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Through this brief review, we provide a comprehensive historical background of
the development of nanostructured hydroxyapatite (nHAp), and its application
potentials for controlled drug delivery, drug conjugation, and other biomedical
treatments. Aspects associated with efficient utilization of hydroxyapatite (HAp)
nanostructures such as their synthesis, interaction with drug molecules, and
other concerns, which need to be resolved before they could be used as a poten-
tial drug carrier in body system, are discussed. This review focuses on the evolu-
tion of perceptions, practices, and accomplishments in providing improved
delivery systems for drugs until date. The pioneering developments that have
presaged today’s fascinating state of the art drug delivery systems based on HAp
and HAp-based composite nanostructures are also discussed. Special emphasis
has been given to describe the application and effectiveness of modified HAp as
drug carrier agent for different diseases such as bone-related disorders, carriers
for antibiotics, anti-inflammatory, carcinogenic drugs, medical imaging, and pro-
tein delivery agents. As only a very few published works made comprehensive
evaluation of HAp nanostructures for drug delivery applications, we try to cover
the three major areas: concepts, practices and achievements, and applications,
which have been consolidated and patented for their practical usage. The review
covers a broad spectrum of nHAp and HAp modified inorganic drug carriers,
emphasizing some of their specific aspects those needed to be considered for
future drug delivery applications. © 2017 Wiley Periodicals, Inc.
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INTRODUCTION

fter more than two decades of scientific innova-

tion through research and development, nano-
technology  has  restructured the traditional
philosophy of using ceramics in medical sciences.
From the very early stage of healthcare industry,
polymers played a key role in drug delivery. The
prospering of nanotechnology rejuvenated the perfor-
mance of ceramic materials, enhancing their
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potentiality for loading and releasing of numerous
drugs in affected tissues. During the last few years,
advances in nanophase ceramics achieved their appli-
cations in healthcare, tissue engineering, and other
biomedical fields. Different ceramics such as alumina
(Al,O3), titania (TiO,), zirconia (ZrQ,), calcium
phosphates (CaP), and bioactive glasses have made
substantial contributions for the improvement of
present-day healthcare systems. Most of these
ceramics, pristine or modified, have been used inside
human body without major rejection. These biocera-
mics support to rejuvenate or augment several
unhealthy or damaged tissues of the skeletal system.
Applications of bioceramics have also been extended
as bone substituted prosthetics and drug delivery
agents in the biomedical arena due to their excellent
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biocompatibility, bio-affinity, bioactivity, high stabil-
ity, and adequate mechanical properties. The pro-
spective of any ceramic material for healthcare
application depends upon its ability to endure com-
plex stresses at the site of application, drug transpor-
tation, controlled and prolonged release, and
compatibility with biological surroundings. Recent
advances in nanophase bioceramics, especially the
calcium phosphates such as hydroxyapatite (HAp),
are making drug delivery process more efficient, with
the promise to solve many challenging medical
problems.

History of Biomaterials

Utilization of biomaterials in healthcare applications
is not a new invent for medical science. The early
medical literature of the Hindu, Egyptian and Greek
civilizations also indicate successful utilization of bio-
materials as implants in the skeletal system.' Due to
the lack of knowledge on good medical and scientific
practice, the ancient selection of biomaterials was
based on their accessibility and availabilities.> The
application of ancient biomaterials such as corals,
shells, ivory (elephant tusk), stone, wood, and some
metals like gold and silver are found in museums,
exhibited in archeological findings of animal or
human mummies or cadavers. The Chinese were the
first (659 AD) to use dental amalgam to repair
decayed teeth; whereas, pre-Columbian civilizations
used gold sheets to heal cranial cavities through trep-
anation (by surgical intervention a hole is drilled or
scraped into the human skull).> Ambroise Pare’
(1510-1590) described the measures to reconstruct
teeth, noses, and other parts of the body in his work
‘Dix livres de la chirurgie.” In 1970, Amadeo Bobbio
discovered Mayan skulls, some of which were more
than 4000 years old, in which missing teeth had been
replaced by nacre substitutes.* The first modern use
of plaster of Paris as bone substitute has been
reported by Dressmann in 1892.° Nevertheless, the
use of biomaterials did not become practical until
these three milestone discoveries have been made:

® An aseptic surgical technique developed by
J. Lister in the 1860s.

e Dependence of tissue regeneration on cell prolif-
eration by Rudolf Virchow (1821-1902, in
Cellular pathologie).

