 0
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3.4.3 Preparation of HAp without PSS template by hydrothermal method

The mixing solution of Ca(NOs);-4H,O and (NH4);HPO4 were set at 0.2
mol/L and 0.12 mol/L, respectively, corresponding to the stoichiometric
concentration of HAp (Ca/P molar ratio = 1.67). Firstly, the (NH4),HPO4 water based
solution was dropwisely transferred into the Ca(NO3);-4H,O aqueous solution under
high energy stirring for 30 min. The pH values of the mixing solution were leveled at
8.5, 9.5, or 10.5 by adding 0.5 mol/L of NaOH solution. After that, the mixing solution
were transferred to Teflon-lined stainless steel autoclave of 50 mL capacity and
heated in an oven at 100°C for 0.5, 1, 2 and 3 hrs. After hydrothermal treatment, the
products were removed from the starting solutions by centrifugation, washed with
distilled water and ethanel formany times, andthenteave until dry in oven at 45°C
for 24 hrs. Finally, the'products were characterized by XRD,.FT-IR and zeta potential
analyzer. Figure 3.5 shows the preparation procedure of HApwithout PSS template
by hydrothermal method.
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Figure 3.5 Preparation of HAp without PSS template by hydrothermal method
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3.4.4 Preparation of HAp with PSS template by hydrothermal method

The Ca(NOs)4H,O and (NHg),HPO; were mixed and fixed the
concentration at 0.2 mol/L and 0.12 mol/L, respectively, corresponding to
stoichiometry of HAp (Ca/P ratio = 1.67). The PSS water based solution was diluted
to 0.20 w/Vv9%. Firstly, the 10 mL of PSS diluted solution was conveyed into the
Ca(NOs3),-4H,0 water based solution and stirred for 10 min. Subsequently, the
(NHg),HPO4 aqueous solution was dropwisely tranferred into the previous mixing
solution under powerful stirring for 30 min. The pH levels of the mixing solution
were leveled at 8.5, 9.5, or 10.5 by adding 0.5 mol/L of NaOH solution. After that,
the mixing solution were transferred to Teflon-lined stainless steel autoclave of 50
mL capacity and heated in~an oven at 100°C-for-Q.5, 1, 2 and 3 hrs. After
hydrothermal treatment, the resulting products were remaoved from the starting
solutions by centrifugation, washed with distilled water and ethanol for many times,
and then leave until-dry-in an oven at 45°C for 24 hrs. -Finally, the products were
characterized by XRD, FT-IR and zeta potential analyzer. Figure 3.6 shows the
preparation procedure of HAp with PSS template by hydrothermal method.
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Figure 3.6 Preparation of HAp with PSS template by hydrothermal method
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Sample [PSS] (w/v9%) pH value Hydrothermal time (hr)
P0.0H3-10.5 3
P0O.0H2-10.5 2
PO.OH1-10.5 0.00 10.5 1

P0.0H0.5-10.5 0.5
P0.0HO-10.5 0
P0.0H3-9.5 9.5
P0.0H3-8.5 000 8.5 ’
P0.2H3-10.5
P0.2H2-10.5 ¢
P0.2H1-10.5 0.20 w 10.5 1

P0.2H0.5-10.5 0.5
P0.2H0-10.5 0
PO.2H540.5 9.5
P0.2H3-8.5 i 8.5 ’

3.4.5 Surface modification ‘and  surface charge measuring of the
synthesized HAp
The as-prepared HAp samples were developed with the amino acids, i.e.
0.25 mol/L L=aspartic acid (Asp) and 0.25 mol/L L-arginine (Arg).~ Firstly, 0.2 ¢ of HAp
was blendedwith 40 mL of amino acid selution at’pH 7 with stirring for 2 hrs. The
mixing solution were centrifuged in order to separate the modified HAp. The surface
charges of the developed-HAp were examined by using zeta potential analyzer. All
zeta potential (€) meastrements were measured in_phaesphate buffered saline (PBS)
at pH 7.4. Each sample was analyzed in triplicate .and the ' mean of three C values

was reported.

3.4.6 Characterization of the synthesized HAp
- XRD
All powder samples were analyzed by XRD to analyze crystalline
structures using CuKo. radition (A= 1.54 A) with step size of 0.04%/step, scanning speed
of 1°/sec and scanning range (26) of 20°-60°. Full width at half-maximum (FWHM) of
the peak of crystalline phase at 28 =25.8° was applied to identify the size of crystal

as-synthesized HAp through Scherrer’s equation as shown in equation (3.1)
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T = i (3.1)
" Beos@ '

; in which 7is the crystallite size (A)
k is the shape constant (~ 0.9)
Ais the wavelength (A)
@is the Brage’s ancle (degree)
Bis the resulted FWHM of peak at 26 =25.8° (Radian)

- FT-IR
Chemical functional groups of the as-prepared HAp and the surface
modified HAp were analyzed by FI-IR. The small amount of sample was mixed with
potassium: bromide(KBr) and made in the form of pellet. The spectra were

collected in the range of 400 to 4000 cm™.

- TEM
Morphologies of the synthesized HAp samples were investigated by TEM.
The morphology and the corresponding selected area of electron diffraction (SAED)
patterns of the produced HAp samples were analyzed 200 keV, of TEM (JEM 2010,
JEOL), in which thed spacing of the 002 plane can be ‘calculated by using formula as

shown in equation (3.2)

Rixd =i, ds (3.2)

; where d is the spacing of lattice planes (002)
L is the camera length (30 cm)
Ais the waveleneth of the electrons (200 keV)

R is the physical spacing measured on the picture

3.4.7 Biological properties testing of the synthesized HAp
- In vitro cytotoxicity testing
An investigation of cytotoxicity in vitro of the produced nHAp against
Affrican green monkey kidney fibroblasts (Vero cells) was carried out by MTT assays
for preliminary observing. The examining process was done pursuant to I1SO 10993-5.

[102]
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- Antibacterial testing
The nHAp synthesized in this work was applied to test an antibacterial
activity against Staphylococcus aureus ATCC®25923 (S.aureus) and Escherichia coli
ATCC®25922 (E.coli). The antibacterial testing were done by disc diffusion process in
agar medium and performed according to the Performance Standards for

Antimicrobial Susceptibility Testing, M100-21 [103].



Chapter 4

Main results and Discussions

4.1 Preparation of HAp by refluxing method
4.1.1 Effect of PSS template

Ficure 4.1 and Table 4.1 illustrate the XRD patterns and the zeta
potential (§) values of the starting precursors and the nHAp synthesized without and
with PSS template by refluxing process-at-pH-10.5 for 6 hrs. It can be observed that
the crystalline peaks of both-initial precursors before.refluxing in the systems without
and with PSS template, i.e. P0.0R0-10.5  and P0.2R0-10.5, respectively, were
predominantly composed of the diffraction peaks at 260 = 20.9°, 29.3°, 30.5° and
34.2° that related to, the crystalline phase of dicalcium phosphate dihydrate
(CaHPO*2H20 or DCPD)in-JCPDS 09-0077. The DCPD precursor was formed from the

reaction between Ca* from Cal(NOs;)-4H,0 and HPOq from (NHa),HPO, in the

agueous media as presented,in the chemical equation (4.1) as follows [104]:

Ca? + HPO ) 4 2H:0- =3 “TaHPOs2H,0 (4.1)

In-addition, these DCPD precursors obtained in-both systems were
evaluated their C values (not adjusted pH condition) iin order to determine their
surface properties, in which they were respectively designated as P0.0R0 and P0.2R0
in the absence template 'system and-in the.presence template system, as shown in
Table 4.1. Despite the/initial precursors in both systems were DCPD, their € values
were entirely different;.designating their variation-in surface charge. The C value of
the P0.ORO without PSS template was positive, but that of P0.2R with PSS template
was largely negative. These results indicated that the existence of anionic PSS
template brought about the negative charged particles.

