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Abstract

Hydroxyapatite (HAP, Ca;o(PO4)s(OH),) remains to be the foremost choice in biomedical field right from repair/replacement
for the damaged hard tissues to be acting as effective drug delivery agent for tissue healing. Though, HAP is similar in
composition with the mineral component of bone, some issues such as lack of mechanical and antimicrobial properties, low
degradation, lesser drug loading capability, lower stimuli responsiveness, and targeted deficiency have continuously posed
major challenges. However, enactment of various physicochemical, biological, mechanical properties can be improved by
articulating particles morphology, size, structure, porosity, synthesis technique, and ionic substitution into HAP structure.
Unique structure of HAP permits various anionic and cationic substitutions. Among the available synthesis routes,
hydrothermal and microwave-assisted techniques seem to be the most suitable techniques to synthesize HAP with close
control over desirable properties. This review primarily focuses on highlighting the customization of desirable properties by
controlling particles size, morphology, synthesis parameters, and substitution of mono/multi ions into HAP structure to
obtain a product appropriate for bone-tissue engineering and drug delivery applications.
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Highlights

o Effect of particle size and morphology on desirable properties of hydroxyapatite is explored.

¢ Influence of hydrothermal and microwave synthesis techniques and their governing parameters are discussed in detail.
¢ Role of mono and multi ionic substitution to control the desirable properties is discussed.

e Use of tailor-made hydroxyapatite is reviewed for bone-tissue engineering and drug delivery applications.

—

Introduction

Biomaterials are widely used to treat, evaluate, restore and/
or replace any tissue, organ, or function of the body, which
in turn improve the quality and span of human life. Bio-
materials offer promising solutions and can be used in the
human body to substitute or support the damaged parts [1].
Materials closely resemble to biological apatite are easily
digested and dissolved in the host tissue without any
adverse effects. Therefore, materials with chemical com-
position and molecular structures similar to natural living
tissue(s) offer good replacement. These materials have
proven their usage to replace or restore functioning of body
tissue and can work continuously or intermittently in
contact with body fluids. Biomaterials can be obtained
either from nature or can be synthetically prepared in
laboratory using variety of chemical methods involving
metallic compounds, polymers, ceramics, or composite
materials. These synthetic biomaterials had proven their
usage ranging from hard tissue engineering to the drug
delivery applications [2].

This paper comprehensively discussed the desirable
properties of hydroxyapatite as biomaterial and customi-
zation of its properties by controlling particle size, mor-
phology, and selected ionic substitution. This review is
divided into number of sections. The first section presents
introduction and general knowledge about biomaterials,
specifically elaborating hydroxyapatite and its desirable
properties. The second section focuses on customization of
properties by tailoring size, shape, and ionic substitution.
The third section discusses the role of most commonly
used synthesis technique viz. hydrothermal and micro-
wave and their operating parameters. The applications of
customized hydroxyapatite nanoparticles in bone-tissue
engineering and drug delivery field are discussed in fourth
section. Finally concluding remarks are presented with
future scope.

2 Types of biomaterials

Biomaterials in general can be categorized into four
major groups: biometals, bioceramics, biopolymers, and
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biocomposites. Application of particular biomaterial is
affected by the mutual biological reaction and adaptability
between the selected biomaterial and the host body.

2.1 Biometals

Biometals and alloys are generally used as load-bearing
implants to replace or support the hard tissue. Titanium,
stainless steel, and their alloys have been used since long as
bone/joint replacements, dental implants, surgical instru-
ments etc. Superior mechanical properties and biological
inertness are the important characteristics of biometals, but
at the same time it lacks biocompatibility, which raises
various associated problems in terms of degradation, dis-
integration, bonding with soft tissue, harmful metal ions
release in body, low bending strength, and metal corrosion
etc. [3].

2.2 Biopolymers

Polymers are generally made of small repeating units or
isomers bonded together to form long chain molecules [4].
These long chain molecules are formed either by primary
covalent bonding or by secondary bonding forces such as
vander waals along the backbone chain. Polymers are
fabricated into linear, network, or branched structures
depending on the functionality required from the repeating
units. Several types of synthetic polymers are used as
biomaterials, including polymethylmethacrylate (PMMA),
polyethylene, polystyrene, and polyvinylchloride. Polymers
offer wide range of physical and mechanical properties with
lower density as compared with metallic and ceramic
materials. Bioresorbable or biodegradable polymeric
implants eliminate the drawbacks associated with metal
or alloy implants, such as foreign body reactions,
mechanical properties in excess of the host tissue, and
subsequent surgeries to remove metallic implants. How-
ever, degradation rate of these biopolymeric materials is
not equivalent to the growth rate of new bone [5]. Cur-
rently, biopolymers are used for different applications
such as artificial organs, medical devices, aids treatment
and diagnosis, restorative devices, smart biological
systems, etc.
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2.3 Biocomposites

Composite is usually referred to the materials containing
two or more distinct constituent materials or phases.
These constituent components govern the physical and
mechanical properties of composites and hence, these are
more beneficial in comparison with homogeneous mate-
rials. In-fact, human hard tissues are in the form of
inorganic—organic nanocomposites [6]. In particular,
properties of a composite material depend on the size and
morphology of the heterogeneities, volume fraction
occupied by them, and the interface among the con-
stituents. Among composite materials, ceramics and
polymer based composites have exhibited promising
application as a biomaterial such as HAP/collagen, HAP/
chitosan—gelatin, HAP/chitosan/PMMA etc. [6].

2.4 Bioceramics

Bioceramics is a large class of inorganic nonmetallic
materials and include range of applications for repairing
and replacing hard tissues such as bones, hip-joints, and
teeth. The important characteristics of bioceramics include
biocompatibility, antimicrobial activity, bonding with soft
tissue, no foreign body response from host, and resistance
to pH change. These had reported better host tissue
response than polymers or metals [7]. Bioceramic materials
generally include ceramics, bio-glasses, and glass-
ceramics. Over the past few decades, bioceramics such as
hydroxyapatite, tricalcium phosphates, alumina, zirconia,
and Dbioactive glasses have undergone significant
advancements to improve human life by offering reliable
solutions to health care industry [8]. Bioceramics for
orthopedic applications have gained significant importance
because of associated problems of the other biomaterials
such as steel, cobalt alloys, and poly (methyl methacrylate)
[3]. To overcome associated problems and to find suitable
replacement, significant attention has been drawn to bio-
ceramics. Bioceramics exhibit excellent biocompatibility,
chemical stability, non-toxicity, superior corrosion resis-
tance, mechanical strength, and hence have been actively
employed in orthopedic applications since past few decades
[9]. Depending on their bioactivity, all these biomaterials

can be generally categorized into three main groups as
mentioned in Table 1.

3 Calcium phosphates

Calcium phosphate (CaP) bioceramics are widely preferred
as bone graft material in hard tissue engineering. These
materials are synthesized in numerous forms ranging from
granules, dense to porous particles, and even used as coat-
ings in dental and skeletal prosthetic applications. These are
easily accepted by host tissues because of the excellent
osteointegration and biocompatible properties. The main
reasons for the use of CaP in biomedical applications are
attributed to its similarity in phase composition and struc-
tural parameters with natural hard tissue, which assist in
formation/growth of new bone apatite, non-toxicity, and
bioresorbabilty to surrounding tissues.

Several CaP compounds can be derived (Table 2) to suit
any particular environment on the basis of the constituents,
their valence, and position in the crystal lattice. The stability
of CaP compounds is controlled by calcium to phosphorous
ratio, processing temperature, amount of water present in
the compound, and pH of the surrounding environment.
Their structural and spectroscopic properties along with
toxicity are the deciding parameters for their applications as
suitable biomaterial.

Among the listed CaPs, hydroxyapatite is the most
stable, bioactive (osteoconductive), non-toxic, non-
immunogenic material and as a result most favored for use
in biomedical applications [10].

4 Hydroxyapatite

Hydroxyapatite (HAP, Ca;o(PO4)s(OH),) is the most
important CaP compound found as mineral phase in natural
hard tissues. HAP acts as a reinforcement in natural hard
tissues and is responsible for the stiffness of bone, enamel,
and dentin. In cortical (compact) bone, its crystals are found
within collagen as needles oriented in the direction of the
fibers. HAP can be derived from synthetic or natural
resources. Synthetic HAP with stoichiometric composition

Table 1 Properties and applications of biomaterials according to their bioactivity

Biomaterials ~ Definition Examples Applications

Bioinert Stable, minimal interaction with Stainless steel, titanium, and alumina Joint prostheses, hip prostheses,
surrounding tissues dental implants

Bioactive Degrade gradually, interactions with HAP, bioactive glass, and glass ceramics Bone and dental filling
surrounding hard and soft tissues

Bioresorbable Materials slowly dissolve in body and Chitosan, gelatin, and polylacticpolyglycolic Tissue engineering

replace damaged tissues/organs

acid copolymers

@ Springer
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Table 2 Various CaP compounds with formula and Ca/P ratios [22]

Name Formula Ca/P  Acronym
Amorphous calcium n/a n/a  ACP
phosphate

Tetracalcium phosphate CaO(POy), 2.0  TetCP
Hydroxyapatite Ca;o(PO4)(OH), 1.67 HAP
Tricalcium phosphates Ca3(POy), 1.50 TCP

(o, B, v, and d)

Octacalcium phosphate CagH,(POy)¢:SH,O 1.33  OCP

Dicalcium phosphate CaHPO4-2H,0 1.0 DCPD
dihydrate

Dicalcium phosphate CaHPO, 1.0 DCPA
Calcium pyrophosphate Ca,P,0, 1.0 CPP
Calcium pyrophosphate Ca,P,07:2H,0 1.0 CPPD

dihydrate

of Ca/P = 1.67, has attracted much consideration for hard
tissue engineering due to its resemblance with the mineral
constituents of mammalian bone and teeth [9]. It is least
degradable form of CaP bioceramics with excellent bioac-
tivity and biocompatibility [9, 11]. HAP has demonstrated
strong chemical bonding with hard tissues [12] due to
osteoconductive, nontoxic, nonimmunogenic nature [7],
thus offers greater benefits in biomedical applications
compared with other bone substitute materials.