® In vitro cell cultivation by R.G. Harrison
(1870-1959), demonstrating active growth of
cells in culture medium.
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In the modern era of biomaterials, Professor James
M. Anderson introduced a classification on the pro-
gress of biomaterials’ applications. According to him,
during 1950-1975, the researchers studied bioMA-
TERIALS, then, from 1975 to 2000, the progress has
been made on BIOMATERIALS, and, since 2000,
the time of BIOmaterials has been started.® The capi-
tal letters here emphasize the major direction of the
research efforts in the multifaceted subject of bioma-
terials. In this frame, applications of CaP BIOmate-
rials appear to be rational due to their resemblance
with the mineral phases of hard tissues. According to
available literature, the first attempt to use them
(it was tricalcium phosphate, TCP) as artificial mate-
rial to repair surgically created defects in rabbits was
performed in 1920.” In 1975, Nery et al. reported
the first dental application of calcium orthophos-
phate in surgically created periodontal defects.®
Among all the past, present and prospective biocera-
mics, CaPs have a significant contribution for the
replacement of bones, knees, hips, teeth, and restora-
tion of disorders associated with periodontal disease,
maxillofacial reconstruction, and augmentation, sta-
bilization of the spine and jawbones. Today, CaPs
are the materials of choice for different pharmaceuti-
cal applications like tissue engineering, drug delivery,
drug formulation, dentistry, and medicine. The avail-
able CaPs have been classified according to their
chemical compositions, as described in Table 1.

Among different forms of CaP, particular atten-
tion has been paid to TCP (Ca3(PO4),) and HAp
Ca19(PO4)6(OH),), due to their excellent biological
responses and resorbability in the physiological envi-
ronments. The contemporary healthcare industry
uses CaP ceramics in various applications, depending
on their resorbability and bioactivity. Recent trend in
bio-ceramic research is focused on overcoming the
limitations of CaP, precisely HAp ceramics and
improving their biological adaptability by exploring
the unique advantages of nanotechnology. Among all
the CaP phases, HAp is the most significant phase
due to its chemical stability and extended biocompat-
ibility. HAp has the lowest solubility and highest sta-
bility in aqueous media among other CaP phases.
For example, the solubility value of HAp is at least
30 orders of magnitude lower than that of
a-tricalcium phosphate (a-TCP)."?

Ceramics as Drug Delivery Agents

The most substantial mandate for biomaterials has
emerged as a significant need to provide clinical treat-
ment to a great number of patients. The pursuit of
probable solutions generated a strong demand for
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TABLE 1 | Classification of Calcium Phosphate Salts

Fabrication and drug delivery applications of nanostructured hydroxyapatite

pH Stability in
Chemical Name Chemical Formula Ca/P Molar Ratio Aqueous (25°C) Ref.
Monocalcium phosphate monohydrate (MCPM) Ca(H,P0,4),-H,0 0.5 0.0-2.0 °
Monocalcium phosphate anhydrous (MCPA or Ca(H,P0,), 0.5 Stable above 100 °C 10
MCP) temperature
Dicalcium phosphate dihydrate (DCPD), mineral CaHPO, -2H,0 1.0 2.0-6.0 n
brushite
Dicalcium phosphate anhydrous (DCPA or DCP), CaHPO, 1.0 Stable above 100 °C 12
mineral monetite temperature
Octacalcium phosphate (OCP) Cag(HPO,),(PO,)4-5H,0  1.33 5.5-7.0 "
o-Tricalcium phosphate (a-TCP) a-Cas (POy), 1.5 Could not be precipitated ~ ''"2
B-Tricalcium phosphate (3-TCP) B-Caz (PO4), 1.5 Could not be precipitated "2
Amorphous calcium phosphates (ACP) CaxHy (PO4)z-nH,0, 1.2-2.2 ~5-12 "
n = 3-4.5;
15-20% H,0
Calcium-deficient hydroxyapatite (CDHA or Ca-def  Caqo-x (HPOL)X 1.5-1.67 6.5-9.5 "
HA) (PO4)5'X(OH)2'X
0<x<1)
Hydroxyapatite (HA, HAp or OHAp) Ca10(PO4)6(OH), 1.67 9.5-12 12
Fluorapatite (FA or FAp) Caq0(PO4)6F, 1.67 7-12 12
Oxyapatite (OA, OAp or OXA) Cato(P04)s0 1.67 Could not be precipitated "2
Tetracalcium phosphate (TTCP or TetCP), mineral Cay(P0,4),0 2.0 Could not be precipitated "

