Chapter 1
Introduction and literature review

This chapter introduces the potentiality of biomimetic materials, particularly HA nanocrystals,
as an alternative to traditional implant biomaterials, due to their strong resemblance to the
mineral phase of living bone in composition and morphology. This chapter also provides a
critical and comprehensive review of the various synthesis routes for the development of
different morphologies of HA nanocrystals, such as nanorods, nanoplates, nanowires,
nanofibers, nanotubes, nanoneedles, nanowishkers, nanobelts, nanoribbons and nanosheets,
with a focus to understand the process science. Moreover, the role of various experimental
parameters, such as hydrothermal (HT) temperature and time, nature and concentration of
organic additives, pH of precursor solution, and elemental doping on size, morphology, aspect
ratio, crystallinity and state of agglomeration of HA nanocrystals is thoroughly explained.
Further, systematic discussion has also been made on bone tissue engineering and drug
delivery applications of HA nanocrystals, with special emphasis on several essential physical
and experimental parameters to achieve the desired performance of HA nanocrystals. Finally,
the motivation behind selecting the 2-D HA nanoplates as the primary research focus,
compared to other HA nanocrystal morphologies, is also provided.

1.1. Biomaterials

Over the past few years, with the advancements in materials and biological sciences as well as
nanotechnology, biomaterials have become the exciting field of research for medical
applications. Titanium alloys are the most widely used biomaterials for bone and dental
implants, owing to their good strength and efficient biocompatibility. However, they still face
various challenges, such as bioactivity, non-biodegradability, and relatively low resistance to
corrosion. These challenges hinder their ability to integrate with surrounding bone tissue,

leading to complications that require the removal of implants. Recently, the demand for



biomimetic materials like HA has been continuously increasing. It has the capability to
integrate with surrounding bone tissue, facilitate cell growth and the formation of new bone,
which reduces the necessity for implant removal. Advancements in nanotechnology have also
made it possible to create biomaterials at the nanoscale level. High surface area and small
particle size allow it to improve interactions with cells and enter them to deliver drugs inside
the cells while targeting cells or tissues, creating opportunities for personalised medicine and
precise treatments.

1.2. Hydroxyapatite (HA)

HA, a prominent member of the calcium phosphate family with a chemical formula of
Cai(PO4)s(OH). (Ca/P: 1.67), is the prime mineral constituent of natural bone tissue,
constituting approximately 65 % by weight of the total composition in human bone. It
crystallizes in a hexagonal crystal structure (Fig. 1.1) with lattice parameters of a = 9.4000 A,
b =9.4000 A, ¢ =6.9300 A and a space group of P63/m, and plays a crucial role in maintaining

the structural strength, resilience, physiological activity, and bio-functionality of bones [1].

Fig. 1.1. Hexagonal crystal structure of HA.

Due to resemblance (phase and composition) with the mineral phase of living bone, artificial

HA has long been considered as one of the most preferred biomaterials in bone tissue



engineering, dental implants, and biocoatings. HA renders remarkable biological features, such
as bioactivity, osteoconductivity, osteoinductivity, and nonimmunogenic response etc. [2-4].
Its ability to integrate with surrounding tissues, promote cellular adhesion, and facilitate
osseointegration made it an ideal candidate for various biomedical implants. Their bioactivity
and osteoconductivity facilitate the direct bonding with surrounding bone tissue, which
promotes the osseointegration, osteogenesis, and reduces the rejection risks in biomedical
implants. HA also possesses a range of other valuable properties, such as adsorption capacity,
selectivity, environmental friendliness, and non-toxic nature, that make it highly suitable for
drug delivery applications. At the microscale, the properties of HA are solely composition-
dependent, i.e., remain unaffected by changes in size and morphology. To address the
limitations of bulk HA, reducing its dimension to the nanoscale is essential to control the
mechanical, biological (bioactivity, cell adhesion, and proliferation, and differentiation),
antibacterial, and drug release response.

1.3. HA nanocrystals

HA nanocrystals possess a higher specific surface area that allows many receptor proteins to
interact with HA, ultimately leading to a significant enhancement in cellular functionality.
Unlike bulk HA, nanosized HA can be engulfed easily by cells via membrane penetration,
stimulating cell growth and facilitating intracellular drug delivery [5-10]. Moreover, the high
specific surface area of nano-sized HA (nHA) facilitates a greater number of adsorption sites
as compared to bulk HA, which can be potentially utilized for drug loading and sustained
release behavior. In addition, the issue of brittleness of bulk HA can be addressed via the
formation of ultra-long HA nanowires [11]. Shi et al.[6] reported that the degree of MG-63 cell
growth and proliferation has abruptly increased on reducing the size of HA from micro to
nanoscale with a diameter of 20 nm. Lyu et al.[12] reported that flexural yield and compressive

yield strengths, and compressive modulus of HA rods (~ 41 wt %) reinforced poly(amino acids)
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composites significantly increase from 78.1 — 105.7 MPa, 73.8 — 85.8 MPa and 3 — 3.5 GPa,
respectively, on reducing the size of HA rods from micro, i.e. (1000 x 100) nm to nano level,
i.e. (200 x 40) nm. It has been suggested that the higher specific surface area of HA nanorods
than microrods allows better stress transfer within poly(amino acids) matrix. It is well known
that living bone consists of ~ 65 wt.% 2 D-plate-like HA nanocrystals with 4 —10 nm in
thickness, 30 — 200 nm in length and width, which are well dispersed within the collagen
nanofibers matrix towards their longitudinal axes in the form of complex hierarchical structure,

that provide such an exceptional strength and fracture toughness to the bone [13-15].

The properties of nanocrystals are highly sensitive to their size, and morphology along with
composition, i.e., at nanoscale, only a small change in their physical dimension can make a
major impact on their properties [16]. For instance, Ma et al.[17] reported that 5 um sized HA
nanowires strongly stimulate the differentiation of osteogenic stem cells. However, the
unfavorable differentiation of stem cells has been observed in case of HA nanorods. Li et
al.[18] revealed that smaller HA nanorods (aspect ratio: 2.9) provide better support to stem cell
proliferation than larger HA nanorods of aspect ratio of about 4.4. Nathanael et al.[19] observed
better osteoblastic attachment, differentiation and proliferation on HA nanowires than HA
nanorods.

In view of the above, the development of different morphologies of HA nanocrystals becomes
an area of interest. These morphologies can be categorized as: (1) 1-D and (2) 2-D nanocrystals.
1-D nanocrystals possess nanoscale dimensions (< 100 nm) in two directions, and their shape
is characterized by the aspect ratio, which is defined as the ratio of length to diameter or width.
In contrast, 2-D nanocrystals have a single nanoscale dimension, and their aspect ratio is
defined as the ratio of length to thickness. Nanorods (Aspect ratio: < 15), nanowires (Aspect
ratio: > 1000), nanofibers (Aspect ratio: > 30), nanotubes (Aspect ratio: > 5), and nanoribbons

(Aspect ratio: > 50) are evolved in the first category. However, HA nanoplates (Aspect ratio:



< 50) and nanosheets (Aspect ratio: > 50) are associated with the second category. A number
of fabrication techniques have been used to develop HA nanocrystals, such as HT/solvothermal
(ST) method, microwave (MW)-assisted technique, microemulsion approach, template
method, biomimetic route, co-precipitation, sol-gel method, solid-state method,
electrospinning technique, and sonochemical method, etc. These morphologies of HA
nanocrystals can be controlled during the fabrication stage by controlling the experimental
variables, such as HT temperature and time, concentration of organic additives, pH of solution
and elemental doping [20-27]. Further, the aforementioned morphologies of HA nanocrystals
have been effectively used in multidimensional applications— development of scaffold for
bone defect repair, anticancer drug carrier for osteosarcoma treatment, making of filter paper
for water purification, development of fireproof cloths, making of invisible ink for security
printing, electrochemical sensor and catalysis etc. [10, 28-35].

1.4. Synthesis methods

Generally, there are two basic approaches to synthesize the nanocrystals - (1) Top-down
approach, which refers to the etching of bulk material to nano dimension systematically,
leading to the formation of nano-sized crystals, where arc discharge technique, laser ablation,
mechanical milling, anodization, electrospinning, and ultra-sonication are some of the well-
known dimension reducing techniques, and (2) bottom-up approach involves the production of
fine nanocrystals directly from the molecular precursors via the number of routes including
HT, ST, MW, micro-emulsion, co-precipitation, sol-gel, chemical vapor deposition (CVD),
template mediated route, sonochemical and biomolecule assisted synthesis [16, 36].

Number of properties of HA nanocrystals, such as biological, mechanical, dielectric response,
AC conductivity, solubility, and stability are strongly dependent on it’s composition, size,
dimension, morphology and type of doping [37-39]. Therefore, significant efforts have been

made to produce various morphologies of HA nanocrystals viz., nanorods, nanoneedles,



nanowires, nanofibers, nanobelts, nanowishkers, nanotubes, nanoplates and nanosheets using
both, top-down and bottom-up synthesis approaches. However, the later approach is suggested
to be more reliable owing to better controllability in composition, size, shape and morphology
[40]. Fig. 1.2 summarizes the fraction of published research articles with a particular
morphology against the total available articles on HA nanocrystals. The synthesis procedures

of the above-mentioned HA nanocrystals (1-D and 2-D) are critically reviewed in the

subsequent sections.
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Figure 1.2. The fraction of total number of research articles of a particular morphology of HA

nanocrystals. The foremost number of research articles are based on the HA nanorods.

1.4.1. Synthesis of 1-D HA nanocrystals

1.4.1.1. HA nanorods

In the past few years, number of synthetic strategies has been evolved to develop HA
nanocrystals with controllable morphology. The wet chemical synthesis approaches, including
chemical precipitation technique, sol-gel method, HT method, MW method, emulsion, and

sonochemical synthesis, have been extensively used to design the HA nanorods [41]. Among
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these techniques, HT method is the most popular technique to develop HA nanorods, that offers
better morphological control, fine grained single crystal, high purity, good homogeneity,
narrow size distribution due to the chemical reaction taking place at higher temperature (up to
200°C) and pressure (3 — 25) MPa [20, 23, 24, 26, 29, 34, 37, 39, 42-53][54-82]. It has also
been observed in number of studies that crystallinity, size, aspect ratio, morphology, and
colloidal stability of HA nanorods are very sensitive to both, HT temperature and time. There
are three types of variations in the aspect ratio of HA nanorods with increasing the HT
temperature and time; (1) The aspect ratio of HA nanorods is proportional to both, HT
temperature and time. For example, Wang et al.[20] demonstrated that on increasing the HT
temperature from 120°C to 150°C, aspect ratio of HA nanorods increases from 3 to 10 with the
increment in the size (especially along it’s length) from (60 x 20) nm to (150 x 15) nm in
presence of CTAB at pH of 12 and HT time of 20 h. In addition, as the HT time varies from 20
h to 24 h, aspect ratios of HA nanorods have also been found to increase from 3 to 5 with the
transformation of size from (60 x 20) nm to (75 x 15). In another study, Wang et al.[49]
synthesized HA nanorods under the condition of three different organic additives, such as
Trisodium citrate, PEG 600, and tween 20 at pH 10 and HT time of up to 8 h. For three of them,
similar effect of HT temperature on aspect ratio of HA nanorods has been reported. It means
that higher HT temperature and longer HT time favors the growth of HA nanorods along their
c-axis direction (responsible for increment in length) rather than a-axis direction. (2) Aspect
ratio of HA nanorods is inversely proportional to both, HT temperature and time. Zhu et al.[38]
and Jin et al.[67] demonstrated that aspect ratio of HA nanorods decreases from 7.5 -4 and 7.6
— 5 with increasing the HT temperature from 90°C — 150°C and 90°C — 180°C, respectively (Fig.
1.3A and B). Neto et al.[72] also found similar variation in aspect ratio of HA nanorods with
HT time (0 — 5) h without using any additive. Such reduction in aspect ratio of HA nanorods

with increasing the HT temperature and time is attributed to significant enhancement in rate of



crystal growth along their a-axis (responsible for increment in diameter) with slower crystal
growth along their c-axis. (3) Aspect ratio of HA nanorods is almost constant with both, HT
temperature and time. For instance, Zhao et al.[26] and Jin et al.[67] observed no significant
change in aspect ratio of HA nanorods with varying HT temperature and time (Fig. 1.3 C),
respectively, because the ratio of crystal growth rate along a- and c-axes of HA nanorods is
almost constant with increasing the HT temperature and time. Hoai et al.[75] supported this
variation of aspect ratio (2.26 — 3.34) of HA nanorods with HT time (6 — 18) h (Fig. 1.3 D). it
can be affirmed that on the increasing the both HT temperature and time, the size of HA
nanorods increases. However, the type of variation in ratio of crystal growth rate along c- to a-
axis with HT temperature and time depends upon the type of organic additive and pH condition

used, for the synthesis of HA nanorods.
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Figure 1.3. Role of HT temperature and time on the size and aspect ratio of HA nanorods.
Variation in length, diameter, and aspect ratio of HA nanorods against the HT temperature (A,
B) and time (C, D). Data are taken from the Refs. [38, 67, 75]

Few results also reveal that crystallinity of HA nanorods is proportional to HT temperature,
and time [26, 49, 66, 67, 72]. On the contrary, colloidal stability of HA nanorods is observed
to decrease with increasing HT temperature and time, owing to increase in size of HA nanorods
[67].

Therefore, the HT temperature and time can be suggested as key parameters to control the
crystallinity, morphology, aspect ratio and colloidal stability of HA nanorods.

Despite of remarkable advantageous effects, there are few shortcomings of HT method, such
as high energy loss, slower reaction rate and longer processing time. Therefore, in order to
reduce the energy and time consumption, Liu et al.[83] adopted, for the first time, the clean
and eco-friendly technique i.e., “microwave (MW) irradiation” to synthesize the HA nanorods.
This method has the ability to heat the solution homogenously with high reaction rate due to
its direct coupling with reacting molecules by dipolar polarization and conduction mechanisms
[84]. Also, the developed HA nanorods exhibit high purity, narrow size distribution and smaller
particle sizes [83, 85]. This method has been widely explored by number of studies for the
production of HA nanorods [83, 85-97].