4.1 Structure of HAP

Crystallographic structure of HAP can be categorized as
monoclinic or hexagonal as per the space group. Mono-
clinic structure of HAP is not stable and can be destabilized
even by the presence of a small quantity of ions [13], so it
is of less practical importance as compared with hexagonal
structure. Whereas, hexagonal form of HAP is stable and
found in most biological apatites, but in nonstoichiometric
composition [14]. The unit cell parameters of crystal
structure are a = b =9.418 A and ¢ = 6.884 A [15]. Due to
the presence of OH™ group, it is called hydroxyl-apatite or
sometimes referred as calcium phosphate hydroxide. The
unit cell of HAP forms a sixfold symmetry with c-axis
perpendicular to other three equivalent axes (a;, a,, and as)
at angles 120° to each other as shown in Fig. 1. The Ca®",
PO,*~, and OH™ groups make up the closely packed hex-
agonal unit cell giving a molecular formula Ca;y(POy)g
(OH), [16]. The structure is formed by PO, tetrahedral
arrays retained by Ca ions intermingled among them. Ca
occupies two different sites, Ca (I) and Ca (II) in hexagonal
structure. Out of ten Ca atoms in HAP structure, four atoms
are positioned at Ca (I) and other six atoms at Ca (I) site.
The configuration can be pronounced as a phosphate
assembly parallel to the c-axis, intersected by OH™ ion
filled parallel channels. Ca (I) site atoms have different
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Ca2*(ll)

Fig. 1 Crystallographic structure of unit cell of HAP [206]

environments and are positioned in columns parallel to
OH™ channels. Ca (II) atoms organized in staggered tri-
angular arrays, formed the channel walls. Ionic substitution
can readily occur in these channels, which may account for
the high degree of substitution to mimic natural apatite
[13, 17]. The unit cells of HAP are structured along c-axis,
thus offering oriented growth preferred to obtain needle or
rod shape morphology [18].

4.2 Properties of HAP

Unique properties of synthetic HAP have justified its use as
biomaterial for hard tissue repair and replacement. The
degree of crystallinity, size, morphology, chemical com-
position, synthesis technique, and their aggregates, plays
crucial role in influencing HAP properties, in situ response,
and potential applications.

4.2.1 Biological properties

HAP has been widely used as artificial bone substitute
because of its favorable biological properties including:
biocompatibility, nontoxicity, bioaffinity, bioactivity, osteo-
conduction, osteointegration as well as osteoinduction.

4.2.1.1 Biocompatibility Biocompatibility is the ability of a
material to perform its desired function with respect to a
medical therapy, without causing any adverse local or
systematic effects in the recipient, but at the same time,
producing the most suitable beneficial tissue response in
that specific situation and thus optimizing the clinically
relevant performance of that therapy [19]. Cytotoxicity is
the quality of being toxic to cells. HAP is considered to be
noncytotoxic and biocompatible due to its similarity in
chemical composition with the bone. The biocompatibility
of HAP surfaces can be evaluated using cell--material
interaction studies such as attachment, proliferation, and
differentiation. Yoshimura et al. [20] synthesized nontoxic
and biocompatible fibers or whiskers of HAP using
hydrothermal method. Zhao et al. [21] synthesized rods-like
and spherical shape HAP particles and determined the effect
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of HAP nanoparticles and their morphology on osteoblasts
growth by the MTT method. Results demonstrated higher
absorbency value on the surface with spherical morphology.

4.2.1.2 Bioactivity It is the ability of the material to directly
bond with bone surface through formation of carbonate
apatite as a result of ion-exchange reactions, dissolution,
and precipitation with the physiological environment. Bio-
degradability is the ability of a material to be decomposed
or broken down by a biological organism. Bioresorbability
is the ability of a material to be gradually dissolved or
resorbed by cellular and/or metabolic process. The apatite
layer formation mimics the type of interface formed when
natural tissues repair themselves, thus enables an implant to
bond directly to host-tissue without requirement of physical
or mechanical attachment. HAP possessed excellent bioac-
tive characteristics, which is further function of chemical
stoichiometry, surface morphology, and crystallinity [22].

4.2.1.3 Osteoconduction It means that bone grows on a
surface. It is generally used in conjunction with implants to act
as scaffold or template to guide the newly forming bone on its
surface or down into pores, pipes, or channels [23]. Osteo-
conductive materials permit bone cell attachment, prolifera-
tion, migration, and phenotypic expression, leading to
formation of new bone-tissues, thus creating a strong interface.

4.2.1.4 Osteointegration It is the stable anchorage of an
implant achieved by the formation of bone-tissue sur-
rounding the implant without the growth of fibrous tissue at
the bone—implant interface [23].

4.2.1.5 Osteoinduction It means the recruitment of
immature cells and the stimulation of these cells to develop
into mature osteoblasts. This process is generally a part of
fracture healing and is accountable for the majority of newly
formed bone-tissue after bone fracture or an implant
incorporation [23]. HAP surface characteristics support
osteoblasts cell adhesion, differentiation, and bone growth
by creeping substitution from adjacent living bone. Exten-
sive research has been done over the past several years to
better understand the biological potential of HAP [24].

4.2.2 Mechanical properties

Despite its excellent biocompatibility, HAP material has
been limited mostly to non-load-bearing applications
because of its modest mechanical properties. HAP is sub-
jected to rapid wear, failure, and premature fracture of
implants [25]. To become viable bone replacement material,
mechanical properties of HAP need to improve to the level
of natural bone as listed in Table 3 but without compro-
mising its biocompatibility.

509
Table 3 Properties of both HAP and natural bone [9]
Mechanical properties Natural bone HAP
Young’s modulus (GPa) 7-30 40-120
Compressive strength (MPa) 10-230 300
Bending strength (MPa) 200 110-200
Fracture toughness (MPa/ml/ 2) 2-12 <1
Poisson’s ratio 0.30 0.27

Various methodologies have been extensively investi-
gated to enhance the mechanical properties of HAP, which
include adding dopants [26, 27], making composites
[28, 29], and controlling microstructures [30]. Mechanical
properties reported to be improved by synthesizing HAP
particles on nanodimensional scale, since the nano-sized
HAP particles exhibit apparently superior mechanical
properties in comparison with the micron-sized counter-
parts [31].

4.2.3 Antibacterial properties

Antibacterial property is very important characteristic
desired to reduce the chances of implant failures by pro-
viding resistance against infection, thus ensuring long term
stability. Lack of antibacterial properties is also one of dis-
tinct limitations of pure HAP. Major research is directed
toward improving the antibacterial property of HAP by
substitution of suitable ions into HAP structure [32]. As it
has been proved that certain metal ions can penetrate into the
bacterial cells and deactivate their enzymes whereas some
other metal ions can kill bacteria by generating hydrogen
peroxide [33]. The other way to improve the antibacterial
properties of pure HAP is to modify its structure for opti-
mum loading and release of antibiotic drugs [34].

4.2.4 Physicochemical properties

Physicochemical properties are evaluated through physical,
structural, and chemical analyses to determine phase purity,
size, shape, major element components such as Ca, P, Ca/P
molar ratio and presence of other trace elements silicon,
magnesium, sodium, potassium, strontium, zinc etc. HAP is
a bioactive material that undergoes in vivo ionization and its
dissolution rate depends on number of factors including
crystallinity, morphological parameters, and processing
conditions. HAP is easily soluble in an acidic medium while
remains insoluble in an alkaline state. It is slightly soluble in
distilled water. Moreover, HAP solubility in any medium
changes with the presence of proteins, enzymes, amino
acids, and other organic compounds. The biocompatibility
between implants and host tissues is influenced by HAP
solubility and associated chemical changes, which critically
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depends on crystallite size, shape, and porosity. HAP is
relatively insoluble under physiological conditions; thus it
behaves in thermodynamically stable condition at body
temperature [35].

Synthetic HAP has proved itself as proven and reliable
alternative for hard tissue engineering, but it has some
weakness including variable biological behavior at macro-
scale, low-load-bearing strength, low degradation rate etc.
Though, pure HAP possessed good osteoconductivity and
biocompatibility, still it lacks adequate bioactivity,
osteoinductivity to induce osteoblasts, osteogenic differ-
entiation of the stem cells to stimulate new tissue formation,
which is vital for restoration of bone defects and tissue
engineering [36]. These shortcomings can be improved and
superior HAP with customized properties can be formulated
by controlling the parameters discussed in next sections.

5 Customization of HAP properties

Despite chemical similarity of synthetic HAP with natural
apatite, potential replacement is limited due to inherent
limitations including lack of osteoinductivity, low degra-
dation rate, poor mechanical and antibacterial properties etc.
In addition, biological response in the form of bone
regeneration, cell adhesion and spreading, proliferation, and
differentiation etc. are functions of HAP material char-
acteristics, such as crystallinity, morphology, porosity, and
suitable ionic substitutions [37]. Therefore, to obtain
peculiar physicochemical, structural, and biological prop-
erties; precise control and customization are of critical
importance for potential applications.