After refluxing treatment for 6 hrs, it was found that the both P0.0RO-
10.5 and P0.2R0-10.5 precursors conversed to HAp crystalline phase in the P0.0R6-
10.5 and P0.2R6-10.5 samples using the chemical process as shown in equation (4.2).
[105] The XRD patterns of the P0.0R6-10.5 and P0.2R6-10.5 in Fig. 4.1(a) and Fig.
4.1(b), respectively, could be indexed as a monophasic hydroxyapatite phase, having
the diffraction peaks at 26 = 25.8°, 31.7°, 32.2°, 34.1°, 39.8° and 49.5° (JCPDS 09-
0432). There are no characteristic peaks of the DCPD precursor observed in the XRD

patterns.
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10CaHPO4*2H,0 —>  CaolPOu)(OH), + 4PO,” + 18H,0 + 12H* (4.2)
e HAp
A DCPD
Q *
=
° P0.0Re6-10.5

P0.0R0-10.5
2l

2Theta

(a)

P0.2ZR6-10.5

e 002
L ]

P0.2R0-10.5
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Fig.4.1 XRD patterns of the synthesized nHAp by refluxing for 6 hrs at pH
10.5; (a) without PSS template and (b) with PSS template
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The crystallite sizes of the synthesized nHAp along 002-plane were
deliberated by Scherrer’s equation as shown in equation (4.3) [107] and summarized
in Table 4.1.

r = 4 (4.3)
o Bcosd =

where 7 is the crystallite size (A), k is the shape constant (~ 0.9), 4 is the CuK,
wavelength used in the XRD measurement (1.54 A), @ is the Bragg’s angle (Degree)
and f is the resulted full width at half maximum of peak at 2@ =25.8° (Radian).
When the HAp crystals were produced in the-RSS template free (P0.0R6-10.5), the
synthesized sample illustrated a strong and sharp crystalline HAp diffraction peak of
002-plane, with corresponding calculated large crystallite size of 52.6 nm. On the
other hand, the P0.2R6-10.5 sample presented a broader (002) diffraction peak when
compared with that of the P0.0R6-10.5 sample, in which it was.cencomitant with
smaller crystallite size of 41.4 nm. It can be observed that the crystalline particle
size along 002-plane of P0.2R6-10.5 was less than that of P0.0R6-10.5, indicating the
effect of PSS template on the crystal growth along c-axis.

Table 4.1  Phase composition, zeta potential of the starting precursor and
crystallite sizes of the synthesized nHAp without and with 0.20
w/v% PSS template by refluxing method at pH 10.5

Refluxine for 0 hr Refluxing for 6 hrs
Zeta
Crystallite Crystallite
System Phase ) Phase d potential
Sample A size Sample N size
composition composition (mV)
(Togzinm) (Tooz:nm)
Without
P0.0R0O- PO.0R6-
PSS DCPD n/a HAp 52.6 +6.04
10.5 10.5
template
With PSS | P0.2RO- P0.2R6-
DCPD n/a HAp 41.4 -20.63
template 10.5 105

In the PSS-free process, the PO0.0R0-10.5 initial substance has
comparatively low positive € value that might lead to the accumulation of precursor
particles as illustrated in Fig. 4.2, influencing on the confinement of hydroxyapatite
crystal growth during refluxing procedure. It was, however, the hydroxyapatite
crystals could freely grow along their preferred c-axis direction due to the intrinsic
crystal habit in the solution, promoting the larger crystallite size in the P0.0R6-10.5

sample.
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Fig.4.2 Schematic representation of refluxing synthesis of nHAp in the absence
of PSS template

On the other hand, the P0.2B0-10.5 precursor with the PSS template
has largely nhegative £ value, in which this highly chareed surface could prevent the
agglomeration of precurser particles as shown in Fie. 43 In addition, the PSS
template dissociated in-agueous-solution possessed the negatively charged sulfonic
groups that would promote the formation of PS5-Ca intermediate, in which it
functioned as the heterogeneous nucleus forming site. ‘Therefore, this led to the
decrease of the'concentration of free Ca®' ions in the system, resulting in the
limitation of HAp growth along the c-axis direction.

The influence~of the-PSS~template on the mechanism of phase
conversion and the HAp crystals development are schematically explained in Fig. 4.3.
The stretched network conformation of PSS template was achieved in the agueous
solution due to the firmly Coulombic repulsive force between the negative charged
sulfonic groups (-SOs) on the backbone of PSS networks. In step |, the Ca** ions
combined with the negatively charged -SO3 groups on the PSS chain and formed as
the PSS-Ca intermediate. The intermediate would interact with HPO,> from the
initiating solution and OH’ ions from base reagent used for pH adjusting in step I,
outcoming in creation of DCPD precursor on the rigid-rod PSS chains. The crystalline
DCPD was achieved in the XRD pattern of precursor before evaporating in reflux
treatment as shown in Fig. 4.1(b). The DCPD phase conversion to HAp after refluxing
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treatment in step Ill. Finally, the produced HAp nanoparticles were washed with
distilled water and ethanol in order to clearify the PSS template in step IV.

PSS

o 50,
<> DCerp
<l 114p

PSS-Ca intermediate

Step IT

Step ITI

Step IV

Fig.4.3 Schematic representation of refluxing synthesis of nHAp in the presence
of PSS template

From previous mentioned, size of crystalline particle and £ values of
nHAp achieved from the refluxing synthesis. It can be concluded that the existence
of PSS template influenced on the decrease in crystallite size along the 002-plane of
HAp nanoparticles. Furthermore, the monophasic HAp was found without forming
any by-products, indicating that the PSS template had no effect on purity of HAp

resulting products.
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(a) (b}

Fig.d.4 TEM images of the synthesized nHAp by refluxing for 6 hrs at pH 10.5
with varying PSS concentrations; (a) P0.0R6-10.5, (b) P0.05R6-10.5, (c)
P0.2R6-10.5 and (d) SAED pattern of P0.2R6-10.5

Figure 4.4 (3) and 4.4°(c) respectively illustrate the TEM images of the
P0.0R6-10.5 and P0.2R6-10.5 samples.” The long rod-formed hydroxyapatite crystals
in the absence of PSS template that was in agreement with the extreme high
crystallinity in the XRD pattern.as shown-in-Fig. 4.1(3), while the shorter rod-formed
crystals were recieved in the P0.2R6-10.5 sample, corresponding to the XRD pattern
in Fig. 4.1 (b). These results were in agreement with the calculated crystallite size
along 002-plane as previously mentioned. Figure 4.4 (d) presents the selected area
electron diffraction (SAED) pattern of the rod-formed HAp crystals in the P0.2R6-10.5
sample. The characteristic polycrystalline rings of hydroxyapatite are in agreement
with the XRD pattern in Fig. 4.1 (b). Moreover, the imperfect (002) ring was
discovered, identifying the development of HAp crystals with favored orientation in
002-plane.
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Fig.4.5 FT-IR spectra of the produced nHAp by refluxing for 6 hrs at pH 10.5;
(a) P0.2R6-10.5 and (b) P0.0R6-10.5

Figure 4.5 presents the FT-IR spectra of the HAp nanoscale particles
prepared “with- and without \PSS template. -~ All HAp samples displayed a set of
characteristic bands of PO,> group at 564 and 602 cm ' of bending vibration and 962,
1036 and 1090 cm™ of stretching vibration.  In" addition, the FT-IR bands of OH
vibration of HAp were achieved at 634 and 3570 c¢m™’ together with the wide range
band at 3100-3500 cmof bound water. It was, however, the signal of PSS template
at 1540 and 2925 cm™ corresponded to the C-H: stretching vibration of methylene
and phenyl groups.[106) were not observed in the P0:2R6-10.5 sample (Fig. 4.5(a)),
identifying that the “PSS. template could be effectively removed from the HAp
particles.