The wet chemical precipitation, which is one of the oldest method, has also been utilized to
fabricate the HA nanorods [18, 22, 98-105]. Other synthesis approaches for the development
of HA nanorods, include sonochemical homogeneous precipitation [106], sol-gel [107-109],
ST methods [17, 110-112], and electrophoretic deposition [113]. Some of the studies combined
two synthesis approaches to achieve the integrated advantageous effect from both the
techniques, which include chemical precipitation-HT [49, 50, 114, 115], MW-HT [21, 116-

118], ultrasonication- precipitation [119], HT solid-state conversion [120]. Recently, gas-



injection strategy has been applied in HT and ST methods to increase the pressure within
autoclave, since high pressure plays a critical role in achieving the nanomaterial with good
crystallinity, which, in turn, improves the mechanical properties. Nosrati et al [121, 122].
injected the argon gas and mixture of argon and hydrogen gases in autoclave, and reported the
increase in crystallinity, crystallite size, particle size, elastic modulus and hardness of HA
nanorods. Fig. 1.4 summarizes the year-wise evolution in the aspect ratio of HA nanorods,
developed from HT, MW, MW-HT, and sol-gel techniques with and without the use of organic
additives. The following points can be noted from Fig. 1.4: (1) the HT method became the first
choice for large number of researchers to develop the HA nanorods; (2) most of the
hydrothermally synthesized HA nanorods have aspect ratio in the range of 2 — 15 in comparison
to MW, MW-HT and sol-gel synthesized nanorods having aspect ratio less than 10 (except

single report); and (3) CTAB is the most commonly used organic additive.
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Aspect ratio

Figure 1.4. The Year-wise (since last 21 years) evolution in the aspect ratio of HA nanorods,

synthesized from HT, MW-HT and sol-gel techniques with and without the use of organic

additives.
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1.4.1.1.1. Role of experimental parameters on size, morphology, aspect ratio, and state of
agglomeration of HA nanorods
Organic additives, pH of the solution, calcination temperature and elemental doping play a
critical role during the synthesis of HA nanorods, which are elaborately discussed in the
subsequent sections.
(i) Role of organic additives
Since, control over the morphology and size of HA nanorods appears to be a major challenge
with conventional methods [21]. Therefore, template mediated synthesis method, a type of
highly tuneable route, has been attracted considerable attention for the synthesis of HA
nanorods using organic additives as a template. Variety of organic additives have been used
for the preparation of HA nanorods of different aspect ratios, which can be divided into
following categories: surfactant [29, 64, 70, 80, 99, 116], organic molecules [34, 56, 67, 94,
117], polymers [39, 48, 49, 51, 57, 123] biomolecules [26, 38, 66], and other natural sources
[63, 92, 112].
Surfactant is one of the most promising templating agents, owning to its high efficiency in
controlling the morphology of HA nanocrystals with minimum agglomeration. Few of the most
well-known ionic and nonionic surfactants include CTAB [20, 21, 29, 45, 55, 75, 80, 90, 91,
97, 101, 109], ethylenediamine tetra acetic acid (EDTA) [58, 70, 86] sodium dodecyl sulfate
(SDS) [45, 70], Titron X-100 [124], tween 80 [49], zwitterions [85], Pluronics (P123) [54, 64]
and Brij-93 [81]. The mechanism behind the formation of different morphological HA
nanocrystals is best described by surfactant based microemulsion system. Emulsion, a type of
thermodynamically stable transparent suspension, contain two immiscible liquids “water and
oil”, in which surface-active agents are used to stabilize the suspension. Since the water phase
is dispersed in oil phase under agitation. Therefore, the incorporation of surfactant is necessary

to control the interfacial tension of immiscible phases [125, 126]. Above a critical
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concentration of surfactant, the water is dispersed as micro- droplets, surrounded by single
layer of surfactant molecules, leading to the formation of reverse micelles. These micro-
droplets of aqueous phase, stabilized in nanosized droplets by surfactant, act as an independent
micro or nanoreactor, in which synthesis of nanocrystals takes place [126]. The micelles
provide heterogeneous nucleating sites for (PO4)% and Ca?*ions on their surfaces for the growth
of HA nanocrystals. After the specified growth, surfactant can be easily removed through
solvent extraction or calcination process, which results in the formation of porous HA
nanocrystals [64, 80]. Fig. 1.5A illustrates the templating mechanism for the formation of HA
nanorods in presence of CTAB surfactant as a template. Above critical micelle concentration
(CMC), which is 1 mM for CTAB, it initially self-assembled into spherical like micelles which
then converted to rod shaped micelles. Meanwhile, CTAB ionizes into
cetyltrimethylammonium cation (CTA™), where ammonium group can act a nucleation site for
HA formation. On the addition of POs* ions, it effectively interacts with CTA" through strong
electrostatic attraction to form CTA*-PO.* complex. Such strong interaction might also be
due to stereochemical compatibility in chemical structure (Tetrahedral) of both CTA* and
PO4> ions. Further, CTA*—PO43>complex electrostatically interacts with Ca?* to form
Cag(PO4)s clusters, which then ultimately crystalizes to HA nanorods within micelles with

continuous heat treatment [20, 45, 75, 101, 127].
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Figure 1.5. Role of organic additives (Surfactants, organic molecules, and polymers) in

controlling the morphology of HA nanorods. (A) CTAB surfactant-based template mechanism
for the formation of HA nanorods: (i) above the critical micellar concentration (CMC), self-
assembly of CTAB molecules into rod shaped micelles; (ii) nucleation of HA on the surface of
micelles; (iii) growth of HA nuclei under heat treatment to form the CTAB-HA complex; and
(iv) removal of CTAB through calcination, leading to the formation of porous HA nanorods
[20, 45, 75, 101, 125, 127]. (B) Effect of surfactant concentration on the morphology of HA
nanocrystals [21]. (C) Role of organic additives into crystallographic growth of HA nanorods
and nanoplates. In case of HA nanorods, organic additives molecules restrict the crystal
growth along a-axis (side faces) of HA nuclei by capping them and activate the growth along
c-axis (end faces), and inverse is also true for the formation of HA nanoplates [22, 39, 68].
Micelles exhibit varieties of shapes, including spherical, rod and lamellar, which is sensitive to
surfactant concentration, i.e., surfactant concentration determines the morphology of HA
nanocrystals. For example, Gopi et al [21]. synthesized various morphologies of HA
nanocrystals such as HA nanospheres, nanorods and nanofibers at CTAB concentrations of
0.0012 M, 0.024 M, and 0.24 M, respectively (Fig. 1.5 B).
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Similar micelle-based mechanism has also been proposed for other surfactants such as SDS,
P123, and zwitterions to synthesize the HA nanorods.

The morphology of HA nanorods can be controlled using organic molecules such as sodium
citrate [68, 100] and oleic acid [128] as well as polymers such as polyvinylpyrrolidone (PVP)
[39], and polyethylene glycol (PEG) [22]. The organic additive prevents the HA crystal growth
in [1 0 O] crystallographic direction of hexagonal HA crystallite by strongly interacting with
(100) facet and makes the growth feasible along the c-axis i.e., [0 O 1] crystallographic
direction, which leads to the formation of HA nanorods [68]. However, in case of nanoplates,
the additive restrict the growth along c-axis and allow the crystal growth along a-axis, i.e., [1
0 0] crystallographic direction [39]. Fig. 1.5 C schematically represents the growth mechanism
of nanorods and nanoplates in the presence of organic additive.

Despite of multiple advantages associated with the use of these additives, there are number of
critical concerns, i.e., difficulty in removal due to their hydrophobicity, potential toxicity and
high cost. Therefore, the biomolecules, which is biocompatible and nontoxic in nature, have
been utilized as template to synthesize the HA nanorods. Moreover, another problem during
HA synthesis has also been addressed using the biomolecules, which is rapid nucleation as well
as uncontrolled crystal growth of HA due to use of separate phosphorus precursor in solution
for the synthesis of HA nanorods. This leads to higher availability of PO4% ions in solution at
a time. Therefore, the phosphorus enriched biomolecules such as Riboflavin-59-phosphate
monosodium salt (RP), pyridoxal-50-phosphate (PLP) and creatine phosphate have been used
as both, organic template as well as phosphorus source [26, 66, 111]. it exhibits several
advantages: (i) The PO+ ions is not free in the precursor solution which is preventing the fast
nucleation; (ii) The hydrolysis of biomolecules to release the PO.* ions requires certain heat
condition. Therefore, by controlling the reaction condition, the release rate of PO4* ions can

be controlled to obtain the desire size of HA nanorods; (iii) it provides the controlled crystal
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growth due to progressive release of PO4* ions as hydrolysis proceeds; and (iv) biomolecules
also play a role of organic template to control the shape of HA nanorods. For RP, the controlled
mechanism for the formation of HA nanorods is as follows: As the HT reaction proceeds at
temperature of 120°C, the RP molecules begin to hydrolyze and releases number of PO4* ions.
Now, the hydrolysed R — OH biomolecules react with Ca®* ions to form R— Ca?* complex,
which then further reacts with free PO4% ions to form HA nuclei. Such nuclei grow to HA
nanorods on prolong HT treatment for 24 h. The similar mechanism is explained for PLP and
creatine phosphate biomolecules.

However, the higher cost of biomolecules is still a main problem. Therefore, eco-friendly and
low-cost natural templates have been adopted to control the morphology of HA nanorods.
These include Banana [63], Grape [63, 76], Tamarind [63, 76], Mango [76], Moringa oleifera
flower [92], Apricot tree gum (ATG) [70], Green polymer sodium lignin sulfonate (SS) [112],
Licorice root extract [118], and Caffeine [129]. Recently, Alorku et al.[130] summarized
various synthesis routes for HA nanostructures using plant derived bio chemicals such as
surfactant, biomolecules, chelating agent or structure directing agents.

Effect of concentration and nature of organic additives on size, morphology and colloidal
stability of HA nanorods

Few research groups also observed that size, aspect ratio, morphology, and colloidal stability
of nanorods are strongly dependent on the concentration and nature of organic additives, used
into the reaction medium. Gopi et al.[21] demonstrated that MW assisted hydrothermally
prepared HA nanorods become longer and much thinner with mean aspect ratio, typically
ranging from 6.7 — 10.2 on increasing the concentration of CTAB surfactant from 0.012 M to
0.024 M. In another report, Nathanael et al.[19] also observed that aspect ratio of HA nanorods
is proportional to CTAB concentration (0 to 1 mmol). Similarly, Hoai et al.[75] reported the

identical effect of CTAB concentration on aspect ratio [Fig. 1.6 A (a)], because the size of HA
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nanorods follow the upward trend from (133 % 40) nm to (158 x 45) nm on varying the CTAB
concentration of about 0.64 g to 4 g. Such variation in the size of HA nanorods might be due
to increase in size of CTAB micelles. It can be affirmed that CTAB is suitable organic additive
to obtain HA nanorods with desired aspect ratio. PP is another organic additive, used as aspect
ratio booster. For instance, Nathanael et al.[39] suggested that aspect ratio of HA nanorods
increases from 22 — 56 with increasing the PVP in the range of (0 — 4) g/L due to increment in
their length. Fig. 1.6 A (b) shows such variation for PVP surfactant, which strongly interact
with side faces (a-axis) of HA nucleus than end faces (c-axis). Therefore, with increasing the
PVP concentration, restriction in growth of HA nucleus along a-axis (side faces) increases,
which consequently, increases the growth along c-axis. As a result, aspect ratio of HA nanorods
increases. In contrast, Nga et al.[64] and Chen et al.[117] reported the inverse relationship
between concentration of organic additives, such as P123 and amino acid, and aspect ratio of
HA nanorods, respectively [Fig. 1.6 A (c and d)]. On increasing the concentration of P123 from
(0—2) g, shape of rod-like micelles became wider instead of longer [Fig. 1.6 A (c)]. Therefore,
HA nanorods of lower aspect ratio produces due to increase in diameter and negligible change
in length. In case of Fig. 1.6 A (d), increase in the concentration of amino acids from (0 — 1.2)
M leads to drastic reduction in length of HA nanorods with negligible change in diameter of
HA nanorods. The amino acids adsorbed on the HA crystal surface, especially along the c-axis
direction, through the coordination of COO~ with Ca?* ions, reduces the amount of Ca®* and
PO4> ions in crystal growth process, which subsequently, reduce the length. Higher the
concentration of amino acids means more COO~ ions are coordinated with Ca?* ions, which
hinder the crystal growth along c-axis, i.e., length of HA nanorods decreases [117]. Jin et
al.[68] demonstrated that aspect ratio of HA nanorods gradually increases from 3.7 to 4.8 with
increasing the concentration of sodium citrate from 0 — 0.0133 M, which was attributed to

significant reduction in mean diameter from (24 — 9) with almost similar length of HA
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nanorods, because the tendency of citrate ions to inhibit the growth of HA along a-axis is much
higher than c-axis and such tendency increases with increase in sodium citrate concentration.
However, more efforts are still required to develop a clear understanding about the effect of
sodium citrate concentration on aspect ratio of HA nanorods. Moreover, size and morphology
of HA nanocrystals also differ from one organic additive to other, which can be clearly seen in

Fig. 1.6 B [29, 49, 70, 116].
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Figure 1.6. Effect of concentration and nature of organic additives on size, morphology and
aspect ratio of HA nanocrystals. (A) Variation in length, diameter, and aspect ratio of HA
nanorods againstvarious concentrations of organic additives, and (B) Influence of nature of

organic additive on size and morphology of HA nanorods [29, 49, 70, 116].
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Organic additives are also beneficial to inhibit the nano aggregation by the adsorption of their
molecules on the surface of nanorods that causes electrostatic repulsion among the micelles
[39, 57, 67, 76]. Nathanael et al.[39] and Jin et al.[67] demonstrated that there is a linear
correlation between concentration of organic additives i.e., PVP and sodium citrate,
respectively, and colloidal stability.

(i) Role of pH

The second most important influential parameter i.e., pH of the solutions also controls the
morphology, size and colloidal stability of HA nanocrystals. There are number of reports
suggesting different mechanisms, by which the morphology of HA nanocrystals can be
customized with the variation of pH [22, 55, 70, 83, 99]. Liu et al.[83] synthesized HA
nanocrystals with different morphologies by changing the pH of the solution from 9 to 13 (Fig.
1.7 A). At lower pH value of about 9, Ca-EDTA complex releases Ca®* ions due to their poor
stability. Such free Ca?* ions move into the atomic lattice of the HA crystallites. HA nanorods
are formed as a consequence of the anisotropic growth of HA crystallites. While, on increasing
the pH (~13), concentration of OH" ions increases. Therefore, each facet of HA crystallite has
almost equal probability to generate the active sites due to strong adsorption of OH™ ions on
it’s surface. Also, the stability of Ca-EDTA complexes increases. Therefore, instead of Ca?*
ions, entire Ca-EDTA complexes bind with active sites of the crystallites. In this case,
neighbouring distance between these complexes does not permit Ca?* ions to organize in actual
crystal lattice of HA, which results in the formation of new nucleus at limited active sites.
Under the microwave treatment, each HA crystallite transformed into nanoflower morphology
owing to anisotropic growth of newly formed nucleus at limited active sites. Similarly, Chen
et al.[99] suggested that the morphology of fluorapatite (FHA) nanocrystals depends upon the
stability of Ca?*-EDTA complex. At low pH, complex is not stable and Ca?* releases, which,

in turn, produces large number of nucleates of bigger size. These nucleates self-assembled into
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spherical form to minimize their energy. Since, such spherical form contains many active sites.
Therefore, it grows to flower like FHA nanocrystals on further release of Ca?* ions. On
increasing the pH from 4 to 6, limited amount of Ca?* releases, resulting in the formation of a
smaller number of nuclei of smaller size. Each nucleate forms only a single FHA
nanorod/nanowire attributing to their smaller size. In another study, Zhang et al.[55]
synthesized nanoparticles (NPs)/very short nanorods at pH 7 or 9 (neutral or alkaline condition)
and micro sheets, micro flowers and bur-like microspheres in acidic environment (4, 4.5 and
5). It has been suggested that under alkaline conditions, the crystal growth is isotropic or weak
anisotropic due to high adsorption probability of OH" ions on the surface of HA nuclei, which
results in NPs or nanorods. On the other hand, at acidic condition, the adsorption probability
of OH" ions on the surface of HA nuclei is limited, which promote the formation of micro

sheets, micro flowers-like morphology due to anisotropic crystal growth.
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Figure 1.7. Role of pH of precursor solution on the morphology of HA nanocrystals.

Reproduced with the permission from publisher, Refs. [22, 83].

In addition, Taheri et al.[70] prepared FHA NPs, nanoflowers, and nanorods at pH of 6, 8 and
10, respectively, using ATG surfactant. It has been suggested that this may be due to change in
bonding ability of surfactant to Ca* ions and number of FHA seeds during the growth process
of FHA. Furthermore, Zuo et al.[22] obtained laminated HA nanocrystals at pH of 9 — 9.5 and

rod-shaped nano HA at pH of 10 — 11. Fig. 1.7 B schematically represents the formation of
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these nanocrystals. In case of HA lamellae, the PEG molecules restrict the crystal growth along
the c-axis of HA nuclei after their adsorption on the end face through the hydroxyl groups.
Thereby, crystal growth proceeds along a- and b-axes of HA. Whereas, on increasing the pH
up to 10, concentration of OH™ ions increase in the solution, which interact with more and more
PEG molecules. As a result, smaller number of PEG molecules adsorbed on the end face of
HA, which gradually weaken the inhibition force towards the crystal growth of HA along the
c-axis, leading to the formation HA nanorods or needles.