hilgenstockite

materials suitable for the development of new drug
delivery systems. Controlled drug delivery is the tech-
nology by which a drug can be released at a predeter-
mined rate for an extended period into the blood or
at target sites.'* Unlike the traditional oral and intra-
venous drug delivery methods, where the drug is
delivered to both healthy and infected/unhealthy tis-
sues, in controlled local drug delivery, drugs in high
concentration can be delivered at the affected sites
only. Polymeric drug delivery (organic vesicular
delivery) is a well-established procedure in pharma-
ceutical science. Although these polymeric systems
are convenient to deliver a range of drugs including
antibiotics, vaccines, steroids, hormones, analgesic,
etc., recent advances in nanophase ceramics made
drug delivery more effective, solving many challeng-
ing medical problems.

The first successful ceramic drug loading and
releasing study was performed by Bajpai et al. in
1988 using aluminocalcium phosphorous oxide
(ALCAP) scaffolds.’® The study reports the delivery
of several drugs and chemicals such as Danazol and
dihydrotestosterone, demonstrating that ALCAP
ceramic capsules can release the steroids uninterrupt-
edly for 1 year provided the capsules are impregnated
with polylactic acid (PLA). However, while the

© 2017 Wiley Periodicals, Inc.

biocompatibility of those scaffolds had not been con-
firmed with experimental results, a further study is
necessary to establish such long sustainable drug
release behavior with other substrates.'® Pories
et al. developed zinc calcium phosphorous (ZCAP)
oxide composite ceramic. Use of zinc sulfate calcium
phosphate composite in implantable drug delivery
systems facilitates the release of zinc in traces and
very much effective in wound healing. Although the
study was performed prior to 1967, it reported excel-
lent experimental data demonstrating fast healing
capacity of ZCAP."” Beta-tricalcium phosphate
(B-TCP) beads carrying gentamycin and vancomycin
have also been used as resorbable bone substitutes in
rabbits induced with osteomyelitis. Although genta-
mycin remained in bone for 10 days, the drug was
completely released in 2 days from the implant. On
the other hand, the vancomycin released faster, com-
pleting within second day. While bacterial concentra-
tion on the implant sites proposed an antimicrobial
activity, they were not fully sterilized.'® Guicheux
et al. reported the use of human growth hormone
(hGH)-loaded macroporous biphasic CaP ceramics as
implants in rabbit model. The hGH could be released
at the implanted site rapidly during the first 48 h and
sustained for another 9 days. The hGH increased
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bone ingrowth (+65%) and ceramic resorption
(+140%) significantly in comparison with control
implants. The biochemical parameters checked in rab-
bit plasma and urine without any significant differ-
ences. The macroporous biphasic CaP revealed as an
effective hGH delivery agent for enhanced bone tissue
engineering.”” On the other hand, Nunnery
et al. studied the tricalcium phosphate-lysine (TCPL)
bioceramic capsules to deliver dehydroepiandroster-
one (DHEA, a hormone produced by the adrenals
that serves as a precursor for numerous steroid hor-
mones) and estrogen in a sustained manner, demon-
strating its proliferative effect on the reproductive
organs like ovary, cervix, uterus, and tubes in female
rats.”’ However, in male rats, the use of DHEA and
DHEA sulfate seemed to show some physiological
changes in the vital reproductive organs. DHEA
administration inside body system by conventional
oral and injection routes faces many challenges such
as low sustainability, uncontrolled release, etc. More
systematic study is required to overcome such prob-
lems.”! Use of TCPL as a sustained delivery system
for releasing medroxyprogesterone acetate (MPA)
and estrogen has been demonstrated by Cason
et al. The long-term sustained release of MPA and
MPA with estrogen and their effect on structural
changes in female reproductive system should be
studied more critically.”? The release behavior of
cephalexin has also been studied in self-setting bioac-
tive cement based on CaO-Si0,-P,0; glass
ceramics.”> The drug release is seen to continue for
28 days in a simulated body fluid media. The in vitro
study reveals a very promising material for drug
delivery application with its self-setting characteristics

Nanoparticles

wires.wiley.com/nanomed

for scaffold tissue fixation. However, iz vivo studies
are required for the evaluation of actual physiological
performance of these ceramics.