In addition, the chemical functional groups of the synthesized nHAp
were confirmed their chemical structures by FT-IR. This research also studied the
elemental composition of the P0.2R6-10.5 sample by scanning electron microscopy
(SEM) and energy-dispersive x-ray (EDX) spectroscopy as shown in Fig. 4.6.

Fig. 4.6(a) shows the EDX spectrum of the P0.2R6-10.5 sample, the
high amounts of Ca and P elements were observed, i.e. 64.38 and 34.29 atomic%,
respectively, corresponding to the predominant phase of hydroxyapatite. However, it
can be seen that the trace amounts of S element was detected in this spectrum, in
which it could be identified as the PSS template. Fig. 4.6(b) shows the SEM
micrographs of the P0.2R6-10.5 surfaces with their Ca, P and S mapping images.
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From the above mentioned FT-IR and SEM-EDX results of the P0.2R6-
10.5, it can be summarized that the trace amount of PSS template might be
remained on the sample. Therefore, the cytotoxicity of this sample was analyzed in
order to confirm its probability for biomedical applications.

) 2 4 6 8 10 12 14 16 18 20
Full Scale 2590 ¢ts Cursor: 0.000 keV

(b)

Fig.4.6 SEM-EDX micrograph images of P0.2R6-10.5; (a) EDX spectrum and (b)
elemental mapping images of Ca, P and S elements

In comparison between the HAp synthesized without and with PSS
template, it can be summarized that the existence of PSS template caused the
decline of the HAp crystallite size along the 002-plane under the refluxing for 6 hrs
at pH 10.5 by using 0.20 w/v% PSS.
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In the next section of this work was to investigate the influence of PSS
concentration on the synthesized HAp under the refluxing synthesis at pH 10.5 for 6
hrs by using various PSS concentrations, i.e. 0.00, 0.05, 0.20 and 0.30 w/Vv%, in which
they were respectively designated as P0.0R6-10.5, P0.05R6-10.5, P0.2R6-10.5 and
P0.3R6-10.5.

* Hip
(d)
e = T P %z "
(©)
(b)

20 25 30 35 40 45 50 55 60
2Theta

Fic.d.7 XRD patterns of the synthesized nHAp by refluxing for 6 hrs at pH 10.5
with varying PSS concentrations; (a) P0.0R6-10.5, (b) P0.05R6-10.5, (c)
P0.2R6-10.5 and (d) P0.3R6-10.5

Table 4.2 Crystallite size of the synthesized nHAp by refluxing for 6 hrs at pH

10.5 using various PSS concentrations

Sample PSS concentration (w/v%) Crystallite size (Toznm)
P0.0R6-10.5 0.00 52.6
P0.05R6-10.5 0.05 43.4
PO.2R6-10.5 0.20 a1.4
P0.3R6-10.5 0.30 n/a

Figure 4.7 and Table 4.2 show the XRD patterns and the crystallite
sizes of the HAp crystalline particles synthesized by refluxing for 6 hrs at pH 10.5 in
the absence and presence of PSS template. All samples, i.e. P0.0R6-10.5, P0O.05R6-
10.5, P0.2R6-10.5 and P0.3R6-10.5, were certainly composed of the crystalline
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hydroxyapatite. When the HAp crystalline particles were produced in the absence of
the PSS template (P0.0R6-10.5) shown in Fig. 4.7 (a), the resulting sample presented a
strong and sharp crystalline HAp (002) diffraction peak, corresponding to the
calculated large crystallite size of 52.6 nm.

On the other hand, the P0.05R6-10.5, P0.2R6-10.5 and P0.3R6-10.5
samples in Fig. 4.7 (b), 4.7 (c) and 4.7 (d), respectively, illustrated the broader HAp
crystalline (002) diffraction peak when compared with that of the P0.0R6-10.5
sample. The calculated crystallite sizes of P0.05R6-10.5 and P0.2R6-10.5 samples
were less than that of P0.0R6-10.5. Moreover, the XRD pattern of P0.3R6-10.5
sample in Fig. 4.7 (d) revealed the poorly crystalline HAp was achieved; its crystallite
size could not be investigated by Scherrer’s equation. It can be seen that the
crystallite size along the 002-plane of HAp declines with the increase in the PSS
concentration. These results explained that the production of geod crystallinity HAp
nanocrystals under_using various PSS conditions could be obtained when the PSS
concentration was 0.20 w/\v%.

To. investigate the effect of PSS template,-the images of the HAp
nanoparticles synthesized-in the existence of PSS template (P0:05R6-10.5 and P0.2R6-
10.5) in Fig. 4.4 (b) and 4.4 (c) were compared with those produced in the absence of
PSS template (PO.OR6-10.5) in Fig. 4.4 (a). The P0.0R6-10.5 exhibited the long rod-
formed HAp crystals that,were in agreement with extremely high crystallinity in the
XRD patternias shown.in Fig. 4.7 (a).

Nevertheless, Fig. 4.4-(b) and 4.4 (c)'showed the formation of shorter
rod-formed HAp crystals when using the 0.05 and 0.20 w/v% PSS as templates in the
P0.05R6-10.5 and P0.2R6-10.5 samples, respectively. These results indicated that the
PSS template performed a notable rote in the size-and morphology of the
synthesized nHAp. "It ean be summarized that the size-and morphology of the
synthesized nHAp were dependent.on.the presence-of PSS template.

From all results above mentioned, when the 0.20 w/v% PSS template
was used in the synthesized nHAp by refluxing system, it could control the shorter
size along 002-plane and still could preserve a good crystallinity of the synthesized
nHAp. Therefore, the 0.20 w/v% PSS was used as template by refluxing synthesis for
further study about the effect of reaction pH and reaction time on the synthesis of
nHAP.

4.1.2 Effect of reaction pH
Ficure 4.8 shows the XRD patterns of the synthesized nHAp by
refluxing for 6 hrs without and with 0.20 w/v% PSS template with varying reaction pH
of 85, 95 105, 11.5 and 12.5 as shown in Fig. 4.8. It can be observed that the
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synthesized samples using reaction pH of 8.5, 9.5 and 10.5, i.e. P0.0R6-8.5, P0.0R6-9.5
and P0.0R6-10.5 in Fig. 4.8 (a), could be identified as a monophasic hydroxyapatite
phase, corresponding to JCPDS 09-0432. Meanwhile using reaction pH of 11.5 and
12.5, the results showed that the formation of calcium hydroxide (Ca(OH);) was
observed, having the diffraction peaks at 26 = 28.7° and 34.1° (JCPDS 04-0733) in the
P0.OR6-11.5 and PO.0R6-12.5 samples. Therefore, it can be suggested that the
suitable reaction pH for synthesized monophasic HAp were 8.5, 9.5 and 10.5.

Table 4.3 Crystallite size of synthesized nHAp by refluxing for 3 hrs and 6 hrs

without and with 0.20 w/v% PSS template using various reaction pH

Refluxing for 3 hrs Refluxing for 6 hrs
Reaction Without PSS With PSS Without PSS With PSS
pH T Tao: T T
Sample 002, Sample ‘m* Sample UU?, Sample UOZ‘
(nm) (nm) (nm) (nm)
P0.0R3- P0.2R3- P0.0R6- P0.2R6-
8.5 38.8 55.8 34.4 n/a
8.5 85 8.5 8.5
P0.0R3- PQ.2R3- P0.0R6- P0.2R6-
9.5 312 37.0 37.0 51.6
9.5 9.5 9.5 9.5
P0.OR3- P0.2R3- | P0.0R6- P0.2R6-
10.5 30.9 28.3 526 41.4
105 10.5 10.5 105
P0.0R3- PO.2R3- PO.0R6- P0.2R6-
11:5 - = n/a n/a
11.5 115 11.5 1.5
PO.0R3- P0.2R3- PO.0RG- P0.2R6-
12.8 - - n/a n/a
12.5 %5 12:5 12,5

"Crystallite size calculated by Scherrer’s equation

In addition, Table 4.3 shows the crystallite sizes of nHAp synthesized
by refluxing without and with 0.20 w/v% PSS template with varying reaction pH. In
the absence of PSS template, the crystallite sizes of synthesized nHAp according to
the 002-plane at 26 = 25.8° would increased when the reaction pH of refluxing
synthesis was increased from 8.5 to 10.5, in agreement with the XRD patterns in Fig.
4.8(a). These results were attributed to hydroxyapatite crystalline particles the
unconstrained growth of along their preferred c-axis direction due to the intrinsic
crystal habit in the solution.