5.1 Effect of particle size on HAP properties

One of the approaches to improve the performance of
synthetic HAP is by exploring the unique advantage offered
by nanotechnology. In this regard, uniquely structured HAP
particles with size <100 nm in at least one dimension is
perceived to be helpful and potentially ideal for orthopedic
applications. Nanodimesional HAP is the main mineral
component of natural bone. HAP in bone is in the form of
nanodimensional sized, needle shaped crystals having
~5-20 nm width and 60 nm length, embedded in collagen
fiber matrix with poorly crystallized nonstoichiometric
apatite phase [38]. Due to physical and chemical similarities
with the natural apatite, nano-form possesses exceptional
biocompatibility and bioactivity to bone cells and tissues.
The structures of natural bone apatite can be accurately
mimicked and replaced by formulating oriented aggregation
of nanodimensional HAP particles.

As compared with the bulk materials, physical and
chemical properties of nanomaterials are totally governed
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by their particle size and shape. Thus, synthesizing HAP
particles to nanodimensional size offered superior func-
tional properties of the replaced tissue, due to large surface-
area to volume-ratio and quantum effects generated due to
discrete nano structure. This improves the contact reaction
and the stability at the artificial/natural bone interface.
Therefore, nanodimensional domain is very important area
to study. From the biomimetic point of view, significant
improvements in biological properties have been observed
when crystallite size of HAP approaches to nanoscale.
Smaller crystals of nanodimensional phase offered better
proliferation and viability of various cells. Thus, synthe-
sizing HAP particles to nanodimensional scale offers great
potential to revolutionize the biomedical field starting from
hard tissue engineering to drug delivery carriers for tar-
geted healing.

Nanodimensional HAP particles have emerged as viable
solution to treat the infections by acting as nanocarriers for
antibiotics [39], genes [40], proteins [41], and various drugs
due to their exceptional bioactivity, biocompatibility, and
nontoxicity [42, 43]. Reports suggested that nanodimen-
sional HAP exhibited better interaction at implant—cell
interface as compared with microndimensional particles
[44]. Compared with the macro size formulations, nano-
phase HAP particles exhibit properties, such as grain size,
pore size, surface area, wettability etc., which influence
protein interactions in the form of bioactivity, adsorption,
configuration, thus regulating subsequent osteoblasts adhe-
sion and long-term functionality [45]. More to the point,
nanodimensional HAP has shown better bioactivity than
coarser crystals [46]. Use of nanodimensional HAP reported
to promote the bone remodeling process by enhancing
osteoclasts (bone-resorbing cells) functions at implant sur-
face [45]. Furthermore, it has been demonstrated that nano-
HAP particles with diameters of ~20 nm have shown best
effect on promotion of cell growth and inhibition of cell
apoptosis on human osteoblast-like MG-63 cells in vitro as
compared with ~80 nm [47].

Despite variety of applications for dental and orthopedic
repair and restoration, conventional HAP exhibits poor
mechanical properties, which limits its use. It is believed
that nanodimensional HAP, when densified with nanoscale
grains, provide improved strength. It has been well docu-
mented that mechanical properties of nanopowders are
governed by its particle size, orientation, and morphology
[30]. Nanodimensional HAP particles have exhibited
improved mechanical properties as compared with micro-
ndimensional counterparts [48]. Significant improvements
in bending properties, such as bending modulus, bending
strength, flexural rigidity, and bending structural stiffness
have been exhibited by nanodimensional HAP particles due
to changes in surface porosity, grain boundaries, crack
initiation sites, which makes it preferable orthopedic and
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Fig. 2 Different forms of particle
morphology
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dental implant material [49]. Mechanical properties, such as
hardness and toughness of nanodimensional HAP particles
appeared to increase with the reduction of grain size from
micrometer to nanometer scale [31]. HAP nanoparticles
(~67nm) exhibited higher surface roughness (17 nm) as
compared with surface roughness of 10nm shown by
micron-dimensional particles (~180nm). High surface
roughness enhances osteoblast functions by influencing the
bonding strength. Interfacial interaction between HAP
nanoparticles and various substrates has shown that bonding
strength is not only effected by the nature of functional
groups on the substrate but also by surface roughness
matching between nanoparticles and substrate [50]. Studies
revealed that nanodimensional HAP has significantly lower
contact angles (6.1) in comparison with the submicron-
dimensional HAP (11.51) particles.

In addition, nanodimensional HAP particles provide
porous structure with the diameter of individual pores
reported to be very small (~ 6.6A) than that in the
microndimensional HAP particles (19.8-31.0 A) [51).
Porous structure improves the osteoinduction as compared
with the particles having smooth surfaces and nonporous
structure [52]. Particles of nanocrystalline structure offer
large surface area, which in turn improve the sinterability
and increased densification [53]. The specific surface area
of nanodimensional HAP particles exceeds 100 m?/g,
whereas their counterpart micro-dimensional particles
have lower surface area (typically 2—-5 m?/g), thus offering
poor sinterability [54]. Nano-structured hierarchical
designs of HAP have shown higher drug loading and
favorably release characteristics [55]. Nanoparticle based
drug delivery systems have proven their ability to deliver
larger quantity of drug (high payload), prolonged drug life,
improved drug solubility and have shown sustained, sti-
muli-responsive, targeted drug releasing abilities [56]. In
situ incorporation of ciprofloxacin into HAP nanoparticles
exhibited antibacterial ability of HAP against S. aureus
and E. coli bacteria causing osteomyelitis without com-
promising bioactivity and cytocompatibility of HAP par-
ticles [34].

Contemporary research has been directed toward the
development of nanodimensional HAP formulations accu-
rately mimicking the natural hard tissue for better bio-
compatibility, but at the same time improving the other
lacking properties, such as strengths etc., aiming for better
and more effective biomaterial.

Flower-like

Dumbbell-like Spherical

Rod-like

5.2 Effect of particle morphology on HAP properties

Morphology is the form of study comprising size, shape,
and structure. Functionality of nanoparticles can be effec-
tively controlled by controlling their morphology. Mor-
phology like plate-like, flower-like, rods-like, spheres-like
as shown in Fig. 2, can be obtained by controlling synthesis
technique and its controlling parameters. HAP particles
with different morphologies have exhibited different
performances.

In recent years, nanorods-like morphology of HAP par-
ticles has gained a lot of consideration. Natural bone is a
nanocrystalline, inorganic material with rods-like micro-
structure [57]. Several studies confirmed that one-
dimensional structure substantially enhance the mechan-
ical properties of nanopowders by offering dense micro-
structure with high strength and fracture toughness (such as
nanorods, nanowires, and nanofibers) [58]. Nanorods-like
particle morphology not only possessed desirable bioactiv-
ity and biocompatibility but also better absorbability, as
underlying Van der Waals interactions are proportional to
the large area offered by the rods [11].

It has been reported in recent studies that diverse
nanostructures have different loading and releasing effi-
ciencies for specific drugs [59]. Therefore, amount of drug
absorbed and release mechanisms can be regulated by
developing particular nanostructure of HAP particles.
Researchers have reported that narrow particle morphology
(nanorods) to be more advantageous over spherical coun-
terparts in targeted drug delivery applications, as they
adhere more effectively to endothelial cells [60]. Rods-like
crystals exhibit large surface area as compared surface area
of hexagonal crystals faces, which positively affect the
adsorption property, thus proved to be effective drug car-
riers with enhanced protein adsorption due to greater
charging surface efficiency [61]. Nanorods-like structure
has demonstrated better drug loading and controlled release
properties for ibuprofen drug [62]. The micron and meso-
porous carbonated HAP microspheres have also exhibited
good drug loading efficiency [59]. Studies revealed that
physical structure of HAP particles influenced the produc-
tion of the pro-inflammatory cytokine IL-18 in human
monocytes. Needle-shaped particles have demonstrated the
greatest influence on production of IL-18 and other
inflammatory cytokines as compared with spherical and
other irregular shaped particles [63]. High aspect ratio of
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Fig. 3 Classification of porous
structures [207]

Non-porus
(Dense structure)

nanorods-like morphology has shown increased specific
attachment and reduced nonspecific attachment to their
target compared with their spherical counterparts [64].

Nanoparticles with porous structure offer large specific
surface area, large pore volume, number of internal and
external surfaces that offer good bonding with host tissues
as well as very good carriers for drugs and proteins, thus
showing wider application prospects [65]. Porous structures
can be categorized into macroporous, mesoporous, and
microporous depending upon pore-size as shown in Fig. 3.
Studies of porous CaP nanospheres observed that larger and
agglomerated porous spheres could delay drug release
process, thus can be used as perfect drug carrier for the
therapy of skeletal disease [66]. Porosity of HAP structures
has proved to be a crucial factor, not only for efficient and
targeted drug delivery but also vital for other histological
responses associated with bone and bone-tissue ingrowth.
Although porous structures have shown much higher drug
loading and release characteristics, but at the same time,
strength of structure decreased with the increase in porosity
[67]. Compressive strength has been influenced not only by
the total porosity, but also by the pore size [68]. So, there
must be proper balance between strength and porosity of
HAP structures to achieve required mechanical properties
with optimum drug loading capacity.

5.3 Effect of ionic substitutions on HAP properties

Pure HAP is considered to be incompetent for use in bone-
tissue engineering applications, especially in load-bearing
applications, due to inherent brittleness and lack of
strength. Another important limitation is the high degree of
crystallinity, which reduce degradability of pure HAP when
embedded into the tissues. The composition and structure
of HAP depend on the presence of the substituted ions [16].
It has been reported that the biological response of pure
HAP can be improved to suit a particular environment by
doping/substitution of HAP with suitable ions. Inclusion of
specific elemental substitution alters the crystal structure,
improves biocompatibility and bioactivity, enhances the
osteoclasts and osteoblasts response, which further help in
bone regeneration processes [25]. The substitution of phy-
siologically relevant ions into HAP structure positively
influences the physicochemical properties such as osteo-
conductivity, crystallinity, solubility, thermal stability
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Fig. 4 Various ions substitution site in HAP structure projected along
c-axis [208]

[69, 70], lattice parameters [71], and improve its bio-
compatibility and bioactivity [72]. Also, research on ions
substitutions in HAP is relevant and useful to better
understand biomineralization process, critical properties,
increase in bioactivity, and acting as drug carrier to treat
bone infections. Therefore, studies regarding synthesis of
nanodimensional HAP and its substitution with the various
ions have become the subject of interest since last few
decades.