Fabrication of Ceramic Nanoparticles for
Site Specific Drug Delivery Applications

Till date, three generations of nanoparticles have
been engineered for biomedical applications
(Figure 1). The first generation comprised of novel
nanomaterials functionalized with simple surface
chemistries to assess biocompatibility and subsequent
toxic effects. The second generation designed nano-
materials optimized with more complex surface
chemistries, which enhance their stability and target-
ing in biological systems. Presently investigated third
generation model augmented their design from stable
nanomaterials to ‘intelligent’ environment-responsive
systems with improved targeted compound delivery
capacity.**

Site-specific delivery of therapeutic compounds
with limited effectiveness, poor biodistribution and
lack of selectivity are the major limitations for the
treatment of many diseases.”> These limitations or
drawbacks can be overcome by designing appropri-
ate drug delivery systems which can protect the drug
from rapid degradation or clearance, enhancing drug
concentration in desired tissue-specific sites with min-
imum doses. Cell-specific targeting can be achieved
by attaching drugs to exclusively designed carriers of
desirable characteristics, tailoring their shape, size,
surface property, colloidal stability, along with their
surface modification and considering appropriate
drug loading mechanism.

"

structure
5 A 'J_,J' e
1st Generation 2nd Generation 3" Generation
Nanomaterials 18t Generation 2nd Generation 3'd Generation
Property: “Simple structure ++ Relatively complex “*More complex structure
“+Easy to fabricate structure ++Complex synthetic
++Fabrication is relatively
difficult
Challenges: =l ess biocompatible =Biocompatible =Highly biocompatible
=L ess drug loading =Drug loading releasing is  =Smart drug loading
capacity not highly controllable releasing capacity
=Unstable =*Moderately stable =Stable

FIGURE 1 | Three generations of nanoparticles engineered for biomedical applications.
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Shape and Size
It has been observed that rod-shaped and nonspheri-
cal nanoparticles have a longer blood circulation
time compared with spherical particles.?®*” More-
over, a lower phagocytic activity of macrophages for
rod-shaped nanostructures in comparison with spher-
ical nanoparticles has been observed in biological
phagocytic studies.”® On the other hand, spherical
nanoparticles have good hydrodynamic flow in com-
parison with other shapes like rod, plate, flower or
wire, etc.”® Effect of size on particle margination in a
flow environment has been studied by Gentile et al.*’
for particles of 50 nm to 10 pm size range, revealing
that for particles >500 nm in diameter, the gravita-
tional force causes particle margination towards the
wall, whereas for particles <500 nm in diameter, the
localization of particles towards the flow chamber
wall is a result of Brownian motion.>® Nanoparticles
of sizes smaller than 10 nm are mainly removed by
renal clearance, whereas particles bigger than
200 nm are accumulated in the spleen or engulfed by
phagocytic cells of the body. Particles with
10-100 nm size range are considered to be optimum
as they have longer circulation times in body system,
and can easily escape from the reticuloendothelial
system of the body. They are also able to penetrate
through very small capillaries.*°

Pore size is an important characteristic of nano-
materials for their applications in catalysis, adsorp-
tion, and biomedical (e.g., drug delivery)
applications. Among the different porous structures
(microporous with pore size <2 nm, mesoporous
with pore size 2-50 nm, and macroporous with pore
size >50 nm), mesoporous inorganic materials
revealed a great promise for biomedical applications
such as drug adsorption, storage, and release due to
their high pore volume and adequate pore
size.'%2%2731 They can store a higher amount of
therapeutic molecules (Figure 2) in pores. Moreover,
mesoporous ceramic structures can be easily functio-
nalized with different chemical ligands, which allow
attaching and protecting drug molecules. Frequently,
the low density of porous ceramic nanostructures
allows them to float in the gastrointestinal tract,
prolonging the gastric retention of oral drugs.

Surface Property and Surface Modifications

Preparation of stable colloidal solution is the most
essential step for utilizing nanoparticles in drug
delivery applications. The surface charge of nano-
particles determines the stability of these colloidal
solutions. Nanoparticles having highly positive and
negative zeta potentials show higher dispersion

© 2017 Wiley Periodicals, Inc.
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a: Closed pores

b,c,d,e,f: Open pores

b, f: Blind pores (dead-end)
e: Through pores

g
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FIGURE 2 | Top: Schematic representation of different pore
structures. Bottom: Mesoporous hydroxyapatite (HAp) scaffold:

(a) stereoscopic and (b) SEM image. (Reprinted with permission from
Ref 31. Copyright 2011 Elsevier)

stability, and as a result, do not agglomerate on
storage. Surface charge also determines the distribu-
tion of nanoparticles in the body system and is an
important parameter for the internalization of nano-
particles in target specific cells. Different chemical
functional groups possess different affinities to inor-
ganic surfaces; the most well-known example is
thiol bonding with gold. This binding is often rec-
ognized as ‘chemisorption’; sometimes also referred
as covalent bond. The exact mechanisms of such
bonding are still the subjects of further investiga-
tion. Although the point of zero charge (PZC) for
HAp is pH =73+ 0.1, it accumulates positive
charge more readily below the PZC than it accumu-
lates negative charge above it.>* The neutral charge
property of HAp at pH = 7.3 is an added advantage
for the attachment of ligand molecules on HAp sur-
face at neutral pH, which is physiologically more
acceptable for drug delivery system.

Nanoparticles with a hydrophobic surface are
easily adsorbed at the protein surface (opsonization)
of cellular organelles followed by clearance from the
cellular system through macrophages engulfment,
resulting a low circulation time in cellular environ-
ment.>> The nanoparticles that are surface-engineered
with hydrophilic polymers like polyethylene glycol
(stealth particles) containing, for example, hydroxyl
or amino functional groups, are able to escape
engulfment by the reticuloendothelial cells or circu-
lating macrophages, and show better therapeutic effi-
ciency due to longer retention time in the blood
circulating system.>* Certain ligand molecules, for
example, polyethylene glycol (PEG), possess amphi-
philic properties, and nanoparticles with those or
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other ligand molecules can be soluble in a number of
solvents, with intermediate polarity. The strategy for
the surface modification of inorganic nanoparticles
by biomolecules could be divided into four major

classes®’:

e Ligand-like binding to the surface of the inor-
ganic particle core, commonly by chemisorp-
tion. The interaction affinity between ligand
and binding part is the result of hydrophobicity,
charge, and molecular structure. Different types
of binding occur between different ligand and
receptors by intermolecular forces, such as ionic
bonds, hydrogen bonds and Van der Waals
forces.*

e Electrostatic adsorption of positively charged
biomolecules to negatively charged nanoparti-
cles or vice versa. Electrostatic interactions are
stronger than covalent bonding.*®

e Covalent binding by conjugation chemistry,
exploiting functional groups on both particle
and biomolecules. A covalent bond (molecular
bond) is a chemical bond comprises the sharing
of electron pairs between atoms. This bond
includes different molecular interactions by
means of Sigma (o) bonding, Pi (x) bonding,
metal-to-metal bonding, agostic interactions,
bent bonds, and three-center two-electron
bonds.?*

e Noncovalent, affinity-based receptor-ligand sys-
tems. A noncovalent interaction does not
involve electron sharing between molecules.
This type of interaction is important to main-
tain three-dimensional large molecular struc-
tures like proteins and nucleic acids.?’

Surface-modifications of nanoparticles with different
functional groups show different surface characteris-
tics, making them appropriate for extensive biomedi-
cal application. During the synthesis of
nanoparticles, different surface modification reagents
(dextran, polyethyleneimine, etc.) are used to control
their size, shape, and growth. Surface modification of
nanoparticles prevents their agglomeration or cluster
formation, improving the colloidal stability of the
nanoparticles in different solvents, including body
fluids systems of different pH values. Surface modifi-
cation of nanoparticles also enhances their biocom-
patibility and bio-functionality, by prohibiting the
leakage of toxic ions from them (magnetic nanoparti-
cles) or from the environment to the nanoparticles
(free radicals, superoxide, enzymatic activity, etc.).
Additionally, surface modification serves as a matrix
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for further anchoring functional groups, antibodies,
biomarkers, polysaccharides, peptides, etc., to bind
or target the nanoparticles to particular cell type or
tissue specific regions. Research is under progress to
fabricate nanomaterials with enhanced surface prop-
erties for biomedical application. Major challenges
still present like degradation, clearance from body
system due to cell particle interactions, challenging
physiological conditions like pH, enzymatic activity,
temperature, blood flow, etc., which make difficult to
predict the behavior of nanoparticles in biological