On the other hand, Fig. 4.8(b) shows the XRD patterns of the
synthesized nHAp in the presence of PSS template. The XRD pattern of P0.2R6-8.5
sample illustrated the unwell crystalline HAp was achieved, in which its size of
crystalline particle could not be calculated by Scherrer’s equation. The XRD
patterns of P0.2R6-9.5 and P0.2R6-10.5 samples displayed the sharp crystalline peaks
of HAp especially at 28 = 25.8° (002-plane), indicated that the well-crystallized HAp
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was obtained in both conditions. The crystallite size belonged to the 002-plane
would decreased from 51.6 nm to 41.4 nm when the pH of reaction was increased
from 9.5 to 10.5. These outcomes adviced that the production of high cyrstallinity
HAp crystals would be achieved when the pH of reaction was high enough.
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Fig.4.8 XRD patterns of synthesized nHAp by refluxing for 6 hrs using various
reaction pH; (a) without PSS template and (b) with PSS template
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Fig.4.9 XRD patterns of the synthesized nHAp by refluxing for 3 hrs with varying
reaction pH; (a) without PSS template and (b) with PSS template

When reducing reaction time to 3 hrs with varying the reaction pH of
8.5, 9.5 and 10.5 under the absence and presence of PSS systems. The XRD patterns
of all samples in Fig. 4.9 (a) and 4.9 (b) in the absence and presence of PSS template,
respectively, show the monophasic hydroxyapatite phase in agreement with JCPDS
09-0432. It can be seen that the broadened HAp crystalline (002) diffraction peak at
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26 = 25.8° was observed when the reaction pH was increased, representing smaller
crystallite size. Table 4.3 shows the crystallite sizes of nHAp synthesized by refluxing
for 3 hrs, corresponding to the XRD patterns in Fig. 4.9.

In the absence of PSS template, the calculated crystallite size of nHAp
synthesized at the reaction pH of 8.5, 9.5 and 10.5 were 38.8 nm, 31.2 nm and 30.9
nm whereas their crystallite sizes were 55.8 nm, 37.0 nm and 28.3 nm in the
presence of PSS template, respectively. From these results, in both systems of 3 hrs
and 6 hrs refluxing, it can be seen that the increase of reaction pH could reduce the
NHAp crystal growth along 002-plane, but it was inconsistent with the absence of PSS
template by refluxing for 6-hrs...This result-might be due to the predominant HAp
crystals growth alongtheir preferred c-axis direction forthelonger reaction time.

Considering between two different pH systems, the effect of the
reaction pH onthe nHAp crystat erowth was shown schematically. in Figure 4.10. This
figure presents the HAp hexagonal form and its rhombic cross-section. There are two
binding sites that called the C-site and P-site. The C-sites are on the (a,c) or (b,c)
crystal faces that are full of positive charges, i.e. Ca** cations.. Nevertheless, the P-
sites are on the (a,b) crystal face having negative charges on their surfaces [108].
Comparing between two different pH systems, the OH concentration in the solution
system with pH 9.5 was lower than that with 10.5, influencing on the HAp crystallites
preferentially erew onto P-site. - On the other hand, the system with pH 10.5 having
hich OH ‘concentration brought about the bindine of OH .ions on the C-site of HAp
nuclei, supporting the development of HAp crystallites along C-sites, then, the length
of HAp crystals was declined.

002
¢ P-site
t
o) C-site
: i
® o (@
A —h

Fig.4.10 HAp hexagonal structure and its rhombic cross section

From the effect of reaction pH, it can be concluded that this effect
has significantly resulted in the reduction of the HAp crystallite size along 002-plane
in the presence of PSS template by refluxing for 3 hrs. Therefore, the next section,
this research also'studied the effect of pH on the PSS template by evaluating surface
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charge of the precursor before refluxing treatment with varying pH of 8.5, 9.5 and
10.5.

Since the PSS template is a strong anionic polyelectrolyte, the
negatively charged sulfonic group (-SOs) on its backbone can fully dissociate in
aqueous solution. Therefore, the reaction of pH did not affect the charged ionization
of this template in the aqueous system. By considering the starting ionic strength in
the system i.e. Ca(NOs),-4H,0 and (NH4),HPO, concentrations were constant and the

pH values at 8.5, 9.5 and 10.5 were studied before refluxing treatment.
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Fig.4.11 XRD patterns of the samples before refluxing treatment with varying
reaction pH; (a) as-mixed sample, (b) 10.5, (c) 9.5 and (d) 8.5

Figure 4.11 displays the XRD patterns of the samples before refluxing
treatment with varying adjusted pH and as-mixed P0.2R0 sample (not adjusted pH).
It can be noticed that the crystalline peaks of all samples were attributed to
dicalcium phosphate dihydrate (CaHPO4-2H,0O or DCPD) in JCPDS No.09-0077, in which
it was the precursor of the nHAp formation.
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Table 4.4 Zeta potential values of the as-mixed DCPD precursor and precursors
with wvarying adjusted pH at 8.5, 9.5 and 10.5

Sample Reaction pH Zeta potential (mV)
P0.2R0
55 -20.63
(as-mixed precursor)
P0.2R0-8.5 8.5 +9.76
P0.2R0-9.5 9.5 -9.90
P0.2R0-10.5 10.5 -2.94

Table 4.4 shows-the € values of«the DCPD precursors at pH 8.5, 9.5
and 10.5 were +9.76 mV (P0.2R0-8.5), -9.90 mV (P0.2R0-9.5) and -2.94 mV (P0.2R0-
10.5), respectively.” Whereas the P0.2R0 sample possessed higher  value. When the
pH of synthesized system was adjusted to be higher basicity. before refluxing
treatment, the £ vatues of the DCPD precursor samples would decreased. These
results described that the higher amount of OH™ concentration.in the system (higher
ionic environment) could be affected to the screening of the electrostatic repulsions
between the -SO3” groups along the PSS backbone, altowing for the confermation to
fold up.’ So, the lower values, the higher agglomeration of the DCPD particles was
obtained, limiting the HAp_ crystal growth along preferred e-axis direction (002-plane)
after refluxing treatment. This result was in agreement with the calculated HAp
crystallite sizes in Table 4.3.

On the other hand, the high £ value of the as-mixed P0.2R0 precursor
represented the PSS chains in the free system, having strong Coulombic repulsions
between the -503 groups along the backbone, therefore, the extended conformation
of the PSS chains. was obtained. The stretched PSS backbone could minimize the
agelomeration of nHAp. Crystals.