A variety of cationic and anionic substitutions into HAP
structure are possible due to high flexibility and stability
offered by HAP structure as shown in Fig. 4. It has been
demonstrated that desirable properties of synthetic HAP can
be enhanced by the incorporation of selected ions such as
cations (Sr*", Zn*", Na®, Mg®", K*, Mn*") or anions
(F~, CI~, HPO,*~, SiO,*~ or CO52") into its lattice structure
[73]. These substitutions play crucial role in the biological
activity influencing particle morphology, structural size,
solubility, and surface chemistry of HAP [74]. These sub-
stitutions induce specific biological responses on cells [70].
HAP crystal structure can accommodate substitutions of
Ca*", PO,’~, and OH™ groups by various other ions.

5.3.1 Cationic substitutions

Cationic substitutions can replace Ca>" ions in HAP crystal
structure. Some cations that can be substituted into HAP
include Sr**, Zn?*, Mg*", Mn?>" etc. The cations with
radius smaller than Ca®", such as Zn*", Mg?" and Mn*"
accommodate in site Ca (I), while larger radius cations like
Sr?* accommodate in site Ca (II) [16]. Properties of HAP
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including crystal structure, morphology, stability, solubility,
surface charge, and bioactivity are affected due to the
incorporation of such cations [13]. Hence, effects of sub-
stitution of some key cations on HAP properties have been
discussed in this section.

Magnesium (Mg) is the fourth most abundant cation
found in the human body. It is reported to play a significant
role in bone metabolism by stimulating osteoblast pro-
liferation, in particular during the initial stages of osteo-
genesis and its depletion causes bone fragility [75]. It
positively affects osteoclasts, osteoblasts activities, and
thereby influences bone growth. Substitution of Mg ions
inhibits the nucleation and growth of HAP crystals [17, 76].
Its incorporation into HAP lattice causes lattice distortion
and reduction in lattice dimensions due to its smaller ionic
radii (0.065 nm). Its incorporation for Ca in HAP crystal
structure occurs up to 10 mol% occupying Ca (II) positions
[77, 78]. Mg-substituted HAP showed decrease in crystal-
linity with the increase in Mg content [78, 79]. Its incor-
poration into HAP exhibits increased solubility in
comparison with pure HAP [80]. It has been reported that
Mg incorporation positively affects the hydration state on
HAP surface, resulting into retention of more water mole-
cules at their surface [81]. As far as mechanical properties
are concerned, compressive strength and micro-hardness
reported significant decrease with the incorporation of Mg
content up to 1.8 wt% [82]. On the other hand, fracture
toughness increased with Mg substitution up to 0.6 wt%.
Furthermore, experimental studies revealed reduced grain
size and increased porosity of HAP structure owing to Mg
substitution [82, 83].

Strontium (Sr) is another cation present as trace element
in bone and plays a vital role in mineralization of bone-
tissues [84]. Inclusion of Sr** jons into HAP lattice has
shown improved biocompatibility and bioactivity due to
increased solubility, thus reported to promote osseointe-
gration process [85]. Recent studies revealed that incor-
poration of Sr** into HAP structure enhanced osteoblasts
and inhibited osteoclasts activity during bone remodeling
process [32, 84]. However, in vitro studies disclosed that
bone cell interaction varies with Sr>* concentration level,
which simulate osteoblast activity in low range (3—7 wt%)
but decreases with the increase in Sr** level [69]. As
compared with pure HAP, mechanical properties have also
shown significant improvement with the substitution of Sr**
into HAP [86]. Kim et al. reported increase in vickers
hardness with the addition of Sr** ion. [87]. Antibacterial
properties have seen improvement with addition of Sr**
[32]. Furthermore, amount of Sr*" substitution strongly
influences the lattice parameters and crystallinity of HAP
crystals. Various reports have demonstrated that lattice
parameters (both a-axis and c-axis) have increased steadily
with the increase of Sr** content into HAP crystal structure.

However, little/no effects have been observed on crystalline
phases of HAP at low Sr** ion concentration (<1.5 wt%)
[27]. Sr>* addition has resulted into nanorods-like mor-
phology, which resemble with natural bone mineralogy and
proved to be effective medium for targeted drug delivery
[88]. Porous nanodimensional material with better resorp-
tion has been reported with the addition of Sr** ions [72].
Thus, evidence of effectiveness of Sr*t substitution on
structure and properties of HAP has aroused interest of
researchers toward Sr substitution in HAP.

Zinc (Zn) is known to be an important mineral of natural
apatite. Zn is reported to enhance bone formation by
osteoblast  proliferation, biomineralization  processes
[89, 90]. It is involved in numerous enzyme reactions,
including DNA and RNA replications and protein synthesis.
Zn assists in various metabolic mechanisms responsible for
normal bone growth and development and its deficiency
results in decrease in bone density [91]. However, biolo-
gical performance of Zn is dependent on its release beha-
vior. The ions release required during bone-tissue
regeneration should be controlled and slow [92]. As ionic
radius of Zn (0.075 nm) is smaller than Ca (0.099 nm), it
can be quantitatively substituted into HAP lattice at Ca(Il)
site by direct synthesis exposed to mild conditions [93]. Its
doping into HAP lattice improves thermal stability, reg-
ulates morphology and crystallinity [94]. Inclusion of Zn
inhibits the growth of HAP crystals and stoichiometry is no
longer maintained because Ca/P ratio decreases on
increasing Zn mol%. Crystal strain reported to increase with
the increase in Zn concentrations, which further reduces the
crystallite size [94] and decreases crystallinity with
increasing Zn content [95]. Zn-substituted HAP exhibits
irregular morphology, with agglomerates grow in size with
increasing Zn amount. The Zn-substituted HAP powders
showed high phase purity up to 800 °C, beyond which
B-TCP started to appear [73]. FTIR analysis showed that
HPO,*~ increased whereas OH ™ decreased with the
increase in Zn amount [73]. In vitro analysis in simulated
body fluid showed the formation of CaP layer at the per-
iphery of the Zn-substituted HAP particles. This biologi-
cally active layer improves the chemical bonding between
HAP and bone [96].

Cerium (Ce) exhibits behavior similar to Ca in organ-
isms. It has been reported to accumulate in small amounts in
bones and assists in stimulation of metabolism in organ-
isms. Previous researches have indicated that Ce possesses
antibacterial properties and can play a vital role in pre-
venting caries [97]. Doping of Ce?* ions into HAP structure
increased solubility, which further helped to improve anti-
bacterial properties and biodegradability. Decrease in
crystallinity and crystal size have been reported upon sub-
stitution of Ce* ions. Furthermore, particle morphology
changed from nanorods to long needles with increasing Ce
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content [98]. Ce doped HAP coatings has demonstrated
good biocompatibility and encouraged osteoblast cell affi-
nity [99]. However, only limited studies have been reported
so far on Ce-doped HAP particles to ascertain its effect on
HAP properties and, thus requires further exploration.
Manganese (Mn) is another important cation responsible
for various metabolic mechanisms of bone and greatly
influences the bone remodeling process. Its deficiency in
bone causes various deformities, such as decrease in bone
length and thickness [100]. Mn ions replace Ca ions up to
one atom per unit cell in HAP structure (5.5 wt%) at Ca (I)
position, causing slight rotation of PO,> ions [101]. Sub-
stitution of Mn in HAP showed inhibitory effect on crys-
tallization [100, 102]. In Mn-substituted HAP, partial
transformation of HAP into B-TCP occurred at 600 °C as
Mn entered f-TCP phase more easily than HAP phase.
Calcination of Mn substituted HAP showed decrease in
lattice parameters of B-TCP as compared with HAP [103].
In vitro tests of Mn-substituted HAP have shown no cyto-
toxicity effect with osteoblasts cells [104]. In addition, Mn-
substituted carbonated HAP coatings deposited on titanium
substrates reported to assist in metabolism activation,
osteoblast differentiation, and proliferation [105].

5.3.2 Anionic substitution

Generally, most appropriate anionic substitutions in HAP
involves substitution of CO5>~ for PO,>~ or OH™ groups
and F~ for OH™ groups [106]. The trivalent anionic phos-
phate sites cannot accept vacancies, because the trivalent
anions are quite large and vacancies destabilize the lattice
[107]. An important feature of HAP is the occurrence of
hydroxyl ions in same unit cell. The anions such as F—, CI,
HPO,>", SiO,*~ or CO3*~ are used for substituting hydro-
xyl and phosphate groups, respectively in the HAP lattice.
Anionic substitutions like PO4*~ groups by HPO,*>~ and
CO5*>~ and OH™ by F~ reported to improve the surface
properties and modify the thermal stability of HAP [108].

Carbonate (CO3*~) Biomimetic HAP contains sig-
nificant amount of CO;>~ jons. Presence of CO5>~ ions in
HAP increases its solubility as well as resorption rate
relative to pure HAP [109]. Incorporation of CO;>~ replaces
PO,>" ions, thus increases the Ca/P molar ratio beyond
1.67, which results into nonstoichiometric HAP, known to
be less thermally stable [110]. Substitution of CO32_ inhi-
bits HAP crystal growth resulting into poorly crystalline
structure with enhanced solubility [17].