From all these mechanisms, it can be clearly affirmed that the number of adsorbed OH" ions
and stability of Ca?*-surfactant complex play a critical role during HA crystal growth while
varying the pH.

In addition to morphology, pH also affects the size of HA nanorods and colloidal stability. Zhu
et al.[38] demonstrated that the size of HA nanorods decreases from (120 x 30) nm to (40 x
20) nm on varying the pH value in the range of 9 — 13. Since at higher pH of about 13, the
concentration of OH™ ions are much higher than that of PO4* ions. Therefore, the repulsion
between OH~ and PO4* ions reduces the probability of collision between two tetrahedral
structures, PO4> and HTTC, which resist these tetrahedral structures to interact with each
other. Consequently, it disturbs the HA to crystallize as HA nanorods. However, at lower pH
of about 9, resistance of interaction between POs* and HTTC tetrahedral decreases due to
lower concentration of OH™ ions, which favours HA to crystallize as rod-like morphology. Jin
et al.[68] reported the similar effect of pH (7 — 10) on the size of HA nanorods. Moreover,
colloidal stability of nanorods is also observed to enhance with increase in the pH value from
7.5 — 10, because at lower pH (~7), hydrogen citrate (HCsHsO7>") and dihydrogen citrate
(H2CeHs07") types of ions are adsorbed on the HA surface due to the partial dissociation of
citrate ions, which lowers the charge density on the surface. Therefore, the electrostatic

repulsion is not enough to overcome the aggregation of nanorods. While, at pH 8, no
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dissociation of citrate ions occurs. Consequently, the electrostatic repulsion among the HA
nanorods becomes strong enough to provide the colloidal dispersion due to adsorption of Cit*
ions on the surface of HA nanorods. Chen et al.[34] also observed the similar effect. It can be
clearly suggested that the pH value of 9 — 10 provides the most favourable condition towards
the development of HA nanorods with controlled size.

(iii) Role of calcination temperature

Most of the studies involved the calcination step to remove the organic template. However, few
reports also investigated that the calcination temperature also plays a major role in controlling
the size, aspect ratio, morphology and crystallinity of HA nanocrystals [51, 61, 82, 87, 125].
Saha et al.[125] calcined HA NPs at 450°C and 650°C and observed that the size of HA NPs
increases with increase in the calcination temperature. Nguyen et al.[61] reported that the
aspect ratio of nanorods increases from 5.84 — 7.00 due to increase in their length after
calcination at 500°C. However, with increase in calcination temperature up to 700°C, the aspect
ratio decreases to 4.2 with considerable increase in diameter. Mishra et al.[87] reported that
HA nanorods can only be formed above the calcination temperature of about 700°C. Also, the
degree of crystallinity increases with heat treatment temperature [82].

(iv) Role of doping

The development of new techniques/approaches to modify the key properties, such as
mechanical, biological, chemical, electric, dielectric and optical etc. of HA nanocrystals for
various applications, are in continuous thrust. Among these, doping of nHA with various types
of elemental ions appears to be an effective way to control the size, morphology, crystallinity,
lattice parameter, bioactivity, cell proliferation, antibacterial activity, mechanical properties,
dielectric, and electrical conductivity [24, 89, 90, 94, 131]. This method has been adopted as
biomimicking strategy. The natural bone consists of variety of metal ions, e.g., Na*, K*, Sr?*,

Mg?*, Zn?*, Fe3*2* Mn?*, Cu?* etc. in trace amount, which play an important role in regulating
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it’s metabolic activity. In this perspective, Ca?* ions in HA are being substituted by metal ions
such as K*, Mg?*, Sr?*, Ce3*, AP, Fe3* W, Mo?*, Te**, Eu®, Zn?*, Ag*, La®*, Bi®*, Co?",
Cd?* and OH"ions in HA are being replaced by COs%, F, Cl, Br and SeOs* ions [132]. There
are several reports on the synthesis of doped HA nanorods with various ions, such as Sr?* [24,
56, 71, 88, 133], Zn** [23], Mn?* [96], Fe** [132], Co*[134], V [135], Cs** [93], W°* [89],
Mo?* [91], Te** [90], Eu* [34, 69], Ag* [94], AI** [136], Gd** [74], Tb* [69], Y3* [60], Si**
[137], Er** [105], COs* [138], and F [62, 70, 139]. According to few reports, the successful
elemental doping on HA nanorods was validated by observing changes in its lattice parameters
(Table 1.1).

Table 1.1 Variation in lattice parameter and crystallinity of HA nanocrystals with elemental

doping
S. Doping Lattice parameters (A) | Degree of crystallinity Ref.
No. elements (Xc %)
Pure HA | Doped HA | Pure HA | Doped HA
1. | Zn(5mol %) | a=9.432 a=9.426 94 92 [23]
c=6.880 c = 6.866
2. Sr (20 %) a=9.432 a=9.469 94 90.4 [24]
c=6.880 € =6.922
3. Y (5 %) a=9.417 a=9.390 - - [60]
c=6.885 | ¢=6.870
4. W (40wt %) | a=9.520 a=9.410 58 67 [89]
c=6.960 € =6.880
5. Te(0.08wt | a=9.422 | a=9.406 49 12 [90]
%) c=6.887 | c=6.885
6. Mo (0.5%) | a=9.450 a=9.440 60 66 [91]
€ =6.910 c=6.900
7. Cs (32 %) a=9.391 a= 9.446 63 51 [93]
c =6.864 c=6.904
8. Ag(0.1M) | a=9.433 | a=9.405 - - [94]
c=6.880 | c=6.863
8. Co(0.1M) | a=9.368 | a=9.371 - - [134]
c=6.870 c=6.828
10. V (30 %) a=9.426 a=9.438 74 69 [135]
c =6.889 c=6.885
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Nathanael et al.[60, 62] reported that the aspect ratio of HA nanorods increases from 4.30 to
7.61 due to reduction in their diameter on 5 wt % of yttrium doping, and from 1.2 — 4.5 due to
increment in their length on F substitution from (0 — 15.7) mol %. In the case of yttrium doping,
the replacement of Ca?" ions with smaller Y** ions shrink the HA nanorods along diameter.
Therefore, the aspect ratio increases [60]. On the other hand, Nathanael et al.[62] proposed that
crystallinity and aspect ratio of HA nanorods are interrelated to each other with fluorine
substitution. The incorporation of F~ ions increases the crystallinity, which, in turn, promote
the crystal growth along c-axis of HA. As a result, aspect ratio of HA nanorods increases
because, crystalline HA possesses high surface energy and low planar Ca?* ions density on
(001) plane. In HA (without F~ substitution), surface energy and planar density of Ca?" ions are
less sensitive to crystallographic orientation due to lower crystallinity. Accordingly, equi-axed
or slightly rod-like HA NPs results. In another report, Chen et al.[34] also found that aspect
ratio of HA nanorods increases on Eu (1 — 8) % doping, because both, length and width of HA
nanorods followed the downward trend from (74 x 22) to (50 x 12) nm. Such evolution in
aspect ratio of HA nanorods may be attributed to charge imbalance within the region of local
crystal lattice due to substitution of some of Ca?* ions with Eu®* ions. In contrast, Xu et al.[23],
Xu et al.[24], Shkir et al.[89] and Karunakaran et al.[94] reported the inverse relationship
between aspect ratio and concentration of dopants such as Zn (~1 — 5) mol %, Sr (~1 — 20) mol
%, W (~1 — 40) wt % and Ag (~ 0.01 — 0.1) M, respectively and demonstrated that the rate of
crystal growth decreases along the c-axis of HA nanorods. In addition, Xu et al.[23, 24]
reported the morphology of un-doped HA as nanobelts while, Zn- and Sr-doped HA exhibited
uniform rod-like nanocrystals. Zheng et al.[69] also observed the gradual shift in the
morphology of HA nanocrystals from nanorods of length 150 nm to nanowires of length 2 um

on successive doping with 0, 5, 10 and 15 % of Eu* or Tb%" ions. It clearly indicates that the
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aspect ratio can be easily tuned with the amount of doping. The effect of doping on aspect ratio

of HA nanorods is schematically illustrated in Fig. 1.8.
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Figure 1.8. The effect of elemental doping on the aspect ratio of HA nanorods [23, 24, 34, 64,
60, 94].

The degree of crystallinity also affected with increasing the concentration of elemental doping,
such as Mo [91], Te [90], W [89], Cs [93], V [135], Eu [34] and F [62] type of ions (Table
1.1). For doping with Mo?* (0 — 5) % and F~ ions (0 —3) %, the degree of crystallinity of HA
nanorods systematically increases from (59.7 — 71.1) % and (13 — 88) %, respectively [62, 91].
Nathanael et al.[62] explained the mechanism for the enhancement in degree of crystallinity
with F~ substitution in the terms of replacement of OH™ ions with F~ ions. Once, the partial
substitution of OH™ ions with F~ ions is allowed to occur, the existing H atoms of OH"ions are
strongly bonded to neighboring F~ ions owing to their higher affinity with respect to O atoms.
Consequently, quite well-ordered HA structure results, i.e., crystallinity increases. In contrast,
for W (0 — 40) % and Te (0 — 0.24) % doping, crystallinity decreases at low concentration, and
then increases for higher concentration [89, 90]. In addition, no systematic change in degree of
crystallinity is observed in the case of Cs doping (0 — 32) % [93]. Interestingly, the degree of

crystallinity of HA nanorods is also found to decrease on doping with Eu®* ions. A high level
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of doping should be avoided to prevent the nano aggregation [34, 93]. Moreover, relative
permittivity, AC electrical conductivity, antibacterial response and adjuvant activity have also
been found to increase when HA nanorods were doped with W, Mo, Ag and Si metals,
respectively [89, 91, 94, 137].

1.4.1.2. HA nanowires

Owing to the strong morphological dependence properties of HA nanocrystals, extensive
efforts have been devoted to engineer the one-dimensional HA nanowires. High aspect ratio of
nanowires leads unique mechanical properties, such as good elasticity and high flexibility
which results in potential applications in various fields including, bone tissue engineering, filter
paper for water purification, fire-resistant rope, catalytic paper, electrically conductive paper,
magnetic paper, thermal insulation, anticounterfeiting application, tin phosphate anode, and
biocoating etc. [11, 33, 140-151]. Although, number of synthesis routes, such as HT, ST, MW
irradiation, MW assisted HT, sol-gel and template methods have been attempted. The synthesis
of nanowires with high aspect ratio is quite a challenging task [11]. The most common
template-based strategy has been adopted to synthesize HA nanowires. For instance, highly
ordered HA nanowires array of 50 um in length and 100 nm of diameter, were fabricated within
the pores of aluminum oxide hard template after immersing the porous template into HA sol at
600°C for 6 h [152]. In another report, the HA nanowires of few pum in length were formed in
presence of most popular cationic CTAB template [19]. It has been proposed that the growth
of HA nanowires depends on the anisotropic charge distribution on the different faces of HA.
CTAB can attach via electrostatic interaction with certain faces [i.e., (1 0 0)] of HA containing
highly negatively charged ions as compared to face [i.e., (0 0 1)], containing positively charged
ions. Such interaction promote the crystal growth of HA along c-axis direction by restricting
the growth along a-axis direction, which lead to formation of HA nanowires under prolonged

HT treatment [19]. However, the use of these templates are critical to health and environment,
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and make the synthesis process costly, as mentioned previously. Therefore, Zhang et al.[153]
produced ultralong HA nanowires up to mm scale in presence of environmental friendly mixed
solvents of oleic acid, ethanol and water via ST method. The detailed mechanism behind the
formation of HA nanowires has been proposed by Jiang et al.[154].

The set of chemical reaction between reactants occurred in reaction chamber are as follows:
First, the formation of calcium oleate precursor occurs through the two stages reactions [(1)
and (2)] during initial stage [154]:

CH3(CH2)7CH=CH(CH,)7COOH + NaOH —CH3(CH.);CHQCH(CH.),COONa + H,0 (1)
2CH3(CHz);CH=CH(CH,);COONa + CaCl, —[CHs(CH,);CH=CH(CH3);C0O0],Ca + NaCl 2)

Further, the formation of HA nuclei takes place [(3) and (4)] under ST treatment at

180°C[154]:

NaH,PO4 + 20H- PO + 2H,0 + Na* 3)
10[CHs(CHz)7CH=CH(CH,);CO0],Ca + 6PO;* + 20H" —

Cauo(PO4)s(OH)2 + 20CH3(CHz);CH=CH(CH,),CO0- ()

The oleate ions adsorb on the side faces of HA nuclei which restrict the growth along a-axis
and allow the growth along c-axis. Consequently, the continuous ST heat treatment up to 18 h
lead to the production of HA nanowires [154].

Because of reasonably higher value of aspect ratio of HA nanowires, number of research
groups followed this method with some modification [17, 30, 33, 140, 141, 143-145, 147, 150,
154-161]. Yu et al.[162] used similar combination of precursors, but treated in MW oven to
avoid few of the shortcomings of HT method such as energy consumption, expensive and
longer reaction time, as already discuss above, and developed the nanowires with ultra-high
aspect ratio, typically tens of millimeter. However, high cost of oleic acid is not ignorable. To
resolve this situation, oleic acid has been replaced with peanut oil which contain the ~ 67 % of
oleic acid. The micron sized HA nanowires has been formed at Ca/P ratio of 1:2 [163]. There
are also many research articles, where the researchers controlled the wire shape of HA
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nanocrystals even without using the organic solvent and template. As an example, Lin et
al.[164] used hard precursor of similar morphology i.e., “xonotlite nanowires” which was
treated hydrothermally in NasPOs solution to synthesize ultra-long HA nanowires with
diameter of about 20 nm and length up to several um. Also, Costa et al.[165] evolved the
dissolution-precipitation route to transform the amorphous calcium phosphate NPs into HA
nuclei under HT conditions, which subsequently, grow into HA nanowires with aspect ratio of
about 50 — 80. For such growth of HA nuclei, two mechanisms were suggested- (i) Ostwald
ripening process, where the larger crystals grow at the expense of smaller crystals in order to
minimize the surface energy, and (ii) diffusion-controlled crystal growth, which can be
explained as follows: The atoms in crystal structure of HA are arranged in such a way that
interfacial energy of (0 O 1) face is higher than other faces. Under high concentration of
amorphous calcium phosphate, it possesses significantly greater chemical potential than (0 0
1) face of HA. At this condition, 1-D growth of HA crystal occurs as a result of migration of
metastable amorphous calcium phosphate towards (0 0 1) face of HA. On prolonging the HT
time from 6 h — 16 h, 1-D growth continues from HA nanorod to nanowire morphology. This
second mechanism is in good agreement with previously reported HA crystal growth
mechanism [166]. In another study, Bramhe et al.[167] explained that the relative specific
surface energy of different facet of HA crystal could be responsible for nucleation and growth
of HA nanowires. Since different faces of HA adsorb different concentrations of OH™ ions due
to difference in their surface energies that determine the rate of crystal growth and morphology
of HA nanocrystals. On increasing the pH i.e., concentration of OH™ ions in the solution, the
mobility of Ca?* and PO4% ions in nucleus decreases, which consequently, reduces the crystal
growth. At this stage, OH~ions act as a template, i.e., Ca?" and PO4*"ions attached to that facet
of HA nuclei where the concentration of OH™ is lower, which result in the formation of HA

nanowires of aspect ratio ~10? [167]. In addition, Zhang et al.[25] also speculated the
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mechanism behind the development of Si and Sr substituted HA nanowires of length/diameter
up to 2 um/60 nm by treating the Sr-containing calcium silicate (CS) precursor powder
hydrothermally in NasPOjs solution. It has been suggested that the Sr-CS particles erode with
the release of Ca?*, Sr?* and SiOs? ions in phosphate solution under HT treatment at 180°C.
With continuous release of these ions, supersaturation condition arises, and consequently, HA
are nucleated on the eroded Sr-CS particle surface. On increasing the HT time up to 24 h, size
of HA crystals increases along their lengths at the expense of continuously released ions.
Meanwhile, the released Sr and Si ions from Sr-CS particles are also substituted with Ca?" ions
in HA crystal lattice. As a result, Si and Sr substituted HA nanowires are formed. Furthermore,
Qi et al.[168] also prepared HA nanowires of diameter 30 nm and length up to several
micrometers with the use of CaCl,.2H>0 and ATP disodium salt (C10H1s6NsNa>O14P3) as a Ca
and P sources, respectively. All such results of HA nanowires are briefly summarized in Fig.
1.9.