From the above mentioned results, it can be concluded that the
adjusted pH before refluxing treatment clearly influenced on the chain conformation
of PSS template, in which it subsequently effected to the DCPD precursor
agelomeration before transforming to the HAp crystals. Therefore, the presence of
the PSS template with the adjusted reaction pH, it could predominantly control the
HAp crystal growth along 002-plane better than that of the absence PSS template.
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Fig.d.12 TEM images of the synthesized nHAp by refluxing for 6 hrs with
varying reaction pH; (a) without PSS template and (b) with PSS

template

Figure 4.12 shows the TEM images of the synthesized nHAp by
refluxing for 6 hrs with varying reaction pH. Fig. 4.12(a) shows the morphologies of
the HAp nanoscale particles produced in the system without PSS template at
reaction pH of 8.5 (P0.0R6-8.5), 9.5 (P0.0R6-9.5) and 10.5 (P0.0R6-10.5). It can be
recognized that the prolonged rod-formed HAp nanocrystals were obtained when
the pH of reaction were increased to higher basicity, as consistent with the higher
relative intensity of the (002) peak in the XRD patterns (Fig. 4.8(a)). Conversely, Fig.
4.12(b) shows the morphologies of the HAp nanoparticles produced in the system
with the PSS template adding at reaction pH of 9.5 (P0.2R6-9.5) and 10.5 (P0.2R6-
10.5). It can be seen that the shorter rod-shaped HAp crystals would be obtained
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when the pH of reaction were increased, corresponding to the (002) peak of the XRD
patterns in Fig. 4.8(b) and the calculated HAp crystallite sizes in Table 4.3. These
results advocated that the pH of synthesis reaction would effect on the morphology

and crystals size of synthesized HAp.
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Fig.4.13 TEM images of the as-prepared nHAp by refluxing for 3 hrs with varying
reaction pH; (a) without PSS template and (b) with PSS template

Fieure 4.13 (a) and (b) respectively demonstrates the TEM images of
the nHAp particles synthesized by refluxing for 3 hrs in the nonexistence of the PSS
template and in the existence of the PSS template with varying reaction pH. It can
be noticed that the shorter rod-shaped HAp crystals were obtained in the both
systems when the pH of reaction were increased, supporting the calculated HAp
crystallite sizes in Table 4.3. However, the obvious reductions in the HAp crystals
size were observed in the system with the addition of PSS template system. From
the above mentioned results, it can be concluded that the pH of reaction exhibited
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a remarkable role in the size and morphology of the nHAp products in the presence

of the PSS template system.
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Fig.d.14 FT-IR spectra of the prepared nHAp by refluxing for 3 hrs with varying
reaction pH; (a) without PSS template and (b) with PSS template
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Fig.4.15 FT-IR spectra of the prepared nHAp by refluxing for 6 hrs with varying
reaction pH; (a) without PSS template and (b) with PSS template



Table 4.5 Functional groups of the nHAp synthesized without and with 0.20 w/v% PSS template (refluxing for 3 and 6 hrs with varying

reaction pH at 8.5, 9.5 and 10.5)

Wavenumber (cm™)
Functional Refluxing time for 3 hrs Refluxing time for 6 hrs
group Without PSS template With PSS template Without PSS template With PSS template

pH 8.5 pH95 | pH105 | pH85 pH9.5_ | -pH-10.5 |7 pH 85 pH 9.5 \RH 10.5 | pH85 pH 9.5 | pH 105

B 622 627 628 627 627 623 627 620 629 628 630 634
3561 3564 3562 3564 3558 3558 3564 3570 3558 3565 3567 3570

561 562 562 563 562 563 562 561 562 563 561 564

600 599 601 600 599 601 600 601 600 601 600 602

POs" 956 959 960 958 957 956 958 953 960 960 959 962
1029 1022 1025 1028 1028 1034 1031 17029 1028 1027 1023 1036

1090 1090 1084 1087 1085 1092 1085 1092 1087 1093 1093 1090

9
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To characterize the chemical functional groups to justify the chemical
structure of the produced nHAp, the FT-IR spectra with varying reaction pH by
refluxing for 3 and 6 hrs were presented in Fig. 4.14 and Fig. 4.15, respectively. Two
main functional groups of the synthesized nHAp, i.e. OH and PO,> were identified as
shown in Table 4.5. All HAp samples displayed a set of characteristic bands of POs™
group at 564 and 602 cm™ of bending vibration and 962, 1036 and 1090 cm™ of
stretching vibration. Furthermore, the FT-IR bands of OH" vibration of HAp were
achieved at 634 and 3570 cm™ together with the wide range band at 3100-3500 cm®
'of adsorbed water. However, it can be seen that the band observed about 1457
ik corresponding to the stretchingvibration-of the CO4%, in which it was structured
by the adsorption of €O during the preparation of samples.

From the above mentioned results, it can be concluded that all
synthesized samples by refluxing for 3 and 6 hrs with varying reaction pH were
mainly composed of nHAp products. Moreover, the signals-of main functional groups
of PSS template, i.e-'methylene and phenyl groups, were not_observed in the FT-IR
spectra, indicating that the PSS template could be effectively removed from the

nHAp products.

4.1.3 Effect of refluxing times

Figure 4.16illustrates the XRD patterns of the synthesized nHAp at pH
10.5 by wvatying refluxing times; the crystallite sizes. along the 002-plane were
determined by Scherrer’s equation and presented in Table 4.6 The phases of
crystalline particle of the HAp nanoscale. particle synthesized .at pH 10.5 by varying
refluxing times, i.e. 0,.1, 3 and 6 hrsin the PSS free and inthe presence of 0.20 w/v%
PSS template were. illustrated in Fig. 4.16(a) and Fig, 4.16(b), respectively. In both
systems, it can be neted. that the initial precursor before refluxing, i.e. P0.OR0-10.5
(Fig. 4.16(a)) and P0.2R0-10.5 (Fig...4.16(b))were principally composed of the
diffraction peaks at 28 = 20.9°, 29.3°, 30.5° and 34.2° that coincide with the
crystalline phase of dicalcium phosphate dihydrate (CaHPO4"2H,O or DCPD) in JCPDS
09-0077.

After the refluxing treatment for 1 hr, it was notified that the DCPD
precursor in both P0.0R0-10.5 and the P0.2R0-10.5 samples transformed to HAp
crystalline phase (JCPDS No. 09-0432) in the P0.0R1-10.5 (Fig. 4.16 (a)) and the P0.2R1-
10.5 (Fig. 4.16 (b)) samples through the chemical reaction as shown in equation (4.2).
There are no characteristic peaks of the DCPD precursor and the calcium hydroxide
(Ca(OH);) by product existed in the XRD patterns. Additionally, the XRD patterns of
the P0.0R1-10.5 and the P0.2R1-10.5 samples presented the low crystallinity of HAp
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products; therefore, its crystallite size could not be determined by Scherrer’s

equation.
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Fig.d.16 XRD patterns of the synthesized nHAp at pH 10.5 by variation of
refluxing times; (a) without PSS template and (b) with PSS template
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When using the longer refluxing times from 3 to 6 hrs, the XRD
patterns of the P0.0R3-10.5 and P0.0R6-10.5 samples in Fig. 4.16(a) and the P0.2R3-
10.5 and P0.2R6-10.5 samples in Fig. 4.16(b) illustrated the sharp crystalline peaks of
HAp especially at 20 = 25.8° (002-plane), indicating that the well-crystallized HAp
were obtained in both systems. In Table 4.6, the crystallite sizes calculated from the
002 preferred-oriented plane increased from 30.9 nm to 52.6 nm in the absence of
the PSS template system when the refluxing time was increased from 3 to 6 hrs.
Similarly, the crystallite sizes of nHAp increased from 28.3 nm to 41.4 nm in the
presence of the PSS template system. These outcomes suggested that the
formation of the large nHApP crystalscould. beachieved when prolonging the

refluxing times, supporting the preferred c-axis direction-ofthe HAp crystal growth.