Fluorine (F~) exists in human bones and teeth as an
essential element against dissolution. The presence of
fluorine in blood plasma and saliva is essential for normal
skeletal and dental development. It is homogeneously dis-
tributed in bone-tissue and within the thin outer layer of
tooth enamel. Substitution of F~ ions into HAP structure
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stimulates the formation of bone-tissue and thus improves
osteoblast response in terms of adhesion, differentiation,
and proliferation processes compared with pure HAP. Its
substitution assists bonding between bone and implant and
strengthens bone structure [111]. As it offers low solubility,
thus helps to prevent demineralization of bone. It also
provides good acid resistance that is necessary for teeth
[112]. Appropriate amount of F~ promotes mineralization
and crystallization of HAP in bone forming process,
whereas high F~ concentration in bone can lead to severe
adverse effects like osteomalacia [113]. F-substituted HAP
exhibits good biocompatibility, low solubility, and better
thermal and chemical stability than pure HAP [114].
Moreover, F~ substitution can cause an increase in crys-
tallinity, decrease in crystallite size and crystal strains of
HAP [115].

Silicate is one of the essential trace element present in
bone and has been reported to play key role in biominer-
alization process, osteoblast differentiation, osteoclast
development, and resorption activities, thus accelerating
metabolism between bone and host tissues. The simplest
route for Si inclusion in HAP is the substitution of SiO4*~
ions for PO4>~ groups. Previous researches have suggested
that substitution of Si improved the biocompatibility of
HAP for bone regeneration by offering osteointegration.
Bioactivity of HAP improved after incorporation of Si
[116]. The addition of Si in HAP crystal structure inhibited
the crystal growth and confirm the reduction in crystallite
size [117, 118]. Bioreactivity has also shown improvement
as compared with pure HAP after Si inclusion in crystal
structure [119]. Besides, substitution of Si has shown to
supply the essential ions helpful in biological interaction for
bone regeneration [120, 121]. Si-substituted HAP under-
goes faster dissolution preferentially around the grain
boundaries and promotes biomimetic precipitation of HAP
by creating crystalline defects by charge compensation
[122]. Si substitution helps to create finer HAP micro-
structure by influencing electronegativity on surface [123].
Moreover, mechanical properties like diametral tensile
strength improved for Si-HAP particles [124]. However,
high Si level (<2 mol%) has shown reduction in crystal size,
which resulted into fast dissolution of the implants, thus not
suitable for bone cell attachment for prolonged time periods
[125]. The amount of Si incorporation into HAP is bene-
ficial to maximum value of 5 wt% [116, 126]. It has been
reported that about 1 wt% is enough to induce key bioactive
improvements. Si-HAP coatings have shown their potential
in terms of drug delivery vehicles [127]. High reactivity of
Si-substituted HAP has been attributed with the increase in
thermal ellipsoid dimension of H atoms present parallel to
the c-axis [18].

Sulfate is another essential anion employed for recon-
struction of skin cells, nails, hairs, and cartilage. It is
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reported to be fourth most abundant anion in blood plasma
and is important for proper functioning of human cells
[128]. Alshemary et al. [129] successfully substituted sul-
fate ions into HAP structure via microwave irradiation
technique by varying concentrations of SO,* in the range
of x =0.05-0.5, using Ca (NOj3),-4H,0, (NH4),HPO,4, and
Na,SO, as starting materials. Results confirmed the nano-
dimensional (41 nm) needle shaped morphology with
homogenous and uniform distribution but with reduced
crystallinity. Toyama et al. [130] synthesized sulfate-
substituted HAP from ACP i.e., Ca3(PO4),-nH,O and
Na,SO, using hydrothermal processing at 220 °C for 3 h.
They concluded substitution of HPO,*" ions with SO4>~
ions, due to similarity in radii and valences.

5.3.3 Co-substitution of ions

In order to accurately mimicking of chemical composition
and other desirable properties pertinent to natural apatite,
synthetic materials must be synthesized with co-substitution
or multi-ionic substitutions. These co-substitutions of ele-
ments into HAP structure reported to introduce desirable
effects of more than one ion/element on various properties
as compared with pure or mono-ionic-substituted HAP
particles. In co-substitution, simultaneous substitution of
both cationic and anionic elements has been reported. It
involves the substitution of cations like Sr**, Ce?t, Na™,
Zn*t, Mg2+, Mn*", etc. for Ca®* sites accompanied by the
substitution of PO,>~ by CO;>~, SiO,*", or OH™ by F~.
This co-substitution ensures the neutrality of apatitic
structure. The cation—anion co-substitution in HAP reported
to affect its morphology, lattice parameters, crystallinity,
and crystallite size. Essential trace elements like Mg, Na, F,
K, Cl, and CO32’ etc. of natural bone have been success-
fully co-substituted to produce the materials with favorable
properties [131]. Results have demonstrated enhanced
degradability and improved drug loading and release char-
acteristics as compared with pure or single ion doped HAP
materials. When two or more elements are doped in HAP
structure, the substituent can have a synergistic or antag-
onistic effect on the properties of HAP. For example, Mg”"
and CO5>~ co-substitution exhibited synergistic effect on
the crystallinity and dissolution properties of synthetic
HAP, whereas, CO32_ and F~ have antagonistic effect with
F~ being more dominant.

Strontium and magnesium co-substitution destabilized
the HAP structure. Increase in Mg content showed increase
in B-TCP phase, both with and without Sr co-substitution
[132].

Magnesium and Zinc co-substitution in HAP crystal
structure exhibited excellent biocompatibility and biological
properties [93]. Co-substitution of these ions destabilized
the apatitic structure, increased HAP crystallization, and

reduced the decomposition temperature of HAP. Incor-
poration of Zn>*/Mg>* ions partially substituted the Ca>"
ions in apatite lattice, thus decreased the crystallite size and
crystallinity of HAP particles. The substitution limit is
reported between 15 and 20% for Zn and <10% for Mg.

Magnesium and Fluorine co-substituted HAP (CagMg
(PO4)(OH),_,F,), (y =0, 0.5, 1, 1.5, and 2) has shown that
structural and sinterability properties depend on F~ con-
centration and calcination temperature [133]. For tempera-
ture between 950 and 1250 °C, calcination of samples
without F~ and low concentration of F~ (y = 0.5) occurred
due to solid state diffusion mechanism, while in the samples
with higher F~ (y>0.5) at 1100°C, a liquid phase was
present, which increased with the increase in calcination
temperature. The liquid phase induced crystallization of
needle shaped crystals, which reduced the densification of
HAP. The substitution of Mg>" ions resulted in reduction
of lattice parameters and exhibited better biocompatibility,
biological properties than pure HAP nanopowder.

Strontium and Cerium co-substitution has shown
improvement in bioactivity and antibacterial property [134].
Report on strontium and silicate co-substitution via the
hydrothermal technique showed an increase in lattice con-
stants and improved degradability of materials with
increased level of substituent [135].

Sulfate and Strontium co-substitution has not been
reported so far to the best of authors' knowledge, which
makes it potential area of research to combine the desirable
effects of strontium and sulfate into HAP structure. When
doped individually, Sr increased bioactivity and bone
remodeling [32, 84], whereas, sulfate improved the cell
functionality [128].

6 Synthesis techniques for HAP

From the perspective of numerous applications, HAP
nanoparticles need to be synthesized by simple and envir-
onmental friendly techniques that yield it in large quantities
in order to justify their production and use. Nanodimen-
sional HAP particles have been synthesized by a variety of
techniques, such as wet chemical [136], sol-gel [137],
hydrothermal [138], mechano-chemical [139], solid-state
reaction [103], microwave [140], co-precipitation [141], and
emulsion techniques etc.

With the use of these techniques, variety of HAP struc-
tures, such as particle shape (needles, fibrous, rods, plates,
flowers spheres) and size (nanometer, micrometer) can be
synthesized [142]. Although various techniques have been
reported to synthesize diverse nanostructures of HAP par-
ticles, each technique has its own advantages and dis-
advantages. In case of a sol-gel technique, HAP
nanoparticles with high purity and homogeneity can be
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Fig. 5 Crystallization of rods-
like HAP nanoparticles using
hydrothermal method [153]
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easily obtained using simple devices at low temperatures
[143], however, it requires vigorous stirring, long time for
hydrolysis, and good pH control. Co-precipitation technique
is another simple and low cost technique useful for the
synthesis of biomimetic needles-like/nanorods-like or
spherical nanoparticles [144]. But, it is associated with low
crystallinity, difficulty in process control, and often requires
surfactants or polymers to overcome aggregation of parti-
cles. Emulsion technique can be used to produce nano-
particles with needles, rods, plates, sphere like
morphologies, but, process is complex, time consuming,
and requires high sintering temperatures [145]. Mechan-
ochemical technique is another simple and low cost method
to produce fibrous aggregates and spherical nanocrystals
without high sintering [146], but this technique requires
special devices and also produced nanocrystals tend to
aggregate. Ultrasonic technique facilitates the fast crystal-
lization and capable of producing nanoparticles having
needles-like and spherical morphologies producing low
yield and special devices for synthesis [147].

Among these, hydrothermal technique and microwave
assisted synthesis techniques have been significantly
employed to synthesize nanocrystalline HAP powders
owing to their reported advantages over the other techni-
ques. Hydrothermal technique has shown its potential to
produce highly pure and homogenous materials [148]. On
the other hand, microwave assistant technique is fast and
environment-friendly, which leads to the formation of
ultrafine nanocrystalline materials [149, 150]. Due to
reported benefits, these two techniques have been specifi-
cally discussed in detail in the following sections.