As HA nanowires, produced without using any organic template/solvent, are only up to
micrometer in length. Therefore, it can be clearly concluded that the organic solvent dependent

synthesis of HA nanowires is more effective to achieve the dimension up to mm scale.
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Figure 1.9. Synthesis of HA nanowires with and without using organic solvent, to overcome
the limitations associated with synthesis of HA nanowires in presence of hard or soft template
[19, 25, 152, 153, 164, 165, 167, 168].

1.4.1.2.1. The transformation of HA nanorods to HA nanowires

The role of various controlling parameters, such as HT time, temperature, pH of precursor
solution and surfactant concentration on the transformation of HA nanorods to nanowires are
also examined (Fig. 1.10). Costa et al.[165] transformed HA nanorods of aspect ratio of about
15, formed hydrothermally after treating amorphous calcium phosphate solution of pH 7.5 for
6 h, into HA nanowires of aspect ratio of up to 60 — 90 by successive variation in HT time from
16 h to 24 h (Fig. 1.10 A). After two years, Zhang et al.[25] demonstrated that short rod like

HA nanocrystals formed after the HT treatment for 1.5 h, converted into nanowires of length
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of about 2 pum on increasing the time up to 24 h. The increase in diameter of nanowires from
50 nm to 60 nm has also observed under similar conditions. On increasing the HT time to 3
days, length and diameter of HA nanowires further increased up to 2.5 and 70 nm, respectively
(Fig. 1.10 B). The mechanism behind such transformation in morphology is already discussed
above. In addition, Zhao et al.[26] formed HA nanowires at pH 5 and higher HT temperature
of about 180°C for 24 h instead of pH 9 having same HT condition (Fig. 1.10 C). In acidic
conditions, the hydrolysis of RP biomolecules, used as an organic additive as well as
phosphorus source, is relatively slow process, producing lower concentration of PO4% ions.
Therefore, a smaller number of HA nuclei formed at initial stage. On prolonging the HT time
up to 24 h, the later formed PO4* ions by hydrolysis react with Ca?* ions at the end facet of
HA nuclei, growing to HA nanorods and eventually, HA nanowires. On the other hand, at
alkaline condition, the hydrolysis of RP biomolecules is quick, which, in turn, led to the higher
concentration of PO43 ions at initial stage of reaction. Therefore, massive number of HA nuclei
formed at initial stage, which abruptly grow to HA nanorods. Furthermore, Nathanael et al.[19]
observed that in the absence of CTAB, HA nanorods are obtained by treating the precursor
solution of pH 8 hydrothermally at 180°C for 12 h. However, with addition of CTAB of
concentration of about 0.5 mmol, the length of nanorods begin to increase, and transformed
into nanowire of few pum length at 1 mmol of CTAB concentration, while keeping the rest of
experimental parameters unchanged. The mechanism for this transformation in morphology is
also mentioned above. Moreover, longer HT time (12 h) offered better uniformity in the
diameter of nanowires in presence of CTAB surfactant (Fig. 1.10 D). Therefore, it can be
inferred that the longer HT time and higher HT temperature at acidic condition or lower basic

condition is favorable for the growth of HA nucleus into nanowires.
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Figure 1.10. Schematic illustrating the role of HT time (A and B), pH of precursor solution
and HT temperature (C), and surfactant concentration (D) on the transformation of HA
nanorods to HA nanowires. Longer HT time and higher HT temperature at acidic or lower
basic condition is favourable for the growth the HA nucleus into HA nanowires. Scanning

electron microscope (SEM) images are reproduced with the permission from publisher, Refs.

[19, 25, 26, 165].
1.4.1.3. HA nanofibers
Low mechanical strength and fracture toughness of HA due to its brittle nature, restrict its use

in load bearing applications. Nanofibers are regarded as promising morphological structure to
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improve the mechanical strength and fracture toughness of a brittle material, and also offer the
superior reinforcing phase in the composites [169]. Therefore, the development of HA
nanofibers becomes a powerful strategy to overcome the limitations associated with HA, which
can be accomplished using wet synthesis methods like chemical precipitation, HT, MW
irradiation, template route, sol-gel, electrospinning and electro blowing as well as dry synthesis
methods like solid state and mechanochemical routes [170]. The quaternary water-in-oil
microemulsion system, CTAB/cyclohexane/n-pentanol/water has been adopted to synthesize
the HA nanofibers with the aspect ratio of up to ~1000. In this method, HA was nucleated
within the CTAB reverse micelles. However, the formation of nanofibers does not occur within
the pool of reverse micelles. In fact, HA grows to nano fiber-like morphology through the
aggregation of tiny particles along c-axis direction during HT treatment (130 °C for 12 h) [171].
In another study, Shan Gao et al.[172] also used the CTAB surfactant. Although, different
mechanism was proposed, i.e. the formation of short rod like nanostructures within cylindrical-
shaped CTAB micelles, which, then combine to form HA nanofibers. Moreover, aspect ratio
of HA nanofibers also increases from (20 — 33) with increasing the CTAB concentration from
(0.45 — 3.0) g, which is in well agreement with previous discussion, i.e. CTAB is favorable
organic additive to achieve the HA nanocrystals of high aspect ratio. It is also important to
mention that Liu et al.[173] used the similar precursors as well as organic additive “oleic acid",
as used by Jiang et al.[154], to fabricate the HA nanowires. Both research groups proposed the
similar mechanism for the nucleation of HA. However, Liu et al.[173] controlled the
morphology of HA nanocrystals to nanofiber under the HT condition (140°C for 8 h), in which
oleic acid plays a pivotal role as capping agent or structure directing agent in the formation of
different morphological HA nanocrystals. By hydrophilic (— COOH functional group) part of
oleic acid, it absorbed to a certain facet of HA through the coordination with Ca?* ions, which

render the HA facet hydrophobic due to alkyl chain of oleic acid. Meanwhile, Ca?" ions
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undergo reversible exchange reaction between oleate and phosphates. This process decides the
release rate and quantity of Ca®* ions as reactant, which eventually promote HA to grow along
c-axis direction [173]. Few other organic molecules such as yeast extract and glutamic acid
have also been used to control the growth direction of HA nanocrystals, and developed HA
nanofibers of aspect ratio of up to 40.6 and 700, respectively [174, 175].

Since, the degree of flexibility of nanofibers is strongly related to their aspect ratio. Therefore,
the evolution of the advanced technique is in continuous thrust with aim to achieve the aspect
ratio of HA nanofibers, as high as possible. In view of this, Wang et al.[176], lately, applied
similar strategy as reported by Wang et al.[128] i.e., template technique combined with liquid-
solid solution strategy to design the HA nanofibers with aspect ratio of about ~10% in presence
of environmental friendly surfactant, steric acid as a template under the ST conditions (Fig.
1.11 A). In this method, the sodium stearate is initially transformed into calcium stearate
through the ion exchange between Na* and Ca?* ions. Afterwards, the Ca?* ions of calcium
stearate interact with PO4> and OH- ions under high ST temperature of 180°C and pressure to
start the nucleation and control the crystal growth of HA nanofibers. Suchanek et al.[177] also
adopted the distinct approach, i.e., prepared HA nanofibers from the Monetite [Dicalcium
phosphate anhydrous (DCPA)] microplates in presence of EDTA as complexing agent and
monoethanolamine as a pH regulator, phase and shape modifier (Fig. 1.11 B). Monetite phase
with microplate morphology, obtained at pH less than 4.2, transformed to HA nanofibers of
size (1.5 pm x 100 nm) with increasing the monoethanolamine concentration from 0.08 mol
dm~—1.65 mol dm~3 i.e., pH of the solution from 4.2 — 12 under the HT condition.

HA nanofibers have also been synthesized via the conventional electrospinning technique.
Since, this technique most commonly offers the fabrication of continuous nanosized fibers of
varieties of polymers and their composite materials [178]. Therefore, the electrospinning and

calcination process have been combined to obtain the ceramic nanofibers by removing the
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polymer phase from electrospun composite nanofibers of polymer and inorganic precursor sol
[179, 180]. Lee et al.[181] synthesized gelatin-calcium phosphate microporous membrane by
the electrospinning of gelatin-calcium phosphate composite sol. Such composite membrane is
then treated thermally at 800°C to eliminate the gelatin, which subsequently, results the HA
nanofibers (Fig. 1.11 C). However, electrospinning technique has some limitations such as
slow production rate and further weight loss during thermal treatment [182, 183]. Therefore,
Holopainen et al.[183] used electro blowing technique, combination of electrospinning process
and air blowing, to fabricate HA nanofibers with improved production rate, higher yield and
better controllability in fiber diameter. This technique uses both, electrostatic force and velocity
of air to extrude the electrospinning solution into jets, and subsequently, into nanofibers [182].
Solid state and mechanochemical method have also been explored for the development of HA
nanofibers. For example, Qiao et al.[184] synthesized HA nanofibers using solid state method
by immersing the CaAlB307 powders into K;HPO4 solution. The mechanism for the formation
of HA nanofibers is shown in Fig. 1.11 D [184]. Since, the framework of CaAlB3O7 is
constructed by BO4 chain structure [Fig. 1.11 D (a)]. On soaking in KoHPO4, the ion exchange
between BO4>~ and PO4>~ can take place' [Fig. 1.11 D (b)]. Subsequently, the crystallization
process of HA nanofibers can occur under heat treatment after combining the PO4* to Ca?*

ions.
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Figure 1.11. Various synthetic techniques for the development of HA nanofibers. (A)

Fabrication of HA nanofibers in presence of stearic acid/palmitic acid as a template under

solvothermal condition: (a) liquid-solid solution strategy for HA nanofibers, and (b) stages of

nucleation and crystal growth to transform the HA nuclei into long HA nanofibers, in which

adsorbed stearate anions on the side faces of HA nuclei offers the crystal growth in form of

fibers. Reproduced with the permission from publisher, Ref. [176]. (B) The conversion of

Monetite into HA nanofibers in presence of monoethanolamine (MEA) as a pH regulator,

phase and shape modifier and EDTA as a cheating agent [177]. (C) Fabrication of HA

nanofibers through electrospinning technique. [181]. (D) The transformation of CaAlB307

particles into HA nanofibers after their immersion into KH2PO4 solution through the ion

exchange mechanism. Reproduced with the permission from publisher, Ref. [184].
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1.4.1.4. HA nanotubes

The development of advanced fabrication route for HA nanotubes has gained remarkable
attention as the nanotubular structure endow higher specific surface area than nanorods, which
is beneficial to achieve a better performance in various field, particularly, in water purification,
bone repair, adsorption, catalysis etc. [185]. In addition, it also paves the way to further
optimize the correlation between morphology and properties including, mechanical and
biological. In fact, it is well reported that single crystal nanotubular structure possesses better
mechanical properties than nanorod structure. Although, various types of engineering methods
for the synthesis of nanotubes have been explored such as, etching [186], template [187], and
via Kirkendall effect (In this process, voids are initially start to form within the material through
the inter diffusion of atoms of two different diffusion coefficients. Eventually, the hollow
material forms due to coalescence of voids) [188]. Nevertheless, HA nanotubes offer major
challenge to control the morphology. Among the aforementioned synthesis techniques,
template mediated approach combined with Kirkendall effect has been widely adopted, owing
to its well control nature in size, morphology and array. Porous anodic alumina, a chemically
and thermally stable template, used to confine the growth of HA into nanotube form [189, 190].
In this case, membrane channels are not completely filled or blocked with CaP gel even after
the long aging process or calcination (Fig. 1.12 A). Since, gel phase of CaP contains their major
portion as hydrogen bonded water molecules, which only allow the specific amount of CaP
loading on the pores of membrane. Upon calcination (500°C), nucleation and growth of HA
occurred at inner walls of channels, which results in membrane composite, enriched with HA
nanotubes. Eventually, such composite membrane etched with NaOH to isolate HA nanotubes
of diameter (140 — 350) nm and length up to micro meter. In another study, Singh et al.[191]
successively soaked the electrospun composite nanofiber template, based on

poly(caprolactone)-magnetite NPs, into CaClz solution, phosphate solution and SBF to obtain
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the mineralized composite fiber, which produced the magnetic HA nanotubes with inner shell
width and thickness of about 650 nm and 137 nm, respectively, after removing the polymeric
phase (Fig. 1.12 B). It is important to note that the use of these types of inorganic templates
evolve the extra removal step process, which is not only contributing to increase the
expenditure of energy but also cost. Therefore, to save the separate template removal step, Sun
et al.[192] utilized CaCOs nanoneedles as a template and Ca precursor. The solubility of HA
is much lower than CaCO3s nanoneedles precursor. Therefore, owing to such high solubility
difference between CaCOs nanoneedles and final product, Kirkendall effect assisted ion
exchange method transformed CaCO3z nanoneedles to HA nanotubes with length, inner
diameter of both the ends and wall thickness of about 2 — 4 um, 300 — 400 nm and 150 — 250
nm, and ~ 35 nm, respectively. On exposing the CaCO3 nanoneedles in alkaline solution of
phosphate anions and heat treatment, it eroded with the release of Ca?* and COs? ions into the
alkaline solution. With continuous release of these ions, the concentration of Ca®* and PO4*
ions reached to over saturation value. In this condition, HA nucleated on the eroded surface of
CaCOz nanoneedles. Though, CaCOz nanoneedles are only partially eroded, nanotubular form
of HA are obtained.

Beyond assuring the energy savings and cost related to template removal step, other critical
factors, such as toxicity etc. needs to be addressed. Since, the complete removal of template is
a complicated process. Therefore, Guo et al.[193] adopted the biomimetic process and
developed HA nanotubes in two steps (Fig. 1.12 C): (i) The gentle addition of organoamines
in CaP precursor solution at pH lower than 8.2 allow the formation of regular dicalcium
phosphate dihydrate (DCPD) plates, which then undergoes dehydration, and splits into
dicalcium phosphate (DCP) nanorods, for the pH greater than 8.2; (ii) The step by step
transformation of DCP nanorods to HA nanotubes while forming the HA nanorods

intermediates, under HT treatment. The tubular structure initially starts to originate from the
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tip of HA nanorods, which subsequently, spread from tip to centre, finally, convert whole rod

to tubular form. Wang et al.[194] adopted this technique to prepare HA nanotubes based

catalyst.
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Figure 1.12. Synthesis techniques for the development of HA nanotubes. (A) Fabrication of
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(B) The schematic illustration of synthesis process of HA nanotubes with the use of poly

(caprolactone) (PCL)- magnetite nanoparticles (MNPs) composite nanofiber template [191].

(C) The biomimetic synthesis of HA nanotubes using organoamines as a controller or inducer

[193]. (D) The electrodeposition process and key mechanism for the formation of CDHA

nanotube, followed by the dissolution of composite membrane in dichloromethane [196].

In contrast, Hui et al.[195] controlled HA morphology into nanotubular structure in absence of

any template or additive using only 3 % of fluorine doping. At initial stage of process, CaF2

forms, which is followed by the reaction with PO+ ions into the solution during the HT
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treatment, that lead to the production of F-substituted HA on the surface of CaF,. Owing to
anisotropic hexagonal symmetry of HA,[116] F-HA coated on CaF. surface is assumed to
control the crystal growth like 1-D nanostructure. With complete consumption of CaF2, hollow
inner space left with surrounding HA, i.e., nanotube-type structure. Moreover, it was also found
that the order of addition of F~ and PO.* ions play a crucial role in the morphology of HA
nanocrystals. Addition of F~ ions before POs*~ ions results in HA nanotubes. While, the
opposite is true for the formation of HA nanorods.