Table 4.6 Phase composition and crystallite size of the synthesized nHAp
without and with 0.20 w/v% PSS template at pH 10.5 by varying
refluxing times for 0, 1, 3 and 6 hrs

Without PSS template With PSS template
Refluxing Crystallite Crystallite
) Phase , Phase ]
time Sample < size Sample " size
composition composition
(Toaznim) (Tooznim)
P0.0R0- P0.2RO-
0 hr DCPD n/a DCPD n/a
10.5 105
PO.0R1- PO.2R1-
1hr HApR n/a HAp n/a
10.5 10.5
PO.OR3- H0.ZR3-
3 hrs HAp 30.9 HAp 283
10.5 10.5
P0.0R6- PO.2R6-
6 hrs HAp 526 HAp a1.4
10:5 10.5

Figure 4.17 shows the TEM micrographs of DCPD precursor and

synthesized nHAp products using pH of 10.5 with variation of the reaction time of
refluxing process. The morphologies of DCPD precursor in the PSS-free (P0.0R0-10.5)
and in the presence of the PSS template (P0.2R0-10.5) as demonstrated in Fig. 4.17
(a) and Fig. 4.17 (b), respectively. It can be seen that the large DCPD crystallite size
with non-uniform morphologies were obtained. Additionally, it was found that on
the surfaces of the P0.2R0-10.5 particles (Fig. 4.17 (b)) were covered by the PSS

chains.
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Fig.4.17 TEM micrographs of the DCPD precursor and the synthesized nHAp at

pH 10.5 by varying refluxing times; (a) without PSS template and (b)
with PSS template
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After the refluxing treatment for 1 hr, the morphologies of the P0.0R1-
10.5 (Fig. 4.17(a)) and the P0.2R1-10.5 (Fig. 4.17(b)) revealed the non-uniform of HAp
crystals, in which it corresponded to the low crystalline peak of HAp in the XRD
patterns as illustrated in Fig. 4.16(a) and Fig. 4.16(b). When using the longer refluxing
times for 3 hrs and 6 hrs, it can be seen that all samples, i.e. the PSS-free
synthesized products pattern (P0.0R3-10.5 and P0.0R6-10.5) and the PSS-adding
synthesized products pattern (P0.2R3-10.5 and P0.2R6-10.5) presented the production
of rod-formed nHAp crystals, in which the different in their calculated crystallite sizes
were described in the previous section (4.1.3).

From all study results-mentioned above in this refluxing section, it can
be concluded that the sizé and morphology of the prepared HAp nanoscale particles
were clearly effected by the existence of PSS template, the reaction pH and the
refluxing time. ' In addition, the suggested conditions for synthesis of small HAp
crystal size were performed at pH 10.5 with the addition of 0.20 w/v% PSS template
and refluxing for 3 hrs. Therefore, these conditions were selected for further study in
the synthesis of HAp-by hydrothermal reaction as discussed-in the next section.

4.2 Preparation of HAp by hydrothermal method
4.2.1 Effect of hydrothermal times

Ficure 4.18 illustrates the XRD patterns of the synthesized nHAp at pH
10.5 for various hydrothermal periods. The crystallite sizes-along the 002-plane were
determined by Scherrer’s equation [106].and presented in Table 4.7. 'The phase of
crystalline product of the HAp nanoparticles synthesized by varying hydrothermal
period, i.e. 0,,0:5, 1,,2 and 3vhrs’in the absence of the\ RSS*template and in the
presence of 0.20:w/Av% PSS template at pH 10.5 were shown'in Fig. 4.18 (a) and Fig.
4.18 (b), respectively. -In the both systems, it can'be noted that the starting chemical
substance before hydrothermal treatment;-i.e. P0.0H0-10.5 (Fig. 4.18 (a)) and P0.2HO-
10.5 (Fig. 4.18 (b)), were mainly composed of the diffraction peaks at 26 = 20.9°,
29.3°, 30.5° and 34.2° in which they were correlated with the crystalline phase of
dicalcium phosphate dihydrate (CaHPO.*2H,0 or DCPD) in JCPDS 09-0077.
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XRD patterns of the synthesized nHAp at pH 10.5 for various
hydrothermal periods; (a) without PSS template and (b) with PSS

template
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Table 4.7 Chemical composition of crystalline phase and size of crystal for
synthesized nHAp without and with 0.20 w/v% PSS template at pH
10.5 by varying hydrothermal times for 0 hr, 30 min (0.5 hr), 1 hr, 2
hrs and 3 hrs

Without PSS template With PSS template
Hydrothermal Crystallite Crystallite
) Phase ) Phase )
times Sample . size Sample N size
composition composition
(Topzznm) (Tooznm)
P0.0HO- P0.2HO-
0 hr DCPD n/a DCPD n/a
10.5 10.5
30 min P0.0HO.5- P0.2H0.5-
DCPD n/a DCPD n/a
(0.5 hr) 10.5 105
PO.0H1- PO.2H1-
1hr HAp 2549 HAp 23.6
10.5 10,5
P0.0H2- PO.2H2-
2 hrs HAp 354 HAp 28.0
10.5 1635
P0.0H3- P0.2H3-
3 hrs HAp 29:5 ; HAp a7.1
105 n 105

Figure 4.19 (a)and 4.19 (b) respectively display the TEM images of the
P0.0H3-10.5"_and - P0.2H3-10.5" samples. The " irregular rod-liked = crystalline
hydroxyapatite were-achieved in the P0.0H3 sample. These outcomes were in
agreement . with the calculated  size .of ~crystal " along 00Z-plane’ as formerly
mentioned. The selected area electron diffraction (SAED) of the P0.2H3-10.5 sample
shown in Fig.819 (c) presents the characteristic ring: form ‘of multi-crystalline
hydroxyapatite. "It €an’be noticed the wide range scattered fing coinciding to (112),
(211) and (300) reflection together. with, where it _was in concession with the
extended peaks of crystal at.20~-31°.=-34°In-the XRD pattern. Moreover, an
incomplete ring reciprocating to (002) reflection was also achieved, insisting the
preferential growth of hydroxyapatite along c-axis.
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Fig.4.19 TEM micrograph of the purposed nHAp at pH 10.5 by hydrothermal
treatment for 3 hrs; (a) without PSS template, (b) with PSS template
and (c) SAED pattern of the P0.2H3-10.5

Figure 4.20 illustrates the XRD patterns of the nHAp synthesized by
using 0.2 % w/v PSS pattern at pH 10.5 and hydrothermal treatment for 1, 2 and 3
hrs. It can be identified that all diffraction peaks of nHAp products shown in Fig. 4.20
(a) — 4.20 (c) coincided with the phase of hydroxyapatite (JCPDS No.09-0432). There
are neither peaks of DCPD precursor nor other by products observed in the XRD
patterns of the hydrothermal nHAp products. These results indicated that the DCPD
phase in the P0.2H0-10.5 precursor converted to hydroxyapatite phase after
hydrothermal process for 1 hr. The size of HAp crystal along 002-plane of P0.2H1-
10.5, P0.2H2-10.5 and P0.2H3-10.5 calculated from the Scherrer’s equation were 23.6
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nm, 28.0 nm and 47.1 nm, respectively. The longer period of hydrothermal process,

the larger size of nHAp crystal was achieved.
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Fig.4.20 = XRD  patterns of the synthesized nHAp at pH 10.5 for various
hydrothermal periods; (a) 1 hr, (b) 2 hrs and (c) 3 hrs

Fieure 4.21 presents the morphologies of P0.2H1-10.5; P0.2H2-10.5 and
P0.2H3-10.5 samples. In Fig. 4.21 (a), the P0.2H1-10.5 sample was consisted of the
accumulated bundles of ' rod-liked ‘hydroxyapatite- nanoscale crystals.  After
prolonged hydrothermal treatment; the enlarged rod-liked hydroxyapatite nanoscale
crystals were achieved and-displayed in Fig. 4.21 (b) and 4.21 (). These outcomes
implied that the. prolonged “hydrothermal precess could enhance the exquisite

development of hydroxyapatite along c-axis.
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Fig.d.21 TEM images of the synthesized nHAp at pH 10.5 for various
hydrothermal periods; (a) 1 hr, (b) 2 hrs and (c) 3 hrs