6.1 Hydrothermal technique

The hydrothermal technique has emerged as one of the most
sought-after technique for fabrication of advanced materi-
als, predominantly in the synthesis of highly crystalline,
mono-dispersed and homogeneous nanoparticles. Origin-
ally, hydrothermal word comes from combination of greek
words ‘hydros’ means water and ‘thermos’ means heat
energy. Hydrothermal synthesis is described as any homo-
geneous or heterogeneous reaction taking place in the pre-
sence of solvents (aqueous or non-aqueous) under elevated
temperature and pressure conditions in a sealed environ-
ment to dissolve and recrystallize materials that are rela-
tively insoluble under ordinary conditions [151]. It is used
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to synthesize supersaturated solutions under high pressure
and temperature conditions [152].

Hydrothermal processing of materials generally includes
the use of a solvent (usually water with precursor salts), put
in a sealed vessel called autoclave, subjected to heating at
elevated temperature above boiling point and under pressure
that exceeds ambient pressure. By having control over
concentration of reactants, nature of solvent, solution pH,
hydrothermal temperature, and aging duration, nano-
particles with varied sizes, shapes, and crystallinity can be
obtained.

The development of rods-like morphology by utilizing
hydrothermal crystallization process generally involves two
main stages as represented in Fig. 5. It involves nucleation
stage, in which little crystalline cores are framed in a
supersaturated medium followed by the growth of nuclei, in
which cores ceaselessly develop into the final shape and
size of particles [153].

Hydrothermal technique is capable of producing highly
crystalline HAP particles in single step without requiring
any post treatment in comparison with other methods.
Simplicity of operation, higher yield, cost effectiveness,
low energy requirement, short reaction times, relatively
low-cost reagents, better nucleation control, higher dissol-
ving power etc. are some benefits associated with hydro-
thermal processing [154]. Furthermore, variety of particle
shapes viz. needles, plates, rods-like, spherical with an
extensive size distribution can be synthesized by this
method [152, 155-159].

The use of surfactants, templates, capping agents, or
other organic/biomolecules with hydrothermal processing
contribute prominently to the surface adaption of nano-
particles to attain the desired structural and physicochemical
characteristics [160]. The reported limitations of hydro-
thermal technique are its poor control on the precise shape
and size of obtained particles, which requires further
investigation by controlling the governing hydrothermal
parameters. Hence, to examine and optimize these para-
meters, detailed discussions have been presented in this
article.

6.1.1 Parameters of hydrothermal synthesis
The particle size, morphology, porosity, and crystallinity of

HAP nanopowders obtained using hydrothermal technique
are affected by a series of synthesis parameters, such as
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nature of precursors and solvents, reaction time, tempera-
ture, pH etc., which are explained below:

6.1.1.1 Nature of precursors Numerous studies have
employed an array of combinations of calcium and phos-
phorous precursors for hydrothermal synthesis of HAP
particles. The synthesis reaction of HAP under elevated
temperature and pressure depends largely on the chemical
nature of employed precursors. The range of precursors for
calcium includes: calcium nitrate tetrahydrate (CNT)
[39, 117, 118, 131, 138, 161, 162], calcium chloride
[163, 164] etc. The phosphorus precursors include: di-
ammonium hydrogen phosphate [134, 161], ammonium
dihydrogen phosphate [39], phosphoric acid [162, 163],
sodium monophosphate dihydrate [164], potassium dihy-
drogen phosphate [138]. The range of precursors for
strontium includes: strontium nitrate hydrate [27], strontium
nitrate [165, 166], and strontium nitrate hexahydrate [134].
Commonly used precursors for silicon are: Si(OCH,CH3),
(TEOS) [117, 118]. Mostly used precursors for cerium are:
cerium nitrate hexahydrate [134] and cerium nitrate
[97, 98].

6.1.1.2 Reaction temperature Hydrothermal reaction tem-
perature is another critical factor affecting crystallite struc-
ture and size control of HAP particles. Zhu et al. [162]
reported the effects of different hydrothermal temperatures
on morphology of nanoparticles. Results revealed that dia-
meter and length of nanorods increased with the increase in
reaction temperature from 140 to 220 °C, whereas, at lower
temperature lump shaped particles with small crystal size
formed due to lower crystallinity. Thus, it suggested that
appropriate rise in temperature is favorable for directional
growth of HAP crystal resulting into nanoparticles with
high aspect ratio. Liu et al. [152] reported formation of
monetite phase at low hydrothermal temperature between
60 and 140 °C for 24 h. Further, nanoparticles with uniform
particle size and needles-like morphology having range of
aspect ratio between 8 and 20 were obtained at 120 °C.
Sadat-Shojai et al. [161] evaluated hydrothermal parameters
and reported reaction temperature as most influencing
parameter to gain control over physicochemical and struc-
tural properties of HAP nanoparticles. According to this
study, mean diameter decreased, whereas length, aspect
ratio, and crystallinity of nanoparticles increased with the
increase in temperature.

6.1.1.3 Reaction time Hydrothermal reaction time also
plays significant role in controlling the size and crystallinity
of HAP particles. Hydrothermal reaction time had no
adverse effect on particle size and shape, when subjected to
duration between 24 and 72 h. But, longer reaction duration
produced monetite as a secondary phase [167]. Zhu et al.

[162] investigated the effects of short hydrothermal reaction
times i.e., 1, 4, 8, 12h and reported formation of rods-like
HAP particles with the increase in length of nanorods (from
93 to 120nm) with reaction time. It was reported that
supersaturation associated with reaction time was respon-
sible for nucleation and growth of HAP crystals, thus
played vital role in controlling the size of particles.

6.1.1.4 pH The pH of reactant solution is another impor-
tant parameter controlling the morphology of particles
ranging from whiskers, wires, sheets, rods, and spheres like.
Zhu et al. [162] studied the effects of pH on morphology of
HAP particles under hydrothermal conditions at 200 °C for
8 h. Results revealed that with increase in pH from 8 to 12,
mean diameter of nanorods-like particles increased from 29
to 40 nm, whereas, mean length decreased from 140 to
94nm. Liu et al. [152] reported whiskers-like particles
obtained using hydrothermal treatment of HAP solution at
various pH values of 6, 9, and 14. Crystalline HAP whiskers
obtained at pH = 6 and 9, whereas, crystallinity decreased
at higher pH of 14 at low temperature of 120 °C. Further
study demonstrated that mean diameter, length, aspect ratio
of nanoparticles decreased, whereas, crystallinity increased
with increasing pH value [161].

6.1.2 Advantages of hydrothermal technique

End products with unique characteristics such as high purity,
crystal symmetry, porous structure, better morphological
control, homogenous particle size distributions, wide range
of precursors, and solvent compositions, sub-micron to
nanoparticles size, dense sintered powders etc. can be syn-
thesized using hydrothermal treatment [151]. Further, this
technique facilitates as single-step process, lesser energy
requirements, controlled/sealed environment, environmen-
tally benign, avoidance of pollution, low reaction time, lower
temperature operations, higher reaction rates, use of larger
capacity equipments. In today’s world of nanotechnology,
hydrothermal technique is clearly on the forefront as com-
pared with other materials processing techniques.

6.2 Microwave-assisted technique

Microwave-assisted synthesis is another important techni-
que for rapid and efficient production of nanoparticles. In
recent studies, ultrafine, nanostructured, well crystalline
HAP particles with high purity have been prepared using
microwave-assisted technique [140, 168, 169].

This technique utilizes electromagnetic radiations as the
heating source. Interactions between microwaves and
dipoles of reactant, force them to align themselves by
reorienting to the rapidly changing high frequency electric
field, resulting into dielectric heating as schematically
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Fig. 6 Microwave interaction with a dielectric molecule (water
molecule) [149]

represented in Fig. 6. Applied frequency is critical parameter
for microwave heating to provide suitable response time to
dipoles. Frequency of microwaves is important for proper
heating. At low frequencies, dipoles get enough time to
reorient themselves with the electromagnetic field resulting
into small dielectric heating, whereas, at high frequencies,
molecular dipoles do not have adequate time to react to high
frequency resulting into no movement. Since, there is no
motion/rotation of the molecules, which results into no
transfer of energy, and hence heating effect does not take
place. Therefore, applied microwave frequency is the key
point, which plays an important role in the microwave
heating and must be suitably chosen as per the response time
of dipoles. Mostly, 2.45 GHz frequency has been attributed
as optimum microwave frequency reported in literature.

Microwave processing of HAP can be controlled by either
refluxing or hydrothermal treatment or under atmospheric
conditions (Fig. 7). Kumar et al. [170] synthesized HAP
nanostrips of 5070 nm in diameter and 50-100 nm in length
by utilizing microwave refluxing conditions. Liu et al. [171]
reported rapid formation of HAP nanostructures by micro-
wave refluxing at 700 W for 30 min. They reported formation
of different particle morphologies including nanorods to
flower-like nanostructures under different pH conditions.
Igbal et al. [172] synthesized silver-doped HAP nanoparticles
under microwave refluxing conditions. Wang et al. [173]
prepared HAP nanocrystals by microwave-hydrothermal
method in the temperature range of 100-140°C and
reported change in particle morphology from rods-like
to prism-like with change in microwave temperature.
Siddharthan et al. [174] employed simple microwave under
atmospheric conditions to synthesize nanodimensional HAP
particles. Alshemary et al. [129] synthesized sulfate-doped
HAP needle-shaped nanoparticles with 41 nm size under
simple microwave conditions of 800 W for 20 min.