system.3 3-35

Synthesis of Hydroxyapatite

zAs a biomaterial, the in vitro and in vivo biological
and mechanical properties of HAp are strongly
affected by its physical characteristics. Even though
a great variety of methods have been tried for the
preparation of HAp nanoparticles, only a few of
them are acceptable in terms of performance and
economic considerations. Main hindrances of most
of the used methods rely not only on the diverse
precursor, solvent or surfactant materials needed in
the synthesis, but also the wide particle size distri-
bution, complicated and expensive processes, major
agglomeration and phase impurities, which usually
occur in the crystal structures as elucidated in
Table 1. A great variety of synthesis methods have
been adopted for the fabrication of nanostructured
hydroxyapatite (nHAp) worldwide. Efforts have
been made to control their geometry, crystallinity,
size, stoichiometry, and degree of particle agglomer-
ation (for different applications) by employing new
routes or through modification of pre-existing syn-
thesis methods. Nano- and micron-sized HAp parti-
cles of distinct morphologies have been synthesized
in large scale with tailored composition, reproduc-
ible size, structure, etc. Recently, environmentally
friendly synthetic methodologies, including biomi-
metic synthesis, molten-salt synthesis, hydrothermal
processing, and template synthesis, have been insti-
gated as viable techniques for the synthesis of a
range of bioceramics. Nanometric HAp particles
could be prepared by a variety of wet-chemical
techniques such as sol-gel, chemical precipitation,
hydrothermal, polyol, micro-emulsion, and sono-
chemical; employing dry techniques such as solid
state method and mechanochemical synthesis; high-
temperature synthesis such as combustion, spray
pyrolysis, and thermal decomposition; and from
various biogenic sources.” The production of syn-
thetic ceramic HAp biomaterials can be classi-

fied as:
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e Wet-chemical synthesis (precipitation, hydro-
thermal, hydrolysis and sol-gel techniques).

¢ Dry-chemical synthesis (solid-state reactions,
mechanochemical synthesis).

¢ High temperature reactions (combustion, spray
pyrolysis, thermal decomposition).

¢ From bio-resources (biological origin) such as

(1) Animal sources: bovine, sheep, pigs,
goats, etc., bones and teeth; (2) Marine

sources: fish scale, bones, red algae, corals,
sea shells, sea urchins, etc.; (3) Plant sources:
papaya leaves, calendula flowers, bamboo,
potato orange banana peels, grapes, etc.
(Figure 3).

Goat bones

Bovine bones

: ¥ 1
Animal source 1 /

Sheep bones Pig bones

Chicken and Duck
Egg shells, Egg
White, Bones

Hydroxy
apatite

Fabrication and drug delivery applications of nanostructured hydroxyapatite

Utilization of different synthesis methods pro-
duces HAp nanostructures of different sizes and
shapes as can be seen in Table 2.

Structure of Hydroxyapatite

The inorganic mineral phase of bones consists of
small crystallites of ion-substituted HAp, which is
formed by the replacement of a fraction of carbonate
groups of carbonate apatite by phosphates and/or
hydroxyl groups in the structure.”® The unit cell of
HAp (synthetic or natural origin) has a hexagonal
crystal structure, with space group Pé63/m and lattice
constants @ and ¢ equal to 0.942 and 0.688 nm,
respectively. The crystal structures of apatite have

Potato peel Sweet potato
) N -i"'w‘% o ~
o | A & i
)

Bamboo Grapes

Calendula flower

T ANy

Papaya leaves Pomelo peels

(

Banana peels Orange peels

Snails

w €

Fish scale bones

FIGURE 3 | Bio-sources for hydroxyapatite (HAp) synthesis: Animal (top left), plant (top right) and aquatic (bottom).
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TABLE 2 | Hydroxyapatite (Hap) Nanostructures of Different Sizes and Shapes Produced Using Different Synthesis Routes