4.2.2 Effect of reaction pH
Figure 4.22 illustrates the XRD patterns of the synthesized nHAp by
hydrothermal process for 3 hrs at varying reaction pH of 8.5, 9.5 and 10.5 without
and with 0.20 w/Av% PSS template as presented in Fig. 4.22(a) and 4.22(b),
respectively. It can be seen that the crystalline peaks of both synthesized samples
using reaction pH at 85, 9.5 and 10.5 could be indexed to the monophasic
hydroxyapatite phase, correlating to JCPDS No.09-0432.
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Fig.4.22 XRD patterns of the nHAp synthesized by hydrothermal process for 3
hrs using various reaction pH; (a) without PSS template and (b) with

PSS template
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Table 4.8 Crystallite size of the synthesized nHAp by hydrothermal for 3 hrs
without and with 0.20 w/v% PSS template with varying reaction pH of
8.5, 9.5, and 10.5

Without PSS template With PSS template
pH Crystallite size Crystallite size
Sample Sample
Tiooz) (NmM) Too2) (hm)
8.5 P0.0H3-8.5 79.9 P0.2H3-8.5 33.9
9.5 P0.0H3-9.5 30.4 P0.2H3-9.5 54
10.5 P0.0H3-10.5 29.5 P0.2H3-10.5 47.1

Table 4.8 shows the crystallite sizes of thesnHAp products synthesized
by hydrothermal treatment for 3 hrs without and-with 0.20 w/v% PSS template at
varying reaction pH.—In-the absence of PSS template, the calculated size of HAp
crystal corresponded te the 002-plane at 26 =25.8° would decreased from 79.9 nm,
30.4 nm to 29.5.nm when the reaction pH were respectively increased from 8.5, 9.5
to 10.5, in agreement with the XRD patterns in Fig. 4.22 (a).

Furthermore, Fig. - 4.22 (b) presents the XRD patterns of the
synthesized nHAp in the presence of PSS template. The XRD patterns of P0.2H3-8.5,
P0.2H3-9.5 and P0.2H3-10.5 samples displayed the peaks of HAp crystal especially at
26 = 25.8° (002-plane). The size of crystal belonged to the 002 preferred-oriented
plane increased from 33,9 nm to 35.4-and 47.1 nm when the pH-of hydrothermal
reaction was:increased from 8.5 to 9.5-and 10.5, respectively. These results noticed
that the production of laree HAp erystals would “be achieved ‘when the pH of
reaction was high enough.

From the effect of reaction pH experiments, it can be concluded that
this effect has significantly-resulted in the increasing of the HAp crystallite size along
002-plane in the existence of PSS template by-hydrothermal for 3 hrs. Therefore,
the next section, the effect of pH on the synthesis of HAp in the system with the PSS
template in comparison between the refluxing and hydrothermal methods, in which
0.20 w/v9% PSS template was added and the reaction was performed for 3 hrs at pH
10.5.
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Table 4.9 Crystallite size of the synthesized nHAp by refluxing and
hydrothermal methods varying reaction pH of 8.5, 9.5, and 10.5
with 0.20 w/v% PSS template for 3 hrs

Refluxing method Hydrothermal method
pH Crystallite size Crystallite size
Sample Sample
Tiooz) (NM) Tioo2) (M)
8.5 P0.2R3-8.5 55.8 P0.2H3-8.5 33.9
9:D P0.2R3-9.5 SHHY P0.2H3-9.5 35.4
10.5 P0.2R3-10.5 28.3 7 P0.2H3-10.5 47.1

Table 4.9 shows the crystallite sizes of the:nHAp products synthesized
under varying pH.in the presence PSS template in comparison between the refluxing
and hydrothermal methods. [t can be seen that the increase of refluxing reaction pH
could reduce the-nHAp crystallite sizes. On the other hand;-these results showed
that the longer-nHAp crystals would be obtained when the higher pH was used in
the hydrothermal reaction.

Therefore, it can be'concluded that the adjusted reaction pH might be
influenced on the crystallite sizes of nHAp products: ~From the different prominent
of crystallite size values between two methods; therefore, these conditions were
selected for-further study about the properties of synthesized. HAp, i.e. surface
charge, cytotoxicity.and antibacterial activity.

4.3 Biological activity of synthesized nHAp
4.3.1 Surface testing of synthesized nHAp
In this.section, the surface properties.of the‘as-produced nHAp were
evaluated by adsorption. tests using two different types of amino acids, i.e. L-aspartic
acid (Asp, negative charge) and-L-arginine (Arg;“positive charge) as displayed in Fig.
4.23,

Q NH, o)
¥ ) )J\
O HN N o)
o~ NH; N,
(@) (b)

Fig.4.23 Structures of amino acids used in adsorption testing: (a) Aspartic acid
(Asp) and (b) Arginine (Arg)
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Table 4.10 Surface charge of the synthesized nHAp surface after modification
with amino acids (Arg and Asp)

Refluxing method Hydrothermal method
Sample Zeta potential (mV) Sample Zeta potential (mV)
P0.2R3-10.5" +5.46 P0.2H3-10.5" <19.52
Arg-HApR-R +4.72 Arg-HAp-H +0.41
Asp-HAp-R -24.70 Asp-HAp-H -22.38

"The nHAp synthesized by refluxing and hydrothermal methods at pH 10.5 for 3 hrs
with 0.20 w/v% PSS

Table 4.10-shews the surface. charges of the modified HAp
nanoparticles were analyzed in comparison with the as-prepared nHAp. It was found
that the nHAp prepared by refluxing (P0.2R3-10.5) showed a positive § value of +5.46
mV due to therod-shaped morphology that possessed high quantities of the C-sites
on the HAp faces as discussed in'the previous section (4.1:2).-After moedification with
Asp, the § value of nHAp surface was drastically. changed from the positive £ value
of the as-prepared nHAp to-24.70 mV of the Asp modified HAp (Asp-HAp-R). This
necatively charged surface of Asp-HApP-R was because the Asp possesses two acidic -
COO™ groups, whereby one €00 could bond to the Ca*" on the Csites of HAp
surface as schematically shown in Fig. 4.24(a). The other acidic =COO" group of Asp
was then exposed to the outer surface of nHAp particles, leading to the negative ¢
value of Asp-HAp-R. -On-the other hand, the € value of Are-modified nHAp (Arg-HAp-
R) was +4.72. mV, which was comparable with that of the as-prepared HAp
nanoparticles (i.e. +5.46 mV). This result-was considered to be because the nHAp
with rod-shaped morphology possessedlow guantities of the negative P-sites [108].
Therefore, the honding between the positive charge of the guanidyl group (-
(CH2)sNHC(NH,)*) in Arg and the PQs> on the Pssites of nHAp as shown in Fig. 4.24(b)
rarely occurred.

In the case of hydrothermal method, it was found that the as-
prepared HAp (P0.2H3-10.5) showed the high negative £ value of -19.52 mV, in which
it was quite different from that of the refluxed product. After modification with Arg,
the € value of nHAp surface was drastically changed from the negative § value of
P0.2H3-10.5 to +0.41 mV of the Arg modified nHAp (Arg-HAp-H). This result could be
explained that the guanidyl group ({CH2)sNHC(NH2)*) of Arg bond to the PO,> on the
P-sites of nHAp, exposing its positively charged NHs" groups on the Arg-HAp-H surface.
On the other hand, the £ value of Asp-modified nHAp (Asp-HAp-H) was -22.38 mV,
which was comparable with that of P0.2H3-10.5 (i.e. -19.52 mV). This result was
because Asp could bond to the Ca** on the C-sites of nHAp surface with the ~COO"
group, whereby the other acidic -COO™ group of Asp was then exposed to the outer




79

surface of nHAp particles, leading to the negative £ value of Asp-HAp-H as shown in
Fig.4.24 (a).