6.2.1 Parameters affecting microwave synthesis
In general, it has been observed that size and morphology of

HAP particles are governed by pH of reactant solution,
microwave power, temperature, and irradiation time.
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Fig. 7 Main routes for preparation of HAP nanoparticles via micro-
wave synthesis. Reprinted from Ref. [153] with permission from
Elsevier

6.2.1.1 pH The pH of reactant solutions holds the key for
precipitation of HAP particles. Desired morphology and
size of HAP particles can be obtained by regulating the pH
media. Nanorods-like particles can be synthesized via iso-
tropic crystal growth at basic pH with elevated tempera-
tures. On the other hand, particles with small size/aspect
ratio can be obtained at higher pH with lower temperatures.
The HAP precipitation in a slightly basic medium (pH =
7.4), produced particles, which were calcium deficient,
irregular in shape, and hundred nanometers in size [175].
Liu et al. [171] rapidly formed HAP nanostructures at dif-
ferent pH values ranging from 9 to 13 under microwave
irradiation of 700 W for 30 min. They reported uniform
nanorods-like morphology at pH =9, which changed to
flowers-like nanostructures at pH equal to 13. Vani et al.
[176] prepared mesoporous nanorods-like particles with
40-75nm long, 25 nm wide by microwave irradiation at
solution pH = 10. Qi et al. [177] synthesized hierarchically
structured porous microspheres (0.8—1.5um) utilizing
microwave-hydrothermal method at 120 °C for 10 min with
solution maintained at pH = 10. Zhao et al. [178] reported
nanorods assembled hierarchical hollow microspheres at
pH =4.5 by exposing to microwave heating at 180 °C for
5 min.

6.2.1.2 Microwave power and temperature The size and
shape of HAP nanoparticles can be controlled by choosing
suitable microwave power, as dispersion of salt materials in
solution increases with the increase in power and hence
temperature. Siddharthan et al. [174] investigated the role of
microwave power on size and shape of HAP particles by
varying microwave power from 175 to 660 W. Results
suggested change in morphology of HAP particles from
needle shape at 175 W to platelet shape at 660 W, whereas,
size of particles showed mixed response with changes in
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microwave power. Singh et al. [179] examined the influence
of microwave power (300, 600, 900, and 1200 W) on
physicochemical and structural characteristics of HAP par-
ticles and reported pure HAP phase with decrease in crystal
size, crystallinity, and microstrain with increase in micro-
wave power. Yang et al. [180] investigated the effects of
microwave power (70, 210, and 700 W) on thermal stability
of HAP and reported stable HAP phase formation at 700 W,
whereas, other phases co-exist at lower microwave power
heating.

Generally, increasing the reaction temperature greatly
reduces the reaction time for HAP formation. Akram
et al. [181] reported increase in crystallinity and particle
size with the increase in microwave power from 450 to
800 W. Wang et al. [182] investigated the effects of
reaction temperature (80, 120, and 140 °C) for 30 min
irradiation time using microwave-hydrothermal method
and reported formation of hollow microspheres with
compact morphology at 140 °C. Qi et al. [177] synthesized
hierarchically structured porous microspheres at 120 °C for
10 min using microwave-hydrothermal method. Wang et al.
[173] prepared HAP nanocrystals utilizing microwave-
hydrothermal method in the temperature zone of
100-140 °C and reported that morphology of HAP particles
transformed from rods-like to prism-like structure with the
increase of reaction temperature. In most cases, synthesis
temperature was not stated due to the unavailability of
provision of temperature measurement in domestic
microwave ovens.

6.2.1.3 Irradiation time Microwave irradiation time has
shown significant effects on HAP synthesis. Irradiation time

Lower defects
J - J

Selective heating

Y

Variety

exposure may be continuous [168, 179, 183] or in intervals
(on/off cycle) [140, 170, 171, 184, 185]. Continuous irra-
diation time caused the formation of large size HAP parti-
cles as compared with interval heating [184], as continuous
microwave heating improved the sintering which stimulated
the particle growth or/and their agglomeration [183].
Requirement of irradiation time reduces with the increase in
microwave power. Siddharthan et al. [174] reported that
irradiation time reduced to 15 min at higher powers (greater
than 385 W) as compared with 75 min (175 W). Zhao et al.
[178] investigated effects of irradiation time on the mor-
phology of HAP particles. Nanorods-assembled micro-
spheres (<1 um) with poor crystallinity obtained within
1 min by microwave heating at 180 °C, whereas, when
duration of heating time was extended to 30 min, disordered
nanorods with average thickness of about 60 nm formed.
Thus, it suggested that longer irradiation time led to the
development of bigger particles with large aspect ratio.
Singh et al. [179] reported decrease in crystal size, crys-
tallinity, and microstrain of HAP particles with the increase
in irradiation time.

6.2.2 Advantages of microwave synthesis

Microwave synthesis has been reported to be a simple,
fast, and effective technique to develop nanoparticles from
inorganic materials. Various key characteristics are gra-
phically represented in Fig. 8. As compared with other
conventional techniques, microwave has demonstrated its
advantages in terms of rapid/homogenous heating, small
particle size, accelerating chemical reaction, narrow
particle-size distribution, and enhanced crystallinity [174].
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Furthermore, it is an energy-efficient, economical, and
eco-friendly way to develop ultrafine HAP particles under
the green synthesis route [178]. Microwave produces
products in relatively very short time by minimizing the
thermal gradients and reduction in particle diffusion time.
E.g., to prepare HAP powders using sol-gel technique,
ageing of reactant solution normally takes 24—48 h at room
temperature [57]. On the other hand, in microwave
synthesis route, the solution is kept directly into micro-
wave oven for bombardments of microwaves for few
minutes only [60]. Within minutes of microwave exposure,
bright white precipitates of HAP can be obtained.

6.3 Surfactant assisted HAP synthesis

It has been well established that type of precursors and
synthesis conditions (both physical and chemical) critically
influence the formation of HAP particles. As pH of reactant
solution governs the morphology (nanorods, nano-whis-
kers, nano-sheets/strips etc.) of resultant nanopowders,
similarly, presence of chelating agent helps in crystal
growth and mediate in HAP nucleation owing to the affi-
nity between the surfactant and HAP crystals [140, 168].
Recent investigations established that use of surfactants is
desirable but not compulsory for the formation of HAP
nanostructures [186]. Various organic modifiers such as
cetyltrimethyl ammonium bromide (CTAB), ethylenedia-
minetetraacetic acid (EDTA), ethylene glycol, trisodium
citrate, tween 20, and citric acid have been tested by
researchers to regulate the shape and size of HAP nano-
crystals. Among these, EDTA and CTAB have been most
frequently used to prepare the nanomaterials with desired
structures. Typical formation mechanism for HAP nanor-
ods is represented in Fig. 9.

6.3.1 Effects of EDTA surfactant

It has been reported that EDTA surfactant significantly
contributes in controlling HAP morphology by preventing
the agglomeration of nanoparticles [140]. Different types of
morphologies like nanorods [140], prism-like [138], bow-
knot-like, flower-like [171], microspheres [148] have been
reported by using EDTA as growth controlling agent by
using various synthesis methods like microwave irradiation
[169], hydrothermal method [138] etc. Wang et al. [187]
prepared nanomaterials with controlled morphology by

using EDTA as capping agent by utilizing chemical pre-
cipitation method.

6.3.2 Effects of CTAB surfactant

CTAB has been widely used as a nucleation and growth
controlling agent to synthesize nanodimensional HAP.
Well-crystallized HAP nano-strips were synthesized using
microwave irradiation method using CTAB [188]. Meso-
porous HAP nanostructure was developed by wet pre-
cipitation method at ambient temperature and pressure using
CTAB as surfactant [189]. Nanorods with uniform mor-
phology was reported, when CTAB was used under
hydrothermal synthesis [160]. Similarly, HAP nanorods
were prepared at ambient temperature and pressure condi-
tions by co-precipitation method using CTAB as a chelating
agent [141].

7 Applications of nanodimensional HAP

Nanodimensional HAP particles have gained significant
attention in biomedical field due to their superior structural,
physicochemical, biological, and mechanical properties.
Researchers have shown great interest because of tre-
mendous applications of these materials in various biome-
dical areas such as bone-tissue engineering [37], bone fillers
[18], soft tissue repairs [190], bioactive coatings [18], pro-
tein/gene loading [99], local drug delivery systems
[34, 65, 191]. Among these applications, bone-tissue engi-
neering and targeted drug delivery have tremendous
potential and therefore, have been discussed in detail in this
section.

7.1 Bone-tissue engineering

Bone-tissue engineering is a growing field, which deals with
therapies for bone remodeling/regeneration. Continuous
active research has been carried out to synthesize artificial
bone substitute materials that can truly replicate natural
apatite for bone repair and regeneration. There has been
growing demand for repair or replacement of damaged and
diseased parts of human bone, caused due to accidents,
sports commitments, problems associated with old age,
social life style, and eating habits. High demands of
orthopedic surgeries required not only for new patients but

Fig. 9 Formation mechanism of ) LA™ g»~ Washing & Y
HAP nanorods assisted by © () o Templating g Aging Calcinaton gy P
o EE— —— E— amb W,
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Fig. 10 Length scales of bones' hierarchical structure. Reprinted from Ref. [153] with permission from Elsevier

also for the ones requiring revised surgeries due to failures
caused by instability, infection, wear, osteolysis, in-growth
failures, and prosthetic fractures etc.