Synthesis Route Advantages Morphology and Size Ref.
Wet-chemical synthesis
Co-precipitation Simplest and most efficient chemical method. Irregular, sphere, rod, needle, tube, fiber, 10,37-40
Synthesis at room temperature. Particle size can filament, wire, whisker, strip, platelet,
easily be controlled by adjusting pH and ionic flower. Size range: 3 nm—1000 pm.
strength of reaction media. Nanostructures of
wide range of size and morphology.
Sol—gel synthesis Molecular-level mixing of reactants improves the Irregular, sphere, rod, needle, tube, 10.41-45
chemical homogeneity of synthesized pure and filament, whisker, platelet. Size range:
hybrid nanostructures at low temperature. 3 nm-1000 pm.
Hydrothermal Enhanced solubility of precursors. Controlled growth Irreqular, sphere, rod, needle, tube, fiber, 14670
synthesis dynamics. wire, whisker, feathery structures.
Size range: 3 nm-1000 pm.
Micro-emulsions Controlling better particle size, restrict hard Irregular, sphere, rod, tube, flower. Size 1051-55
agglomeration. range: 5 nm-8 pm.
Polyol Nonagglomeration, High boiling point of polyols Irregular, leaf, flake, plate, whisker, 10.48,36,57
used as a solvent as well as a reducing agent. nanorods. Size range: 5 nm—80 pm.
Sono-chemical Monodispersed nanoparticles of different shapes Irregular, sphere, filament, rod, tube. Size '8
could be produced. range: 5 nm—1000 pm.
High temperature synthesis
Thermal Good size control, narrow size variation and good Irregular, flake, plate, sheet, formless. 10.62-65
decomposition crystallinity. Size range: 5 nm-200 pm.
Pyrolysis Rod-like nanoparticles and single phase with high Nanorods embedded to micron form. Size 1966769
crystallinity and good stoichiometry. range: 10 nm—1000 pm.
Combustion Quickly procedure, high purity, single step Sphere, oval, ball, irregular spherical. Size ~ '%7074
operation. range: 5 nm-200 pm.
DRY SYNTHESIS
Solid state Well crystallized structure. Irregular, filament, rod, needle, whisker. 10.75-79
Size range: 5 nm-1000 pm.
Mechano-chemical ~ No calcination is required. Irregular, sphere, rod, needle, whisker. 10,80-84
Size range: 5 nm-200 pm.
Synthesis from bio sources
Bio sources To produce HAp ceramics from various natural A diverse structure could be obtained. 65.85-94
[Animal, Plant materials such as bone waste, eggshells, marine The different shapes include sphere,

and Aquatic] organisms, naturally derived biomolecules and bio
membranes. This is an eco-friendly approach to

convert waste materials to wealth.

irregular, flakes, plate, rod, tubular
structure, etc. Size range: 10 nm—
2000 pm.

been studied in details by Naray-Szabo”® which was
confirmed further by Hendricks et al.”” The proposed
structure was further refined by Posner et al.”® The
HAp lattice consists of Ca**, PO,*~ and OH ions
distributed over two mirror symmetric halves of the
unit cell (Figure 4).°”'° In a single cell unit of HAp,
there are 14 calcium ions; of which six are located
within the unit cell, and the remaining eight periph-
eral ions are shared by adjacent unit cells. Among the
10 PO,*~ groups of a unit cell, two remain inside
and eight at the periphery. All the eight OH™ groups
remain at the edge of unit cell, shared by 4 unit cells
each. Therefore, on average, each unit cell of HAp
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contains 10 calcium ions, 6 phosphate ions, and
2 hydroxyl ions.

Applications of Hydroxyapatite

HAp has been widely used to treat bone and periodon-
tal defects,'®" alveolar ridge,'** as dental materials,'%*
middle ear implants,'®* tissue engineering systems'%’
and bioactive coatings on metallic osseous implants,'%
due to its adequate mechanical properties and the simi-
lar composition to bone and teeth minerals.'®” Recent
studies also suggest that HAp particles inhibit the
growth of many types of cancer cells. '°%1%

© 2017 Wiley Periodicals, Inc.
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Fabrication and drug delivery applications of nanostructured hydroxyapatite

.o eH

®ca er

FIGURE 4 | Molecular structure of hydroxyapatite (HAp): (a) computational modeled hexagonal crystal structure with P63 symmetry. Calcium
ions are at the vertices of the triangles around each hydroxyl group (red). (Reprinted with permission from Ref 99. Copyright 2010 Royal Society of
Chemistry. (b) Unit cell perspective. (Reprinted with permission from Ref 100. Copyright 2007 Elsevier)

The general importance of HAp and its deriva-
tives has also led to numerous nonmedical industrial
and technological applications, such as chromatogra-
phy adsorbents for purification and separation of
proteins and nucleic acids,'' catalysts,"'"""'* host
materials for lasers,'!® fluorescence materials,"'* ion
conductors,'*® and gas sensors.''® In addition, HAp
presents very convenient qualities for water treatment
processes,'!” and remediation of heavy metal con-
taminated soils.''®

HAp of various morphologies and surface
properties have also been investigated as drug car-
riers for the delivery of a variety of pharmaceutical
molecules, because of their tailorable size, structural
advantages, highly active surface, unique physical
and chemical properties, ease of modification, bio-
compatibility, nontoxic, and noninflammatory
properties. 1?7121