Recently, template assisted pulsed mode electrodeposition method has also been introduced, to
control the morphology of calcium deficient hydroxyapatite (CDHA) nanocrystals, i.e., CDHA
nanotubes or nanowires [196]. As compared to conventional template method, morphology,
size, and aspect ratio of HA nanocrystals can be better controlled with varying the membrane
pore diameter and deposition time. The electrodeposition has been performed into nanopores
of gold layered polycarbonate membrane at electric pulsed potential of -1.6 V/Ag/AgCl with
current density of -120 mA/cm? for 15 min. Afterwards, CDHA nanotubes with aspect ratio
from 9 — 25, are formed after the dissolution of CDHA filled membrane with diameter of 400
nm. While, HA nanowires of aspect ratio of about 21 — 53 results for the membrane with pore
diameter of 200 nm. The electrodeposition process and growth mechanism for the formation
of HA nanotubes is schematically presented in Fig. 1.12 D. The mechanism for such interesting
variation in morphology with different pore diameter has also been speculated. The gold ring
formed at the bottom of nanopores nucleates CDHA. Such CDHA nuclei grow from bottom to
top direction within nanopores, which then transform to CDHA nanowires. Moreover, during
electrodeposition, gold evaporated away from the bottom of nanopores and deposited at the
side walls of nanopores. However, gold depositing area is wider in the membrane of pore

dimeter of 400 nm than membrane having pore diameter of 100 or 200 nm. Therefore, for the
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membrane of pore diameter of about 400 nm, CDHA nucleation begins at the side walls of
nanopores, which eventually turn to CDHA nanotubes.

1.4.1.5. HA nanoneedles, nanobelts, nanowishkers and nanoribbons

Yubao el al.[44, 197] reported the synthesis of HA nanoneedles just after one month of their
report on HA nanorods using almost similar HT condition as that for HA nanorods, except the
glycerine as a dispersant. Instead, the fluorine ions are incorporated to control the crystal
growth into the nanoneedles of crystal size of about (75 x 10) nm. Few reports are also available
on the preparation of HA nanoneedles [116, 198-200]. The oil-in-water micro emulsion
approach, composed of oleic acid (surfactant), water, ethanol and cyclohexane (oil phase), has
been adopted by Ma et al.[198], wherein the nucleation of HA takes place at interface of oil
droplets, opposite to above discussed water-in-oil microemulsion system (HA nucleated within
the micelles). The freshly prepared HA nucleus, capped with oleic acid, moved from interface
to within the oil phase and stabilized the oil droplet as surfactant. At HT temperature above
90°C, i.e., 100°C — 140°C, these nuclei grew to nanoneedle-like shape with length from 80 —
100 nm to 200 nm, respectively. The growth mechanism of HA nanoneedles are explained
using Fig. 1.13 A. There are few other interesting types of 1-D morphology of HA nanocrystals,
such as HA nanoribbons, HA nanoblocks and HA nanowishkers which came into existence
along with HA nanoneedles while exploring the influence of experimental conditions on the
morphology of HA nanocrystals. For instance, Ito et al.[199] transformed the plate shaped DCP
crystal to different morphological HA nanocrystals such as HA nanoneedles, HA nanofibers
and HA nanosheets, with alteration of pH of the precursor solution and phosphate ions
concentration (Fig. 1.13 B). In case of HA nanoneedles, spindle shaped HA nano seeds initially
formed on the surface of DCP crystals by solid-solid phase transformation of DCP crystal under
highly basic condition, i.e., at pH 13, which then grew to bundles of HA nanoneedles. At pH

9, the initial stage is almost similar, i.e., HA fibrous seeds nucleated on DCP surface with the
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dissolution of phosphoric acid. Randomly oriented long HA nanofibers resulted on DCP
surface with the crystal growth of such fibrous seeds with time. HA nanoneedles and HA
nanofibers formed with the direct transformation of DCP crystal through the dissolution of
phosphoric acid. On the other hand, HA nanosheets obtained with solid-liquid-solid
transformation of DCP crystal due to presence of excess amount of phosphate ions, which
suppress the direct transformation of DCP precursor to HA. Instead, complete dissolution, and
then subsequent crystal growth led to formation of HA nanosheets. In another study, Kobayashi
et al.[200] grown HA seeds in SBF at 38°C for 24 h into their respective nanoneedles,
nanoribbons and nanosheets at pH 6.5, 7 and 7.5, respectively (Fig. 1.13 C). At pH 6.5, the
crystal growth of HA seeds proceeds to their habitual crystallographic direction, c-axis, which
consequently, produces needle like nanostructures. However, with increasing the pH of
precursor solution up to 6.5 or 7.5, degree of supersaturation condition enhances. Also, 2-D
crystal growth dominates the 1-D crystal growth with increased pH level. At initial stage of
reaction (within 10 min), needle like particles produced. Subsequently, these growing particles
coalesced within 30 min to form HA nanoribbons or nanosheets. This indicate that higher
degree of supersaturation and enhanced crystal growth rate with increased pH level (from 6.5
to 7 or 7.5) are mainly responsible for the growth of HA seeds to 2-D type nanostructures. The
nanosheets, nanoribbons and nano blocks shaped HA nanocrystals are also obtained in presence
of urea, together with altering the HT temperature, 120°C, 150°C and 180°C [201]. In this case
also, higher degree of supersaturation with increased HT temperature up to 150°C (because of
increase in pH of solution with decomposition of urea at higher temperature) is responsible for
the formation of HA nanoribbons. Further, increase in HT temperature up to 180°C reduces the
growth ratio along c-axis to a-axis (or b-axis) of HA via the Oswald repining mechanism, which
results in nano blocks like morphology. Zhou et al.[202] observed that there is conversion of

HA nanoflowers into their nanowishkers morphology on the substitution of Ca?* ions of HA
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with Zn?* ions. Few authors also reported the nanobelts like HA morphology. However, their

growth mechanism is still not clear [23, 203].
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permission from publisher, Ref. [199]. (C) The transformation of HA nano seeds to HA needles,
HA nanoribbons and HA nanosheets in SBF under the different pH conditions. The SEM
images are reproduced with the permission from publisher, Ref. [200].

1.4.2. Synthesis of 2-D HA nanocrystals

1.4.2.1. HA nanoplates

It is known that HA nanoplates are the mineral components of our natural bone. Therefore, the
development of 2-D HA can be recognized as more promising choice over to 1-D HA to
accomplish the architectural resemblance with bone [204]. Although, few attempts have been
made recently to develop the morphology of HA to mimic the bone-like apatite. Nevertheless,
the development of such 2-D HA is in continuous thrust.

The template mediated processing route has been recognized as most promising approach to
control the morphology of developed nanostructures. Similar strategy has been adopted to
confine the growth of HA crystals into respective nanoplates using number of techniques, such
as chemical-precipitation, HT, MW, and sol-gel methods [22, 204, 205]. Zuo et al.[205], for
the first time, used anionic surfactant, SDS, as a template to form HA nanoplates with lamellar
structure. Such synthesis process was adopted by number of research groups [204, 206-210].
Among them, Wan et al.[204] suggested the mechanism of formation of lamellar HA
nanoplates (Fig. 1.14 A), i.e., the nucleation and growth of HA nanoplates can occur within the
layer pre-shaped SDS micelles under thermal conditions (reflux at 83°C for 24 h). Importantly,
lamellar form of HA nanoplates do not dispersed well, while designing the composites.
Therefore, Luo et al.[208] exfoliated the lamellar HA into individual respective nanoplates by

intercalating the glucosamine (Fig. 1.14 A).
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Figure 1.14. Various fabrication techniques for the development of HA nanoplates. (A)

Synthesis of lamellar HA nanoplates in presence of SDS template; exfoliation of lamellar HA

nanoplates by the addition of glucosamine; variation in the size of HA nanoplates as a function

of SDS concentration [204, 208]. (B) Transformation of BCCs to HACs having oriented

nanoplate arrays on Ti6Al4V substrate. Reproduced with the permission from publisher, Ref.

[217]. (C) Transformation of bioglass coating (on Ti6Al4V substrate) to rod and plate-like HA

nanocrystals coating by soaking the bioglass-coated Ti6Al4V substrate into two different

concentrations of SBF having Ca/P ratio of 2.50 and 1.25, respectively, at 120°C [218]. (D)

The effect of Mg doping on the drastic change in morphology of HA nanocrystals from rod to

plate form [27].

In another study, Zuo et al.[22] developed HA nanoplates with the size of about 300 — 400 nm

in presence of PEG template at a pH of 9 via chemical precipitation method. The detailed

mechanism is already mentioned previously. In addition, the monomer of PEG, ethylene
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glycol, was also used as a crystal growth controlling additives to facilitate the formation of HA
nanoplates [211]. There are also few reports, where biomimetic approach has been adopted.
Since, based on the existing theory for biomineralization process of natural bone, collagen,
which is 90 % of total organic content of natural bone, act as a template for HA nucleation due
to their unique 3-D structure. The collagen molecules are arranged in such a way that holes are
created between the neighboring molecules, which provides the nucleation site for the
formation of HA nanocrystals in natural bone [212-214]. Moreover, noncollagenous protein,
such as againine, aspartic acid lysine and glutamic acid [covers less than 10 % of total organic
contents in natural bone tissue] also affect the size and morphology of HA [212, 215, 216]. In
this perspective, Tsetsekou et al.[216] used collagen or chitosan as a template along with the
presence of amino acid “L- arginine” to develop the bone-like HA nanoplates at biomimetic
temperature of about 40°C under alkaline condition. Similarly, Guan et al.[217] also mimicked
the formation mechanism of HA in natural bone, where the precursor solutions [Ca?*, PO4*
and chitosan (CCPs)] were initially deposited on Ti6Al4V substrate. Such CCPs were
transformed into the brushite (DCPD)/chitosan coatings (BCCs) after 48 h of drying. Further,
Ti6Al4V substrate with BCCs were treated hydrothermally in NaOH solution to transform into
Ti6Al4V substrate with nanoplates-shaped HA coating (HACS) via dissolution-precipitation
mechanism (Fig. 1.14 B). Under this condition, DCPD dissolves and releases the Ca*" and
PO+ ions into the solution, which subsequently, react with OH™ ions to form the plate-like
nano HA on the substrate. It has been noted that chitosan remains in coatings, because the
chitosan possesses limited solubility in NaOH solution owing to stereo regularity and hydrogen
bonding among chitosan molecules, and —NH> functional group of chitosan can act as
nucleation site for apatite formation. After one year, Chen et al.[218] also followed the same
strategy for the conversion of bioglass-coated Ti6Al4V substrate to HA nanocrystals (nanorods

and nanoplates) coated substrate (Fig. 1.14 C). In this process, bioglass coatings are
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successively soaked into SBF and treated hydrothermally at 120°C for 12 h and 2 days
respectively, via dissolution-precipitation mechanism, to convert into HA nanocrystals coating
with oriented rod or plate like arrays. Green synthesis approach has also been adopted by
Sundrarajan et al.[219] to develop the nanoplate morphology of HA, wherein tannin enriched
“Moringa oleifera” plant extract was used as a chelating agent along with the presence of 1-
butyl-3-methylimidazolium tetrafluoroborate ([BMIM]BF4) ionic liquid as a template. The —
OH groups of tannin bonded with Ca2* ions to form the tanninate-Ca?* complex via conjugation
effect. Such chelate complex further binds to phosphates anions, which lead to nucleation of
HA. [BMIM]BF; was attached to HA-tanninate complex through hydrogen bonding, restricting
the vertical growth of HA. As a result, plate-shaped HA nanocrystals were obtained upon
calcination at 400°C. Other biocompatible organic additives such as amino acid [220], glutamic
acid [221, 222], urea [223], and dodecenylsuccinic anhydride [224] have also been utilized to
control the morphology of HA into nanoplate-like structures.

Few studies varied the experimental parameters including calcination temperature, HT
temperature and time, and concentration of organic additives to achieve the optimal condition
for the formation of HA nanoplates. Cabrera et al.[221] suggested that the morphology of HA
nanocrystals can also be changed with glutamic acid concentration. It has been demonstrated
that on increasing the concentration of glutamic acid, most of the Ca?" ions take part in chelate
complex formation by interacting with carbonyl group of glutamic acid. These complexes
hinder the crystal growth along the [010] direction. Whereby, the growth of the crystals
proceeds only in [001] direction, which consequently, results in the formation of nanofibers.
Inversely, at low concentration, few Ca?* ions in column could not form chelate complex. As
a result, crystals growth occurs in nanoplate form. However, Wan et al.[204] revealed that the
lamellar HA nanoplates become larger in size from (120 £ 20) — (40 £ 10) nm to (220 £ 20) —

(80 £ 10) nm on increasing the SDS concentration from 0.5g to 1g. With decrease in SDS
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concentration to 0.25 g, lamellar structure converted into rod shape, as SDS is not able to self-
assembled into lamellar micelles at this concentration (Fig. 1.14 A). In another study, Guan et
al.[217] reported the influence of HT time on morphology of HA nanoplates. It has been
elucidated that the width or length of HA nanoplates gradually increases with increasing the
HT time from 3 h to 3 days (Fig. 1.14 B). At initial stage of reaction, large number of Ca?* and
PO4* ions, released from BCCs, take part in the formation HA nuclei rather than crystal
growth. With time, concentration of reactants decreases, which, in turn, promotes the crystal
growth as compared to the formation of HA nuclei. Therefore, the size of HA nanoplates
increases with varying the HT time from 3 h to 3 days. In addition, Chen et al.[218] found that
with altering the Ca/P ratios of SBF solution from 2.5 to 1.25, morphology of HA coating,
formed on surface of Ti6AIl4V substrate after soaking the bioglass-coated titanium substrate
into SBF solution at HT temperature of 120°C, transforms from nanorods to nanoplates-like
HA nanocrystals (Fig. 1.14 C). At Ca/P ratio of 2.5, the concentration of Ca?* ions, attach to
side faces (a- or b-axis) of HA crystal, are larger than PO+ ions (bind to end faces of HA
crystal), which consequently, favors the crystal growth to nanorods morphology. In contrast,
concentration of PO4* ions, bind to end faces of HA nucleus, is higher in case of SBF with
Ca/P ratio of about 1.25. Therefore, HA crystal growth proceeds to nanoplate-like morphology.
Moreover, the bioglass-coated Ti6Al4V substrate was also soaked in SBF with Ca/P ratio of
2.5 at 37°C which formed the plate shaped HA coating with low crystallinity. Furthermore,
Mori et al.[224] suggested that HT temperature and time, and concentration of Ca ions are
essential parameters to control the morphology and Ca/P ratio of HA nanoplates. It has been
concluded that appropriate Ca?* ion concentration, HT temperature and time to achieve the
clear plate like morphology, with controlled Ca/P ratio close to 1.67, are 1.0 mol.dm, 180°C

and 2.5 h, respectively.
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Besides, aforementioned experimental parameters, there is also one quite interesting result on
the role of doping to control the morphology of HA nanoplates, as reported by Mishra et al.[27]
(Fig. 1.14 D). In this study, the consequence of Mg doping has been demonstrated to be
dominant over EDTA surfactant to confine HA crystal growth into plate form. The addition of
only 0.6 mol % of Mg in HA results in exciting change in the morphology from rod-like to
plate-like HA nanocrystals. In case of Mg doped HA, the driving force acts in material in such
a way that it makes Mg doped HA nanorods unstable with higher surface energy. In order to
minimize the surface energy of Mg doped HA nanorods, it transforms to more stable nanoplates
structure. In another report, Luo et al.[210] revealed that the degree of ordering of Se doped
HA lamellar nanocrystals decreases on further elemental doping of Gd from 1.2 mmol to 4.6
mmol.