Natural bone is a composite matrix of organic and
inorganic components as represented in Fig. 10. The
organic components account for one-third mass of bone that
consists of lipids, polysaccharides, and more than 200
proteins [18]. The inorganic component accounts for two-
third mass of bone that consists mainly of HAP consisting
of 36.6 wt% of Ca and 17.1 wt% of P element with traces of
other ions such as CO5*>~, Mg*", Zn**, K*, Na*, F~ etc.
Precisely, natural bone is calcium-deficient having non-
stoichiometric chemical composition (Ca/P molar ratio <
1.67). Bone possesses vacancies, inclusions of foreign
anions and cations soaked up from the surrounding body
fluids during bone metabolism [192]. Natural bone is
nanocrystalline, inorganic materials with rods-like nanos-
tructure [57].

Tissue engineering is an interdisciplinary field that offers
suitable biological substitutes to replace, support, maintain,
and improve functions of tissues [37]. It involves the use of
isolated cells or cell substitutes to replace limited functions
of tissue, utilization of tissue-inducing substances, such as
growth factors and scaffolds to direct tissue development
and other functions of the tissue [37].

Synthetic HAP proposes viable alternative to replace
human hard tissues due to chemical resemblance with the
inorganic constituent of human bone and therefore has been
used for nearly 40 years in orthopedics and dentistry
applications for repair and reconstruction [9]. Recent
researches showed that synthetic HAP assisted in recovery
of damaged bones as well as fostered new tissue formation
by bonding with host bone. HAP contributes for strength

and resistance under compression, while collagen provides
endurance for tensile loading. HAP facilitates greater bio-
logical bonding with host tissue as compared with other
biomaterials or metallic implants. In vivo studies conducted
on rabbits proved that the HAP implants showed new tissue
formation and growth by attachment with host bone [37].
Bone grafts fabricated from HAP nanoparticles have been
used successfully used for bone-tissue engineering [6]. In
addition, biological interactions responsible for bone
regeneration such as cell adhesion, differentiation, pro-
liferation etc. are affected by crystallinity, morphology,
particle size, and ionic substitutions [37]. Thus advocating
the requirement to formulate customized HAP material for
tissue engineering applications.

7.2 Targeted drug delivery

Materials used for bone-tissue engineering have been
gaining significant attention in biomedical applications due
to targeted, effective and sustained drug releasing ability
[39]. Conventional drug delivery systems reported to have
undesirable characteristics such as an instant and rapid drug
release, high initial concentration of drug that may reach to
toxic level and decreasing dosage over time to a sub-
therapeutic level [193]. To achieve the effective con-
centration of drugs at the targeted area, high dosages are
given, which may produce side effects in terms of high
toxicity and thus become ineffective. Sustained and con-
trolled drug delivery systems, for delivering drugs at the
infected site will be an optimal strategy. Recent studies
revealed application of HAP nanoparticles for local drug
delivery due to their superior biocompatibility, low toxicity,
controllable physicochemical properties (composition,
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particle size, porous structure, morphology), economical
production, resistance to microbial degradation, storage
stability, and pH responsive dissolution [194]. The drug
absorption, release profile, and therapeutic effects of HAP
nanoparticles are governed by characteristics of HAP viz.
morphology, structure, pore size, and surface chemistry etc.
[195].

Advancement in nanotechnology has opened new fields
in biomedical applications with nanoparticles acting as drug
delivery vehicles. This drug delivery system presents huge
prospects in terms of drug localization at target site, regu-
lated and sustained dosage, limiting drug toxicity to adja-
cent organs etc. Nanoparticles attributed to improved
physicochemical properties, enhanced drug concentration to
the target tissues with reduced side-effects, lower drug
dosage requirement, high payload, sustained drug delivery
[56]. Thus, HAP nanoparticles have emerged as viable
solution to treat the infections by acting as nanocarriers for
antibiotics [39], genes [40], proteins [41], and various drugs
due to their superior biocompatibility, bioactivity, and
nontoxicity [42, 43]. Reports suggested that nanodimen-
sional HAP exhibited better interaction at implant—cell
interface as compared with microndimensional particles
[44]. Nanostructured hierarchical designs of HAP have
shown high drug uptake and favorably release properties
[55].

Some recent studies have reported that diverse nanos-
tructures have different loading and releasing efficiencies
for specific drugs [59]. Drug uptake, release characteristics,
and thereafter therapeutic effects are governed by surface
chemistry, porosity, surface area, and morphology of HAP
nanoparticles. Therefore, amount of drug absorbed and its
release profiles can be regulated by formulating desirable
HAP nanostructures. Primarily, adsorption and desorption
kinetics reliant on the precise properties of employed drug
and structure of HAP nanoparticles [43]. In recent years,
nanorods-like HAP morphology has been gaining lot of
consideration due to its enhanced protein adsorption owing
to greater charging surface efficiency [61]. Nanorods-like
morphology of HAP exhibited favorable biocompatibility
and bioactivity because of enhanced adsorbing ability, since
the underlying Vander Waal interactions are enhanced due
to large area offered by nanorods structure [11]. Researchers
have reported that narrow particle morphology of nanorods
was found to be more advantageous over spherical coun-
terparts in targeted drug delivery applications, as these
adhere more effectively to endothelial cells [60]. HAP
nanorods functionalized with polyethylene glycol and folic
acid showed directed drug delivery with initial burst release
followed by prolonged release of anticancer drug, paclitaxel
[196]. HAP with mesoporous structure possessed large
surface area and large pore volume characteristics, having
wide applications for targeted and controlled drug delivery
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systems [65]. Similarly, porous microspheres of HAP have
reported 27-45% higher drug loading as compared with
traditional HAP nanoparticles, whereas, drug release was
sustained and prolonged [131].

Furthermore, doping of HAP nanoparticles with suitable
ions have demonstrated enhanced drug loading and release
characteristic together with enhancement of other desirable
properties. Porous microspheres of Sr-doped HAP particles
exhibited higher drug loading capability and persistent drug
release properties for vancomycin drug due to their special
characteristics involving novel hierarchical structure,
mesoporous high surface area, and interactions of hydrogen
bonding between drug and carrier [166]. Zhang et al. [62]
synthesized multifunctional Sr-doped HAP particles with
nanorods-like morphology with improved drug loading and
controlled release properties for ibuprofen drug. Kim et al.
demonstrated that Zn-doped HAP nanoparticles exhibited
optimum drug loading efficiency and pH responsive drug
release with MG-63 cell lines to treat the post operative
bone cancer tissues [197]. Iron (Fe3+)—doped HAP nano-
spheres with 75 nm diameter had shown effective antic-
ancer and antibacterial activities, when loaded with
amoxicillin and 5-fluorouracil and tested against staphy-
lococcus epidermidis, staphylococcus aureus, escherichia
coli, and cancerous cells (osteocarcoma cell line-MG63)
[198]. Neodymium-doped HAP needle shaped nano-
particles loaded with doxorubicin hydrochloride demon-
strated increased drug adsorption capability and sustained
drug release profile along with excellent blood compat-
ibility, cellular internalization properties, and inappreciable
toxicity [199].

The characteristics of pH-dependent dissolution of drug
delivery systems are particularly remarkable and can be
potentially employed for targeted drug delivery applica-
tions. It has been noticed that degradation rate of HAP
increases with decrease in pH from alkaline to acidic. The
normal human body and healthy tissues have pH value of
7.4, whereas, extracellular environments like solid tumors
may develop pH value round 5, thus pH-dependent and
desirable drug release from HAP surface is helpful to treat
tumors [194]. Previous investigations have demonstrated
pH reactive release of doxorubicin in treating breast cancer
cell lines BT20 [200]. HAP nanoparticles have been used as
delivery agents for various drugs, such anticancer, anti-
biotics, anti-inflammatory, and proteins [131, 166, 200].
HAP incorporated with hydroxypropyl-p-cyclodextrin
polymer (polyHP-BCD) showed sustained and controlled
release of ciprofloxacin and vancomycin for the cure of
bone related infections [201]. Table 4 lists different types of
drugs and their behavior for pure and substituted materials
with varied morphologies.

Thus, structural modification of HAP nanoparticles and
their morphology may offer the wonderful opportunities
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Fig. 11 Drug release mechanism Drug particles
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Any one or all models discussed, can be used to cal-
culate drug release from HAP materials. However,
Gallagher—Corrigan model is the most commonly used
model to depict the drug release characteristics from HAP
matrix. The general drug delivery mechanism from HAP
matrix for nanorods is shown in Fig. 11. Initially, drug
molecules adhered over the surface of HAP particles
released in bulk amount, showing burst release effect.
After some time, drug is released in a more controlled and
sustained manner with the degradation of HAP matrix.

8 Conclusion

This review provides a detailed discussion on physico-
chemical, biological, and mechanical properties of HAP
with the aim of tailoring these properties by altering the
chemical composition, morphology, particle size, and
suitable ionic substitutions. Though, some ionic sub-
stitutions have been extensively investigated by
researchers, limited wok is available on the incorporation
of alternative ions, not commonly found in natural apatite,
which offers interesting challenges. To fully avail true
benefits, a good understanding of desirable properties for
these ionic substitutions is critically important. Among
the various synthesis route available to fabricate the
nanoparticles, hydrothermal and microwave-assisted
synthesis techniques have been reported to be most pro-
mising with wide control on synthesis parameters to
obtain final product with desirable properties. Further-
more, use of HAP particles with customized properties
has been discussed for bone-tissue engineering and drug
delivery applications. It has been found that bone regen-
eration and growth can be accelerated by controlling the
physicochemical, morphological, and biological proper-
ties. In addition, it has been observed that morphology
and porous structure of HAP particles have critical
influence on the amount of loading and release char-
acteristics for a particular drug. Synthesis of sustained and
controlled drug delivery carriers for delivering drugs at
the infected site(s) will be an optimal strategy. Overall,
HAP is a classic material for biomedical applications with
the necessity of further studies to revamp HAP and its
properties for long-term in vivo applications.
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