- @ C-site /\/\® Arginine
& O P.site /\/\e Aspartic acid

@) (b}

Fig.4.24 Schematic representation of nHAp surface modified with: (a) Asp-HAp
and (b) Are-HAp

Fic. 4.25 displays the .FT-IR spectra.of amino acid modified HAp
nanoparticles., The Asp-HAp and Arg-HAp samples possessed the characteristic bands
of aming acid, i:e.. 1408 cm™ of -NH, vibration and 1441 cm™ of =<COO" stretching. The
FT-IR bands of \C=H stretching ‘of amino acid were achieved at 2848 and 2917 cm’™.
Furthermore; the noticeable signals of HAp at 3570 cm ' were ascribed ta the typical
OH vibration and the stretching vibration at 962, 1036, and 1090 cm’ corresponded
to the POs” group of HAp [108]. Thesé results indicated that the ‘@mino acids could

bound onto the surface of nHApR.

(a)

3570 962

1090\
1036

()

\
\ 1441/ 1408

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm)

Fig.4.25 FT-IR spectra of the modified nHAp particles: (a) Arg-HAp and (b) Asp-
HAp
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From the above mentioned results, it can be summarized that the
negatively charged (Asp) and positively charged (Arg) amino acids were exceptionally
bound onto the as-prepared HAp nanoparticles through their electrostatic
interaction. Moreover, the different surface charge properties of the modified as-
prepared and amino acid HAp nanoparticles could be used in some medical
purposes, such as a transporter for acidic protein including bovine serum albumin

and elutamic acid, etc.

4.3.2 In vitro cytotoxicity testing

From the previous.study, the-as-prepared nHAp from the refluxing and
hydrothermal methods which the different C values, ie. +5.46 mV and -19.52 mV,
respectively, were selected for cytotoxicity testing. In addition, the nHAp modified
with the opposite charged amino. acids, i.e. Asp-HAp and Arg-HAp were chosen for
cytotoxicity testing in.comparison with the as-prepared nHAp.

Table-4.11 shows the in vitre cytotoxicity of the as-prepared HAp by
refluxing and hydrothermal samples against Vere cells was assessed by MTT assay for
principle screening using cell concentration of 1,000 pg/mb. It'was noticed that the
percentage developine inhibition were 5.32% and 13.78% of the as-prepared HAp by
refluxing and hydrothermal samples, respectively.. When considering the Asp-HAp
sample from refluxing method, it showed the lower percentage of cytotoxicity than
the as-prepared nHAp. Whereas the Arg-HAp sample from hydrothermal presented
the higher péercentage of cytotoxicity than the as-prepared nHAp. It was, however,
the % cytotoxicities of all samples stillin the range of low cytotoxicity against the
Vero cells [109].© Therefore, the modified nHAp “samptes from refluxing and
hydrothermal methods were considered to be biocompatible materials for

biomedical applications.

Table 4.11 In vitro cytotoxicity testing of the synthesized nHAp and the
modified nHAp by Refluxing and hydrothermal methods at pH 10.5
for 3 hrs with 0.20% PSS template

Cytotoxicity (%)

Method
as-prepared HAp Arg-HAp Asp-HAp
Refluxing 5.32 - 2.75
Hydrothermal 13.78 29.55 -




4.3.3 Antibacterial activity
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The antibacterial activity of all samples were examined by agar disc

diffusion procedure using Staphylococcus aureus ATCC®25923 (S.aureus) and
Escherichia coli ATCC®25922 (E.coli) as model organisms. Table 4.12 shows the

inhibition zone of all samples for S.aureus. Nevertherless, there were no inhibition

zone around all samples for E.coli. These results were belonged to the influence of

negative —OH group on the nHAp surface of all samples, in which it could effectively

interact with the gram-positive S.aureus, but not the gram-negative E.coli.

Table 4.12 Surface charge and antibacterial activity for S.aureus of the nHAp
synthesized by refluxing and hydrothermal methods for 3hrs with
varying pH of 8.5, 9.5 and 10.5 and 0.20 w/v% PSS template

Refluxing Method

Hydrothermal Method

Sample Clear.zone (mm) Sample Clear zone (mm)
P0.2R3-10.5 7 PO.2H3-10.5 9.5
POR2IR3-9.5 16 P0.2H3-9.5 10
P0.2R3-8.5 10 PO.2H3-8.5 16
P0O.0R3-10.5 8 PO.0H3-10.5 6.5
P0.0R3-9.5 9 PO.0H3-9.5 7
P0.0R3-8.5 12 PO.0H3-8.5 8




Chapter 5

Conclusions and Suggestions

5.1 Conclusions

In this study, hydroxyapatite nanoparticles (nHAp) were successfully synthesized
at low reaction temperature by facile eco-friendly refluxing and hydrothermal
method. In the proposed low temperature conditions, the nHAp synthesis was
achieved through the formation of dicalcium phosphate dehydrate (DCPD) precursor.

In the refluxing system, the DEPDprecursor obtained in the polyelectrolyte free
system has low ( valueysleading to the accumulation of precursor particles,
therefore, the erowth of nHAp crystals during refluxing was confined. However, the
nHAp crystals. could freely grow. along their preferred. c-axisdirection due to the
intrinsic crystal habit jin the solution, prometing the larger crystallite size nHAp
products.. On the other hand, the presence .of PSS template induced the formation
of DCPD precursor with higher € value, preventing the agslomeration of precursor
particles. In_addition, the PSS template dissociated to the -SOs ~groups on the
backbone, promoting the formation of PSS-Ca intermediate in the system. This led
to the decreased of free Ca** ians, resulting. in the limitation of nHAp growth along
the c-axis direction.” Therefore, it can be concluded that the existence of PSS
template influenced on the reduction of crystallite size along the 002-plane of nHAp
products, resulting in-the shorter rod-liked nHAp crystals. - Besides; the long rod-liked
nHAp crystals was obtained in the refluxing without PSS .template.

The effect of reaction pH on the refluxing products can be concluded that the
higher pH in the presence of PSS template has significantly resulted in the shorter
rod-liked nHAp crystallite size along 002-plane. - This result corresponded the
adjusted pH to higher. basicity before 'refluxing treatment, in which the higher
agelomeration of DCPD precursor-was. obtained, limiting the nHAp crystals growth
after refluxing treatment.

Considering the effect of refluxing times between the absence and the presence
of PSS template, the formation of the long rod-liked nHAp crystals were obtained in
the both system when prolonging the refluxing times. It can be concluded that the
size and morphology of the nHAp products were clearly effected by the existence of
PSS template, the reaction pH and the refluxing time.

For synthesized nHAp crystals without and with PSS template by hydrothermal
method, the DCPD precursor was transformed to the long rod-liked nHAp crystals in
the both system when prolonging the hydrothermal treatment times. The shorter
rod-liked nHAp crystals would be obtained when the reaction pH was increased in
the absence PSS template. | On the other hand, the longer rod-liked nmHAp crystals
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would be obtained when the reaction pH were increased to higher basicity in the PSS
system.

The surface charge of the synthesized nHAp from refluxing method showed the
positive C value, preferably bonding with the negatively charged aspartic acid than
the positively charged arginine. On the other hand, the surface of nHAp particles
synthesized by hydrothermal process possessed the negative C value, therefore, they
preferably bond with the negatively charged arginine. Besides, the nHAp synthesized
by refluxing and hydrothermal methods with and without PSS template showed the
low percentage of cytotoxicity against Vero cells and effective inhibition of S.aureus

microorganism.

5.2 Suggestions

521 In this work, it should be investigated the other properties of the
synthesized /nHAp.products, such ‘as- mechanical property,-adsorption ability, cell
viability testing, etc:, in which it can be ‘used. of information for the variety of
biomedical applications.

522 It should: be investigated the effect. of the cationic polyelectrolyte as
template, -in which it might obtaine the nHAp with different morphology and

properties which are suitable for other applications:
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