Despite of number of synthesis routes to obtain HA nanoplates, morphological control is quite
difficult in comparison to 1-D HA nanocrystals. The inherent nature of HA is to grow along
the c-axis direction, which leads to development of 1-D morphology. To restrict the HA crystal
growth along c-axis and direct it along the a- or b- axis i.e., to develop the HA nanoplates,
unique morphological controlling conditions are required. Therefore, the development of
advanced synthesis routes to fabricate the HA nanoplates are still in continuous thrust.
1.4.2.2. HA nanosheets

As far as the development of HA nanosheets are concerned, only a few articles are available
[199-201, 225-231]. In contrast to the synthesis of other HA nanostructures, most of the
literature reports suggested that the development of HA nanosheets are based on the
combination of HT and template methods. For example, Xiao et al.[226] designed laminated
form of c-axis directed carbonated HA nanosheets with the synergistic action of
biomacromolecule “succinylated gelatin” and surfactant “CTAB micelles” as template, via HT

method. In early stage of HT reaction, succinylated gelatin electrostatically combined to Ca?*
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ions through their COO~ groups. These complexes further attached to PO4>~ ions, which led to
the nucleation of DCPD phase. Under the effect of succinylated gelatin, attached along their a-
and b-faces, these DCPD nuclei grew as flaky-like nanostructures. CTAB molecules are also
attached to succinylated gelatin via electrostatic attraction. With increasing the concentration
of CTAB above CMC (1.05 mM), their molecules began to self-assemble into lamellar-like
micelles. With the help of these micelles, DCPD nano flakes self-arrange to lamellar structure.
As reaction proceeds, the pH of aqueous solution also gradually increases, which, in turn, allow
initially precipitated DCPD phase to react with OH™ ions, which forms more stable phase of
octa calcium phosphate. Eventually, it transformed to carbonated HA after prolonged reaction
time (48 h), while morphology is intact. In another study, Qi et al.[227] and Zhao et al.[229]
used the biomacromolecule, DNA and hemoglobin, respectively, as a template to form HA
nanosheets based microspheres under HT conditions. The mechanisms for the formation of HA
nanosheets using DNA template are as follows (Fig. 1.15 A); (i) the formation of micelles by
self-assembly of number of DNA molecules; (ii) the adsorption of Ca?* ions on the surface of
micelles through the electrostatic attraction with negatively charged DNA molecules; (iii)
following the incorporation of PO4* ions, nucleation and further growth of HA nuclei occur
into HA nanosheets on the surface of micelles; (iv) arrangement of synthesized HA nanosheets
into porous microspheres to reduce the surface energy of HA nanosheets; and (v) hydrolysis of
DNA under HT conditions to form the nanosheet-based porous hollow microspheres. Zhong et
al.[230] developed HA nanosheets by abalone shell (CaCO3) with the help of ionic surfactant
CTAB and SDS via HT method. In this case, the influence of CaCOs is significantly higher
than surfactant in controlling the growth of HA nanosheets i.e., CaCOs is acting as template
for the formation of nanosheets. Therefore, HA nanosheets crystallize around the CaCOs

surface (Fig. 1.15 B).
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Figure 1.15. Synthetic methods for the fabrication of HA nanosheets. (A) The HT synthesis
of nanosheet-based hollow microsphere in presence of DNA template. The high-resolution field
emission scanning electron microscope (HFESEM) image of HA nanosheets based
microsphere are also shown as inset. Reproduced with the permission from publisher, Ref.
[227]. (B) The conversion of abalone shell (CaCOs3) powder to HA nanosheets in presence of
ionic surfactants (CTAB or SDS). In this, CaCOs is acting as a template, and therefore,
crystallization of HA nanosheets, accelerated by CTAB or SDS, take place around the surface
of CaCOs under the HT treatment. Reproduced with the permission from publisher, Ref. [230].
Interestingly, Kobayashi et al.[200], Ito et al.[199], Lin et al.[225], Manoj et al.[232] and Zheng
et al.[201] also fabricated HA nanosheets without the use of any organic additives, surfactant
or template. The detailed mechanism for the production of HA nanosheets, by Ito and
Kobayashi et al. was already elucidated in previous section (Figs. 1.13 B and C) [199, 200].

Lin et al.[225] mimicked the biological HA, which is co-substituted with various essential trace
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elements such as Na, K, Mg, F and CI as well as COs? ions. Sheet like HA nanostructures of
thickness of about 60 nm, width of about 3 — 5 pm, and length of up to 20 um, were developed
after 0.5 h of HT reaction at 120°C. With continuing HT reaction (0.5 h), HA nanosheets grew
along their length and width with the expanse of smaller crystals, which lead to complete
disappearance of smaller HA nanosheets. In 1 h, these nanosheets aggregated in besom like
shape to reduce their surface energy in the solution. On further reaction (3 h), HA nanosheets
were self-organized as flower-like structures. Eventually, much more addition of HA
nanosheets into flower-like structure with prolonged reaction time (24 h) resulted the formation
of 3-D HA microspheres.

1.5. Biomedical applications of HA nanocrystals

1.5.1. Bone tissue engineering

In the case of large human bone defects, mainly originated by degenerative bone diseases (e.qg.,
arthritis, osteonecrosis, osteoporosis), infection, bone fracture, resection of bone tumor,
surgical, bone cancer and trauma etc., the self-repairing nature of bone becomes futile [233,
234]. Therefore, the necessity of synthetic bone graft has been realized. Autologous bone
grafting technique is considered as a ‘gold standard’ in order to treat the bone defect due to its
excellent immunological compatibility and osteoinductivity. However, there is associated
disadvantages such as infection, secondary damage, donor-site morbidity, and immunogenic
response etc. [235, 236]. Few alternatives, including allografting and xenografting techniques
have been evolved, which also encompasses number of issues, including potential infection,
immunogenic rejection, and disease transmission risks, which drove the focus of researchers
towards advanced technological development [237]. Fig. 1.16 (A) depicts both, advantages and
disadvantages of all the above-mentioned traditional bone defect repairing techniques as well
as driving force towards the further development of advanced technique i.e., bone tissue

engineering.
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Bone tissue engineering approach attracted appreciable attention as a new therapy to regenerate

new tissues and to reconstruct the damaged bone with the synergistic effect of cells, signals
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and synthetic scaffolds [236]. The fundamental principle behind the bone tissue engineering is
presented as Fig. 1.16 B. Synthetic scaffolds, also called as temporary natural bone
extracellular matrix or transplant, must mimic or replicate the structure, composition,
mechanical properties, porosity and surface features of extracellular matrix of natural bone.
Such a mimicking approach offers the microenvironment to support the cell adhesion,
proliferation, differentiation, migration and development of new tissues [234, 238]. The ideal
scaffold material should be osteoinductive, osteoconductive, biodegradable and good
antibacterial agent, so that implanted scaffold could gradually degrade, as new bone tissue
grows within scaffold, and eventually completely replaced by newly formed bone tissue
without any bacterial infection [236].

Number of biomaterials has been developed as a biocompatible artificial scaffold for tissue
engineering applications. Among them, HA nanocrystals-based scaffolds have been
demonstrated to be promising materials in repairing of damaged bone, due to its similarity
(structurally and chemically) to the inorganic component of natural human bone [14].
Although, many research articles suggested that HA nanocrystals, such as nanorods [17, 18,
64, 75, 86, 90, 239, 240], nanoplates [14], nanowires [17, 141, 241, 242], nanotubes [190],
and nanofibers [243, 244], can be a potential scaffold to promote the bone regeneration.
Nevertheless, most of the researchers focused on the HA nanocrystals-based composites with
the aim of mimicking the composite nature of bone to achieve the desirable biological and
mechanical properties for bone regeneration. Various types of polymers have also been used
as matrix, to design the HA- nanocrystals reinforced polymer composites scaffold, which
include collagen [241, 245], collagen nanofiber [28, 246], chitosan [142, 247], nylon nanofiber
[14], polyvinyl alcohol (PVA) [248], polycaprolactone (PCL) [249, 250], polypropylene (PP)

[251], polylactic acid (PLA) [244, 252, 253], and PLA/chitosan [254]. Majority of such reports
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are focused on HA nanocrystals/collagen composite as a scaffold to promote the regeneration
of bone tissue, because such combination offers the similar composition, as living bone.

In addition, few other materials are also incorporated to further accelerate the bone healing
performance of biomimetic HA nanocrystal-based composite scaffolds. For example, Hou et
al.[248] converted nano HA/PVA into magnetic (m) nano HA/PVA by coating the nano HA
with osteoconductive Fe;O3 NPs and observed that the proliferation and osteoblastic adhesion
is highly susceptible in case of m-nano HA/PVA as compared to that of nano HA/PVA. Since,
Fe>O3 NPs support the protein (e.g., fibronectin and vitronectin) adsorption on scaffold surface,
which, in turn, bind with integrins, expressed by osteoblast cells, to promote the osteoblastic
adhesion. In the same year, Liao et al.[251] used the hybrid multi-walled carbon nanotubes-
HA nanorods (MWCNTSs-nHA) as the reinforcing material instead of only HA nanorods to
fabricate MWCNTs-nHA/PP composite scaffold. Significant enhancement in the tensile
strength, stiffness, impact strength, cell viability and proliferation activity of MWCNTSs-
nHA/PP composite is observed as compared to nHA/PP scaffold. Such improvement in impact
strength of MWCNTs-nHA/PP was ascribed to high flexibility and large failure strain of
MWCNTSs. Fig. 1.17 (A) clearly reveals that the degree of osteoblastic adherence on PP
scaffold notably increases when it successively reinforced with MWCNTs and MWCNTSs-
nHA. The enhanced osteoblastic adherence was due to the graphitic structure of carbon
nanotubes (CNT) and its high surface area, which allows adsorbing the significant number of
proteins molecules.

Mg and Si elements are known to be potential stimulators for osteogenic and angiogenic
differentiation of stem cells [255, 256]. Sun et al.[142] used magnesium silicate (MS) as
osteogenesis and angiogenesis promoter to develop HA nanowires-MS/chitosan composite
scaffold, where HA nanowires-MS/chitosan scaffold significantly stimulate the bone

regeneration and formation of new blood vessels, in vivo, in comparison to chitosan and HA
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nanowires/chitosan scaffolds [Figs. 1.17 (B) and (C)]. Moreover, HA nanowires-MS/chitosan
scaffolds also confer the better cell adhesion, proliferation and differentiation of mesenchymal

stem cells, in vitro, due to sustained release of Mg and Si ions.
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Figure 1.17. In vitro and in vivo cellular response of HA nanocrystals-based scaffolds. (A)
Scanning electron microscopy (SEM) images of osteoblast cells, cultured on (a) polypropylene
(PP), (b) 0.3% MWCNTSs/PP, and (c) 0.3% MWCNTSs- 20 % nHA/PP, for 3 days. Reproduced
with the permission from publisher, Ref. [251]. (B) New bone tissue formation around the
defect area in rat calvarial after implantation of chitosan scaffolds (CS), HA
nanowires/chitosan (HANWSs/CS), and HA nanowires-MS/chitosan (HANWs-MS/CS) for 12
weeks. Reproduced with the permission from publisher, Ref. [142]. (C) The micro-CT images,
representing the formation of new bone and blood vessels around the defect regions in rat
calvarial after implantation of CS, HANWs/CS, and HANWSs-MS/CS scaffolds for 12 weeks:
the interior and coronal images of calvarial defect repair by the formation of new bone (a), the
formation of new blood vessels (b), and newly formed bone (BV/TV) (c) as well as blood vessels

(number and area) (d and e) in calvarial defect. Reproduced with the permission from
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publisher, Ref. [142]. (D) The immunofluorescence images of DAPI and OCN proteins on HA
nanorods/chitosan (HANRs/CS), Yb-doped HA nanorods/chitosan (YbHANRS/CS) and Yb-
doped HA nanorods/magnetic chitosan (YbHANRs/m-CS) scaffolds. Reproduced with the
permission from publisher, Ref. [247].

Recently, magnetic (m) chitosan, magnetic SrFe;2O19 nanoplates coated chitosan, has been
successfully used instead of chitosan to upgrade the osteogenesis and angiogenesis
performance of Yb-doped HA nanorods/chitosan composite scaffold, because magnetic
materials have ability to significantly accelerate the cellular response by activating Wnt/p3-
catenin, BMP, NF-kB, and MAPK pathways in absence of external magnetic field. Fig. 1.17 D
(immunofluorescence OCN image) suggests that Yb-doped HA nanorods/m-chitosan produces
the highest amount of OCN protein in comparison to HA nanorods/chitosan and Yb-doped HA
nanorods/chitosan composites, which confirm that the use of m-chitosan instead of chitosan
significantly promote the osteogenic performance of HA nanorods [247].

Table 1.2 comprehensively presents the bio-mechanical response of scaffolds, based on HA
nanocrystals of various 1- and 2-D forms, such as nanorods, nanoplates and nanowires etc.
Overall, it can be concluded that the morphology, amount/chemistry of dopant, aspect ratio,
and the content HA nanocrystals are the critical parameters which decide mechanical and

biological response of such scaffolds.
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Table 1.2. HA nanocrystals-based scaffolds for bone tissue engineering applications.

1 | HA nanorods Rapid formation of bone like HA layer on their | [64]
(Mean length: 120 nm, surfaces after the 7 days of soaking in SBF
mean width: 28 nm, pore (excellent in vitro bioactivity).
size: 12 nm, and Pore
volume: 16 cm®/g
2 | Si/Sr substituted HA In vitro degradation rate increases from (0.58 — | [25]
nanowires 1.0) % with increasing the amount of Si (0.56 to
(Length: 2 pm and 3.06 wt %) and Sr (0 to 6.76 wt %) substitution.
diameter: 60 nm)
3 | Short HA nanowires Good cytocompatibility [17]
(Length: 5 pm) Efficient osteogenic differentiation of human
derived stem cells without any growth factor, after
21 days of culture.
Long HA nanowires Inhibit the spreading of human adipose derived
(Length: 50 pm) stem cells.
HA nanoplates Better cytocompatibility than short HA nanowires.
No efficient osteogenic differentiations.
HA nanorods Good cytocompatibility (Similar to short HA
(Length: 100 nm) nanowires).
No efficient osteogenic differentiation.
4 | HA nanorods Formation of bone-like mineral after 7 days of | [75]
(Mean length: 125 nm incubation with SBF.
and mean diameter: 39
nm)
5 | HA nanorods (Aspect Excellent biocompatibility and highest osteogenic | [18]
ratio: 2.0 — 4.4) capacity for HA nanorods of aspect ratio of about
2.9.
6 | Rod shaped HA NPs Apatite formation only after 3 days of incubation | [240]
(Mean length: 161 nm in SBF i.e., excellent biomineralization capacity.
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and mean diameter: 52

Higher ability to protein adsorption (1213 + 178 pg

nm) protein the 24 h of incubation in FBS).
Favours cell adhesion, proliferation and spreading.

7 | Graphene  nanosheets/ Two times higher hardness of 242.06 MPa and | [257]
HA nanorods (40 wt %) Young’s modulus of 6.20 GPa than HA nanorods.
composites Better biocompatibity, osteointegration ability, and

cellular proliferation than HA nanorods.

8 | Glucosamine-grafted 2 times higher compressive strength (0.198 £ 0.030 | [209]
(9)-HA nanoplates (20 MPa) and compressive modulus (2.536 + 0.315
wt %)/sodium alginate MPa) than SA scaffold.

(SA) nanocomposite Enhanced osteoblastic proliferation of MG-63 cells
[87.6 % of porosity with than pure SA scaffold.

average pore size of The cell viability has obtained to be proportional to
about 184 pm (suitable g-HA nanoplates content (10 to 30 wt %) in
for bone tissue nanocomposite scaffold.

engineering)]

9 | Magnetic silicium HA Improved cellular proliferation and differentiation | [239]
nanorods (Fe and Si- in vitro than HA nanorods.
doped HA nanorods) Better ability to new bone formation in vivo than

HA nanorods.

10 | HA nanoplates (Length: 235 % increased Young’s modulus and 86.6 % | [14]
95 nm and diameter: 19 higher tensile strength as compared to neat N6
nm) coated Nylon (N6) fibers.
nanofiber biocomposite Enhanced cellular proliferation and differentiation
scaffold in comparison to pristine N6 nanofibers.

11 | HA nanorods (10 — 20 wt Enhanced in vitro biomeralization on composite | [252]

%)/poly (d, I) lactic acid
(PLA)
scaffold
[(Porosity: (84.46 + 2.17
— 80.18 + 0.78) % and
pore size: (183 + 60 —
117 £ 60) pm]

composite

scaffold (30 wt % of HA nanorods) as compared to
PLA scaffold.

Better cell viability and growth on composite
scaffold (10 wt % of HA nanorods) in comparison
to PLA scaffold.
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12 |HA nano rods/PLA 18 % higher degradation rate (1.9 %) after 5 days | [253]

biocomposite nanofibers of incubation in PBS than PLA nanofibers.
Excellent ability to form HA nanosheets based
layer on their surfaces after 7 days of incubation
with SBF.
Enhanced adhesion, proliferation and spreading of
MG63 osteoblast cells on their surfaces than PLA
nanofibers.
Superior ability of formation of new collagen and
bone tissue at defect region after the 12 weeks of
implantation than PLA nanofibers, i.e., Higher in
vivo biocompatibility.

13 | HA nanorods (20 wt %) ~ 15 % higher Young’s modulus (1.99 + 0.076 | [249]
reinforced MPa) and compressive strength (159 + 7 kPa) as
polycaprolactone (PCL) compared to ex-situ nanocomposite scaffold.
biocomposite  (In-situ) Higher in vitro bioactivity, cell viability and
porous scaffold proliferation against human osteosarcoma cells
(Porosity: >90 %) than ex-situ nanocomposite scaffold.

14 | HA nanorods/PCL 98.38 % and 127.60 % enhancement in tensile [250]
scaffold (8.59 MPa) and compressive strength (14.68

MPa) of 10 wt % HA nanorods/PCL than PCL
scaffold.

10 wt % HA nanorods/PCL scaffold significant
promote the cell adhesion, proliferation and
growth.

15 | HA nanorods (11.6 wt 8 % increased Young’s modulus (2.45 GPa), 65.7 | [246]
%)/collagen % higher tensile strength (228.9 MPa), 389.2 %
biocomposite nanofibers increased strain to failure (127.2 %), and 665.2 %

[Size of HA nanorods higher fracture toughness (231.1 MJ/m® than pure
(96 x 32) nm] collagen fiber.
16 | HA nanorods (30 wt 182.4 % increased tensile strength (209 +.16 MPa) | [28]

%)/collagen

biocomposite nanofibers

with 60 % increased elongation (58 + 0.18) % in

comparison to pure collagen fiber.
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Higher cellular viability after 5 days of culture than
pure collagen fiber.
Better proliferation and differentiation of U2-OS

cells than pure collagen fiber.

17 | Ultralong HA nanowires 63 times higher Young’s modulus for | [141]
(70 wt %)/ collagen UHANWS/Col (61.9 £ 7.2 kPa) than HANRs/Col.
(UHANWS/Col) and HA 4 times higher Young’s modulus for
nanorods (70 wt UHANWSs/Col scaffolds and 15 times lower for
%)/collagen HANRs/Col scaffold (0.99 + 0.02 kPa) than
(HANRs/Col) pristine collagen (15.0 + 2.3 kPa) scaffolds.
biocomposite scaffold Better cell adhesion and spreading on the surface

of UHANWS/Col scaffold for mesenchymal stem
cells than HANRs/Col and collagen scaffold.

18 | Ultralong HA nanowires 7 times higher compressive modulus (839.4 + 66.9 | [241]
(66.7 wt 9%)/collagen kPa) in dry state than collagen scaffold.
composites scaffold Releases 53.9 % of Ca and 36.1 % of P elements
[Porosity: 96.61 + 0.22 with sustained rate after soaking into silane
% (mimic the porosity of solution for 21 days i.e., good degradation
human cancellous bone)] property.

Better stem cell response than collagen scaffold.
Enhanced in vivo bone regeneration and
integration as compared to collagen scaffold.

19 | Ultralong HA micro or 6 times higher Young’s modulus (30 + 1.23 kPa) | [245]
nanoribbons (35 wt %) than pure collagen scaffold.
reinforced collagen 8 times slower degradation rate with weight loss of
biocomposite scaffold 12.72 + 2.98% than pure collagen scaffold.

(Porosity: 96.09 %)
20 | y-Fe203 NPs coated nano 3 times higher compressive strength (29.6+ 6.5 | [248]

HA/PVA (m-nHA/PVA)
composites scaffold

[Pore diameter: 1.6 £ 0.3
pum (For 10 wt % of m-

MPa) for 10 wt % of m-nHA content in composite
scaffold in comparison to PVA scaffold.

Increased adhesion and proliferation of osteoblast
cells on composite scaffold with increase in m-
nHA content from (10 — 50) wt %.
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nHA) and 7.8 £ 0.3 um
(For 50 wt % m-nHA)]

21 | Multiwalled carbon ~ 67 % enhancement in the Young’s modulus of 20 | [251]
nanotubes-HA nanorods wt % nHA/PP (~ 2.3 GPa) with respect to PP.
(MWCNTs-nHA) ~ 6.8 % higher tensile strength for 8 wt % nHA/PP
reinforced (~31 MPa) than PP.
polypropylene (PP) 0.3 wt % addition of MWCNTSs in 8 wt % nHA/PP
composite scaffold and 20 wt % nHA/PP enhances the tensile strength

up to 33 MPa and Young’s modulus up to 2.38
GPa, respectively.

Increased viability and proliferation of Saos-2 cells
on MWCNT (0.3 wt %)-nHA (20 wt %)/PP than
nHA (20 wt %)/PP scaffold.

22 |HA nanowires- More ability to form apatite sheet on their surfaces | [142]
Magnesium silicate after soaking into SBF for 4 days than CS scaffold.
(MS)/chitosan (CS) Increased proliferation of mesenchymal stem cells
porous scaffold (HA than pure CS and HANWS/CS scaffolds.

NWs-MS/CS) Higher osteogenic and angiogenic activity in vitro
than pure CS and HANWS/CS scaffolds.
Favoured the formation of newly bone as well as
blood vessel in vivo than pure CS and HANWSs/CS
scaffolds.

23 | Yb-doped HA The coating of CS with magnetic SrFe;2O1g | [247]
nanorods/magnetic CS nanoplates and incorporation of Yb dopants
nanocomposite scaffold stimulate the osteogenic and angiogenic activity of
(Yb-HA/m-CS) Yb-HA/m-CS scaffold in vitro and in vivo.

24 | HA nanofibers/PLA 5%, 4.9 %, 6.2 % 4.4 % enhancement in Young’s | [244]

and  PLA-grafted-HA
nanofibers/PLA

composite scaffolds

modulus, flexural modulus,

flexural strength of 5 wt % HA nanofibers/PLA

tensile strength,

with increasing the aspect ratio of HA nanofibers
from 70 to 100.

8.1 % and 18.5 % higher tensile (86 MPa) and
flexural (124 MPa) strengths for PLA-grafted-HA
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nanofibers/PLA than HA nanofibers/PLA at 10 wt
% of HA nanofibers.

e More apatite formation on the surface of PLA-
grafted-HA nanofibers/PLA composite after
soaking into SBF for 5 days.

25 | UHANWsS elastic | ¢  Unlike HA nanorods, superior ability to recover its | [242]

aerogel (porosity: 98.5 original shape after 60 % strain at compressive
% and density: 0.017 ¢ stress of ~ 27 kPa and efficient degradability.
cm) e Better cell adhesion and osteogenic differentiation.
e Higher rate of new bone as well as blood vessels
formation in defect area than HA nanorods after 3
months of implantation, promoting osteogenesis

and angiogenesis.

1.5.1.1. Controlling parameters for mechanical properties, biodegradation and biological
response of HA nanocrystals-based scaffolds

1.5.1.1.1. Effect of content of HA nanocrystals

The bio-mechanical response of HA nanocrystals-based scaffolds depends on the contents of
HA nanocrystals. For instance, Hay et al.[14] observed that the values of tensile strength and
Young’s modulus of HA nanoplates coated nylon 6 fiber scaffold increases by about 235 %
and 86.6 %, respectively, with respect to nylon 6 fiber. There are two reasons for such
improvement in mechanical properties of nanocomposite. (1) Formation of strong hydrogen
bonding between HA and nylon 6 fiber which causes good load transfer from matrix to fiber.
(2) Generation of micro-mechanical interlocking between HA nanoplates and surface of nylon
fiber. Also, the significant increase in cell proliferation and differentiation were observed on
composite scaffold in comparison to nylon fiber.

Similarly, Luo et al.[209] also demonstrated that increase of glucosamine-grafted HA

nanoplates (gHA nanoplates) from 10 to 20 wt % in gHA nanoplates/sodium alginate scaffold
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significantly improve the compressive strength in the range of (0.123 + 0.015 - 0.198 + 0.032)
MPa, Young’s modulus from (1.420 + 0.005 — 2.536 £ 0.315) MPa, as well as proliferation of
MG-63 osteoblast cells. Such enhancement in compressive strength and modulus attributed to
the hydrogen bonding between HA and sodium alginate.

Sun et al.[141] also elucidated that Young’s modulus of ultralong HA nanowires/collagen
scaffold increases from (15.0 + 2.3 — 61.9 £7.2) kPa with increasing the HA nanowires content
from (0 — 70) wt %. In contrast, Young’s modulus of HA nanorods/collagen scaffold decreases
from (15.0 £ 2.3 —0.99 £ 0.02 kPa) with increasing the HA nanorods content from (0 — 70) wt
% (Fig. 1.18 A) [141]. The detailed mechanism is discussed in next section.

In addition, it has been reported that increase in ultralong HA micro/nano ribbons content (0 —
35) wt % in HA micro/nano ribbons/collagen scaffold increases Young’s modulus from (5 *
0.8 — 30 + 1.23) kPa, and slower the degradation rate (Fig. 1.18 B) [245]. However, for 50 wt
% HA/collagen scaffold, Young’s modulus further reduces to initial value, 5 kPa, which might
be due to aggregation of HA within collagen matrix. Moreover, such scaffold also has an

excellent ability to recover their shape after 60 % of strain (Fig. 1.18 C).
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Figure 1.18. Mechanical and in vitro degradation response of HA nanocrystals-based
scaffolds. (A) Young’s modulus for pure collagen (Col), ultralong HA nanowires
(UHANWSs)/Col and HA nanorods (HANRs)/Col with varying content of HA nanocrystals.
Reproduced with the permission from publisher, Ref. [141]. (B) Weight loss in pure collagen
and HA micro/nanoribbons/collagen (HA/collagen) scaffolds after incubation in SBF
Reproduced with the permission from publisher, Ref. [245]. (C) Stress-strain curve and digital
images (inset), demonstrating the ability of HA/collagen to recover its shape. Reproduced with
the permission from publisher, Ref. [245].

In 2012, Ko et al.[244] also observed that 5 wt % HA nanofibers (aspect ratio:100) reinforced
PLA composite possess 13 % higher tensile strength (82 MPa) as compared to PLA due to
bridging of HA nanofibers, which delayed the failure. Moreover, Young’s modulus and

flexural modulus of HA nanofibers (aspect ratio ~100) reinforced PLA composite also increases
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from 4 to 5 GPa and 4.8 to 7 GPa, respectively, with increasing the HA nanofibers content
from 5 to 15 wt %. Lately, Pei Feng et al.[250] also reported that the tensile strength,
compressive strength, tensile modulus and compressive modulus of PCL scaffold enhances
from 4.33 — 8.59 MPa, 6.0 — 14.68 MPa, 136.03 — 348.35 MPa, 40.0 — 154.76 MPa on
reinforcing with 10 wt % of HA nanorods. Such amount of HA nanorods in HA nanorods/PCL
scaffold better promote the stress transfer within PCL matrix. However, on further increasing
the content of HA nanorods to 15 wt % reduces all the mechanical properties due to poor
dispersion of HA nanorods within PCL matrix. This mechanical feature of HA nanorods/PCL
scaffold is in between to cortical and cancellous bone. Moreover, cell adhesion, spreading and
proliferation is highest on HA nanorods (10 wt % )/PCL scaffold which is attributed to increase
in wettability of scaffold as well as ability to form bone-like apatite layer.

It can, therefore, be affirmed that the optimal content of HA nanocrystals can be helpful in
achieving the desirable properties for bone regeneration.

1.5.1.1.2. Influence of culture duration

Number of researchers varied the culture duration to achieve the optimal in vitro biological
response. As example, Liao et al.[251] optimized that the cellular proliferation on MWCNTSs-
nHA/PP scaffold increases with increasing the culture time, and eventually reaches to
maximum after the 10 days of incubation. Other research groups, e.g., Fan et al.[257] and
Zhang et al.[253] obtained the maximum cell density on HA nanorods/graphene and HA
nanorods/PLA scaffold after 4 and 7 days of incubation, respectively. In addition, Zhou et
al.[28] demonstrated that the viability and differentiation of cells increases on increasing the
incubation period of HA nanorods/collagen composite nanofiber scaffold from 1 to 5 days. Hay
et al.[14] and Luo et al.[209] also observed the identical variation of cell growth on HA
nanoplates/N6 fibers and gHA nanoplates/sodium alginate composite scaffold with culture

time of (1 — 5) days. Furthermore, Ma et al.[17] and Li et al.[239] found that osteogenic genes
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expressions, such as Runx2, osterix, alkaline phosphatase (ALP), OPN, OCN and col-I which
is the direct measure of osteogenic differentiation of cells, increases on increasing the culture
duration of different morphological HA nanocrystals as well as Si and Fe co-doped HA
nanorods from 1 — 21 and 1 — 14 days, respectively. Importantly, the bioactivity of scaffold
also increased with time (1 — 7 days) when soaked in SBF. It has been observed that 7 days is
the appropriate soaking time to attain the excellent bioactivity, as the clear HA nanoplates

formation appears on scaffold surface after 7 days of soaking (Fig. 1.19 A) [64, 75, 257].
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Figure 1.19. In vitro cellular and antibacterial response of various morphologies of HA
nanocrystals-based scaffolds. (A) Formation of HA nanoplates by soaking HA nanorods in
SBF for a period of up to 7 days. The SEM images are reproduced with the permission from
publisher, Ref [64]. (B) The stem cell response on scaffolds of HA nanoplates (a, e, i and m),
HA nanorods (b, f, j and n), HA short nanowires (c, g, k and 0) and HA long nanowires (d, h,

70



| and p). Reproduced with the permission from publisher, Ref. [17]. (C) ALP activity of
mesenchymal stem cells, cultured with various HA nanocrystals including irregular NPs of
aspect ratio of 2.4 (HA-0) and HA nanorods of aspect ratios of 2.9, 3.37 and 4.32 (HA-30, HA-
70 and HA-100). Reproduced with the permission from publisher, Ref. [18]. (D) Alizarin
staining of MSCs, cultured with HA-0, HA-30, HA-70 and HA-100. Reproduced with the
permission from publisher, Ref. [18]. (E) Schematic representing the mechanism towards
contribution of HA nanorods of different aspect ratios to osteogenic differentiation of MSCs.
Reproduced with the permission from publisher, Ref. [18].

1.5.1.1.3. Effect of morphology of HA nanocrystals

Sun et al.[141] demonstrated that ultralong HA nanowire (70 wt. %) /collagen scaffolds possess
63 times higher Young’s modulus, larger porosity, better biocompatibility as compared to HA
nanorod (70 wt. %)/collagen scaffolds. Such a vast difference in Young’s modulus in both the
scaffolds can be explained by the fact that unlike HA nanorods, high flexibility and aspect ratio
allows the ultralong HA nanowires to intertwine with each other while designing their
composite with collagen, which facilitate the strong interaction with collagen matrix. This
interaction becomes stronger with increasing the HA nanowires content up to 70 wt %. Ma et
al.[17] compared the biological response of HA nanocrystals with various morphological
features, such as HA nanoplates, long HA nanowires, short HA nanowires and HA nanorods.
It has been suggested that short nanowires demonstrate better cytocompatibility as well as good
osteogenic differentiation of stem cells. In contrast, long HA nanowires rather inhibit the
migration and spreading of stem cells, indicating lower cytocompatibility. On the other hand,
in spite of excellent cytocompatibility of both, HA nanorods and HA nanoplates, unfavorable
osteogenic differentiation of stem cells is observed. Fig. 1.19 B clearly shows that viability of

stem cells is maximum when cultured on HA nanoplates and least over the surface of long HA
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nanowires scaffold. Interestingly, this result also demonstrates the effect of aspect ratio of HA
nanowires on biological response.

1.5.1.1.4. Effect of doping

The doping in HA nanocrystals with Si, Sr, Fe, and Yb elements also confers the control over
cellular response and biodegradation rate [25, 239, 247]. Zhang et al.[25] improved in vitro
degradation of HA nanowires by reducing their crystallinity with the co- substitution of Si (0.56
to 3.06 wt %) and Sr (0 to 6.76 wt %) ions. Li et al.[239] reported that the substitution of HA
nanorods with Si and Fe aid to enhance the cell proliferation, differentiation, in vitro as well as
bone integration ability, in vivo, which is due to sustained release of Si and Fe ions. Tang et
al.[247] demonstrated that Yb doping in HA nanorods/magnetic collagen scaffold
exceptionally upregulates the osteogenic activity, bone growth and blood vessels formation
with the activation of Wnt, ERK and Smad pathways.

1.5.1.1.5. Effect of aspect ratio of HA nanocrystals

According to recent reports, biological properties of HA nanocrystals have also been
customized by variation in their aspect ratio and surface topography [18, 258]. Li et al.[18]
synthesized irregular HA NPs of aspect ratio typically 2.14 at room temperature and HA
nanorods with varied aspect ratio of about 2.9, 3.37 and 4.32 at temperatures of 30°C, 70°C and
100°C, respectively. It has been observed that smaller HA nanorods, due to their less crystalline
structure, facilitate stem cell proliferation better than larger HA nanorods. Moreover, HA
nanorods of moderate aspect ratio (2.9) exhibit the highest intracellular ALP activity
(Indication of early-stage osteogenic differentiation) [Fig. 1.19 C], the highest MSC
biomineralization (Indication of later stage osteogenic differentiation) [Fig. 1.19 D] and the
highest expression level for all osteogenesis related genes, including Osx, ALP, Col I, OCN
and OPN. In addition, possible mechanism behind the highest osteogenic activity of HA

nanorods of aspect ratio of 2.9 are also elucidated in Fig. 1.19 E [18]. In comparison to irregular
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HA NPs, HA nanorods can better promote the expression level of genes including, OCN, Col
I and ALP via WNT/B-catenin pathway. Meanwhile, Ca* ions also regulate the OCN, Col |
and ALP expressions with the promotion of Runx2 and Osx expressions. In addition, phosphate
ions also increase the expression level of OCN genes to speed up the osteogenesis process via
CAMP/PKA pathway. Moreover, smaller HA nanorods can enter relatively easily within the
cells via the endocytic pathway than larger ones, and HA nanorods can be partially dissolved
into lysosomal atmosphere. Therefore, dissolution of smaller sized and less crystalline HA
nanorods can increase the Ca and P ions concentrations within the stem cell, resulting in
enhanced osteogenesis related gene expression level. That’s why, HA nanorods of moderate
aspect ratio (2.9) displayed the highest osteogenic activity [18]. Recently, Ko et al.[244] also
showed that tensile strength of 5 wt % HA nanofibers reinforced PLA composite increases
from 77 to 81 MPa with increasing the aspect ratio of HA nanofibers from 70 to 100. HA
nanofibers filler of higher aspect ratio offers better stress transfer from PLA matrix to nanofiber
in PLA nanocomposite.

1.5.2. Antibacterial response of HA nanocrystals and its composites

Besides the mechanical, biological, and controlled biodegradation properties for a successful
scaffold, antibacterial features that prevent the implant from bacterial infection have also been
recently recognized among important requirements for prosthetic applications [259]. Bacterial
infections are a serious global issue, accounting for most orthopedic implant failures. Despite
the host immune defense system, bacteria readily adhere on the orthopedic implant surfaces,
leading to colonization, and the formation of three-dimensional biofilms. These biofilms
protect bacteria from immune cells, disinfectants and antibiotics [260]. The main bacteria
related to implant infection are Staphylococcus aureus (S. aureus) and Staphylococcus
epidermidis as gram-positive bacteria, and Escherichia coli (E. coli) as gram-negative bacteria

[261-263]. Pure bulk HA supports the bacterial growth [94, 264]. Nanotechnology has emerged
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as a promising approach to control bacterial growth in the past few years. The nano-sized
particles with a high surface area to volume ratio exhibit enhanced reactivity towards bacterial
cells, enabling them to show bactericidal effects. The most common underlying mechanisms
for the antibacterial potential of NPs include: a) damage to the bacterial cell membrane, b)
overproduction of ROS as an oxidative stress marker, and c) disruption in metabolism [265,
266]. Nano-sized particles can easily penetrate the bacterial cell and disturb the cellular
metabolism, which causes cell death. Moreover, NPs are also susceptible to higher production
of ROS due to the large number of reactive sites on their surface, which possess the significant
capability to reduce the intracellular molecular oxygen, resulting in ROS including, superoxide
anions (O27), H202 and *OH etc. [265] Few studies highlighted the antibacterial potential of
HA nanocrystals. For example, Kumar et al.[267] demonstrated that E. coli and S. aureus
bacteria, treated with HA nanorods, exhibit an inhibition zone with a diameter of 26 mm.
Baskar et al.[266] also observed the efficient antibacterial response of HA NPs against four
bacteria, i.e., E. coli, P. aeruginosa, K. pneumonia and Salmonella typhi. Gopi et al.[63]
showed that HA nanorods, fabricated using tartaric acid as a template, display the inhibition
zone of lower diameter (~1 mm) against gram-negative bacteria (e.g., E. coli and Klebsiella)
than HA nanorods, derived from natural sources, such as banana, grapes, and tamarind. The
diameters of the inhibition zone, against E. coli and Klebsiella bacteria, are reported to be about
14 mm, 12 mm for tamarind-derived HA nanorods, 13 mm and 11 mm for grape-derived HA
nanorods, and 11 mm and 9 mm for banana-derived HA nanorods, respectively. Such
enhancement in antibacterial activity of HA nanorods, derived from natural sources, has been
suggested to be attributed to the presence of few mineral ions, such as Na?*, Mg?* and Zn?".
Abed et al.[268] observed significantly lower bacterial growth on nHA (1.6 wt
%)/polycarbonate composite film than pure polycarbonate film. The diameters of the inhibition

zone for E. coli and S. aureus pathogens were 27 mm and 18 mm, respectively, which is
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significantly higher than polycarbonate film. The doping with elemental ions, such as Ag",
Zn?*, Mn?* and Co** makes HA nanorods as impressive antibacterial material, where the
antibacterial response is the function of doping content [94, 96, 134, 269]. The lysis of cell
membrane, either due to interaction of HA nanorods with their surface molecules via
electrochemical interaction or binding of metal ion with peptidoglycan layer of cell membrane,
inactivation of cellular enzymes to inhibit cell division, oxidative stress, and inactivation of
protein are the suggested mechanisms for the antibacterial activity of metal doped HA
nanorods. Te-doped (0.24 wt %) HA nanorods and moringa oleifera extract-capped HA
nanorods show better antibacterial response than pure HA nanorods [90, 92]. Recently, the
doping of HA nanorods with Zn?* ions have significantly induced the antibacterial response.
On increasing the Zn content from 1.1 to 5.5 of Zn/(Ca + Zn) %, the zone of inhibition also
increases from 09.14 + 0.12 to 13.12 £ 0.16 for Bacillus subtilis bacteria and from 07.10 £ 0.13
to 12.36 + 0.12 for Klebsiella pneumoniae bacteria. This is due to the release of Zn?* ions,
doped in HA nanorods, which bring the bactericidal effect around the bone implant [269].
Despite extensive research, the potentiality of HA nanocrystals-based scaffolds is still being
explored for bone tissue engineering applications.

1.5.3. Drug delivery

Osteomyelitis is a severe infection of the bone that typically arises from injury, fractures, or
surgery, and a major cause of implant failure. The primary causative pathogen of osteomyelitis
is Gram-positive bacteria; S. aureus, accounting for up to 90 % of the cases [270, 271]. Even
though various antibiotics are available, treating the bacterial infection is a worldwide issue
due to the difficulty in achieving an optimal antibiotic concentration at the infection site [272,
273]. Traditional drug delivery methods do not offer controlled drug release, resulting in low
bioavailability of the drug at infection site as well as spreading of drug in undesired areas that

causes various side effects [274]. Additionally, the effectiveness of antibiotics depends on the
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dosage and treatment time as bacteria continuously develop an intrinsic resistance by reducing
membrane permeability, breaking down the antibiotic, or altering its target [275-277].
Therefore, in a past decade, sustained drug delivery has been developed as an advanced strategy
to enhance the therapeutic efficacy of antibiotics [278]. It enables the prolonged drug release
that increases the bioavailability of drug at infection site while minimizing drug spreading at
unintended area [274]. For effective performance, a drug vehicle should hold various features,
including excellent biocompatibility, high drug loading efficiency, and a controlled drug
release response [279]. HA nanocrystals have recently emerged as an ideal drug delivery
vehicle due to their outstanding biocompatibility and extensive drug binding sites on their
surface. Number of previous studies showed the potentiality of HA nanocrystals as a sustained
drug delivery system for bacterial eradication [280, 281]. For instance, Li et al.[264] reported
antibacterial response in covalently bonded antimicrobial peptide “HHC-36” (which is grafted
with polymer brush) on Fe and Si co-doped HA nanorods. In this study, polymer brush grafted
HHC-36 peptide on HA nanorods was found to kill 99.9 % of E. coli and 99.5 % of S. aureus
bacteria. The combined action of covalent bonding of antimicrobial peptide related destruction
as well as physical damage by HA nanorods is suggested to be responsible for such antibacterial
response. Asghar et al.[282] loaded the ciprofloxacin (96 % efficiency) onto nickel-doped HA
NPs with 95 % controlled drug release. Such drug loaded HA controlled the bacterial growth
with inhibition zone of 22 mm for E. coli and 24 mm for P. aeruginosa strains. Geuli et al.[270]
also investigated the antibacterial activity of ciprofloxacin-loaded HA NPs coated on titanium
implants. It found the prolonged drug release up to 25 days, which significantly inhibited the
growth of Pseudomonas aeruginosa bacterial strain. Souza et al.[283] also inhibited the growth
of Enterococcus faecalis bacteria due to sustained release of doxycycline from HA
microspheres up to 7 days. Xiong et al.[158] also demonstrated that silver NPs (2.87 wt %)

loaded HA nanowires paper and antibiotic “ciprofloxacin (527.7 mg/g)” loaded HA nanowires
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paper exhibit inhibition zones of diameters about 9.2 and 9.7 mm against E.coli bacteria and
6.1 and 6.2 mm against S. aureus bacteria, respectively.

1.6. Motivation

Hexagonal HA possesses two distinct crystal planes, “a (b)-plane and c-plane”. Each type is
characterized by unique atomic arrangements with opposite charges. The first plane is
predominantly populated with Ca?* ions, providing a positively-charged surface. Whereas, the
later plane is abundant in PO4*> and OH" ions, giving rise to a negative charge. This charge
variation between crystal planes facilitates different morphologies of nHA (c-axis oriented HA
nanorods and a (b)-axis oriented 2-D HA nanoplates) to achieve various
properties/applications. In particular, bone, 3-D hierarchical structure, is primarily composed
of 2-D HA nanoplates with dimensions in range of 4 —10 nm in thickness, 30 — 200 nm in
length and width, which is uniaxially and longitudinally impregnated within self-assembled
collagen fibrils matrix. Such architectural arrangement endows high strength, good fracture
toughness, favorable biological response, and remodelling nature to the bone. Due to such
exceptional performance of living bone, there is remarkable interest in the scientific community
towards the development of bone-mimicking materials, i.e., 2-D HA nanoplates, to repair large
bone defects. Consequently, the synthesis of bone-like 2-D HA nanoplates becomes a key area
of interest. Until now, few research articles have been published on the synthesis of HA
nanoplates, based on chemical-precipitation, HT method, template-assisted technique [using
SDS, PEG and g-C3Ns as templates], and ultrasonic precipitation, as already discussed in
section 1.4.2.1. Unexpectedly, to the best of our knowledge, no article truly reflects the
morphology of bone apatite nanoplates. The precise control over the crystal growth of HA
along their a (b)-axis, i.e. [100] direction, for the creation of plate-like morphology is a quite
challenging task as compared to their c-axis, i.e. [001] direction, because crystal growth of HA

in nanorod shape is thermodynamically favourable due to relatively high surface energy of

77



their (001) face. Several pivotal studies also proved that the cytocompatibility, osteogenic, and
antibacterial response of nanostructured materials is significantly influenced by several factors,
including size, shape, concentrations, surface charge, ion release, crystallinity, hydrophilicity,
and agglomeration. However, such biological potential of HA nanoplates compared to other
shapes of HA nanocrystals is yet to be revealed. Moreover, the specific mechanisms underlying
these varied biological effects across different nHA shapes were not properly addressed.
Therefore, investigating the cytocompatibility, hemocompatibility, osteogenic, and
antibacterial response of HA nanoplates compared to other shapes of nHA, with special
emphasis on their surface chemistry and other aforementioned parameters, can significantly
provide a broad spectrum for their applications in prosthetic implants. Further, a number of
previous studies also showed the potentiality of HA nanocrystals as a sustained drug delivery
system for bacterial eradication. However, no detailed study has been performed on antibiotic
loading in HA nanoplates and their release behavior for bacterial growth control, compared to
HA nanorods. While it is well established that morphology and dimensions of HA nanocrystals
play a crucial role in modulating drug loading capacity, release kinetics, and their effect on
antibacterial efficacy. In view of the above, exploring the antibacterial potential of antibiotic-
loaded HA nanoplates with a detailed study in their drug loading and release behavior as
compared to HA nanorods can provide a biocompatible and sustained-release antibiotic drug

vehicle for effective bacterial eradication.

1.7. Objectives

The primary objective of the present thesis is to develop the bone-mimicking morphology of
HA nanocrystals, such as nanoplates, using biocompatible PVA as a surface capping agent via
the HT method. In addition, the cellular and antibacterial response of developed bone-like HA
nanoplates are investigated as compared to 1-D HA nanorods. Further, the antibacterial effect

of antibiotic-loaded HA nanoplates, in contrast to HA nanorods, is also explored.

78



The specific objectives of the present thesis are as follows:

(a) To systematically optimize the different experimental conditions, such as pH of precursor
solution, HT time, and PVA concentrations to obtain the desired shape of HA nanoplates
and to observe the corresponding change in morphology of HA nanocrystals.

(b) To conduct a thorough investigation to uncover the possible molecular mechanism
governing the formation of HA nanoplates, nanorods, and thin nanoplates obtained under
different experimental conditions, and to verify it from previous studies.

(c) To examine the impact of the morphology of HA nanocrystals on their surface charge,
oxygen vacancy, and wettability using zeta potential measurement, XPS, and contact angle
measurement, respectively.

(d) To investigate the cytocompatibility, hemocompatibility, osteogenic activity, and
antibacterial response of HA nanoplates along with other nHA morphologies, HA nanorods
and thin nanoplates.

(e) To explore the antibacterial effect of doxycycline hyclate (DOX)-loaded HA nanoplates
with detailed analysis of their drug loading efficiency and release profile, compared to HA

nanorods.
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