Biocompatibility is an important factor to
understand the host response with implants and bio-
materials. On tissue engineering aspect, biocompati-
bility is defined as the ability of materials to locally
trigger and guide normal wound healing, reconstruc-
tion, and tissue integration. In vitro biocompatibility
is performed with specific cell lines (bone: osteoblast,
cartilage: chondrocyte, liver: hepatocyte, etc.) to
determine its interaction. For the biocompatibility
evaluation of HAp materials, MG63 osteoblast cell
lines are used. While HAp is a well-studied biocom-
patible material, its surface provides a suitable matrix
for attachment of cells, showing no toxic effect,
allowing cells to proliferate over it. The bone and
scaffold implant interface revealed the presence of
HAp as one of the important factor in the bonding
zone. In vivo studies revealed primary dissolution of
ions from the surface of implanted HAp, followed by
ion exchange and structural rearrangement at the
ceramic—tissue interface. Enhancement of cellular
activity causes cell attachment, proliferation, and

© 2017 Wiley Periodicals, Inc.

differentiation, which ultimately forms an extracellu-
lar matrix.'*?

‘Nontoxic’ materials are considered to be non-
dangerous or nondestructive to living beings. Non-
toxic is also a relative term, which is considered by
many factors like quantity, environment or condition
and target specific. Considering these factors in mind,
if any material in minute quantity shows detrimental
(lethal) effect, then its toxicity is to be considered as
higher. HAp, a constituent of calcium and phospho-
rous, has been well-studied for its toxicity under dif-
ferent conditions and with different cell lines, as well
as in animal models. There exists no report on its
toxic behavior in normal conditions. The formula of
HAp is Ca1o(PO4)s(OH),, consisting of Ca**, PO~
ions and it is very stable material in physiological
environment. During implant-tissue interaction in
physiological system, the release of Ca**, PO, ions
favors for bone cell formation and does not show
any toxic effect.'??

‘Inflammation’ is the result of complex biological
protective response involving immune cells, blood ves-
sels, and molecular mediators. The function of inflam-
mation is to eliminate the early cause of cell injury,
clear out necrotic cells and damaged tissues due to an
inflammatory process, and to initiate tissue repair. The
classical signs of inflammation are heat, pain, redness,
swelling, and loss of function.®™'*!'*~12!1 The implan-
tation study of HAp scaffold does not show any
inflammatory effect due to its bioactive and nontoxic
properties.®

HYDROXYAPATITE AS A DRUG
CARRIER

A variety of ceramic drug delivery systems have been
utilized to carry different types of drugs such as
amino acids, steroids, hormones,'**'?*> proteins,'*®
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vaccines,'*” phenolics, acetylsalicylic acid, genes,
antigens, enzymes, antibiotics'?%7'%% and anti-cancer
drugs.’*" HAp has a low solubility in physiological
condition and it could be used as a carrier for the
local delivery of drugs both by surgical placement
and injection. Three important forms of drug delivery
by HAp are: (1) drugs conjugated/loaded with
implanted HAp scaffolds, (2) porous HAp/nHAp
granular particles, and (3) polymer coated HAp/-
nHAp particles. Use of HAp as drug carrier agent
has several advantages:

e HAp nanoparticles usually have longer biodeg-
radation times, a property crucial to diffusion-
controlled drug release kinetics. Slowly
degradable—or even close to nondegradable—
ceramic matrices can retain drugs for longer
times after administration. The controlled local-
ized drug delivery by HAp minimizes the toxic-
ity to other organs by minimizing the drug
concentration in the blood. The drug concentra-
tion could be controlled in a way that it neither
reaches the toxic level nor falls below the mini-
mum effective level, and also circumvents
repeated dosage of drugs,!2*12%-127-130

® The concentration of the loaded drug over
porous HAp surface depends upon the penetra-
tion behavior of the drug molecules through the
micropores, the rate of penetration, and the
pharmacokinetic profile of the drug. Since engi-
neered HAp contains microporous structure
and has excellent biological response to the

physiological condition, it can ensure slow
release of the drug,2?-2%119-127,130

e HAp can functionalized/bonded with both posi-
tively and negatively charged molecules by sim-
ple adsorption.'3!

e HAp does not swell or change porosity, and is
relatively stable under the variation of solution
pH and temperature. The small swelling ratios
of ceramics prevent the release of a burst of
drugs—a problem commonly seen in hydrogels,
such as poly (2-hydroxyethyl methacrylate)
(pHEMA) drug-delivery system.'3%132

e Synthetic HAp nanoparticles can posse the
same chemistry, crystalline structure and size as

of the constituents of targeted tissues
(e.g., various types of CaP in bone or
teeth), 1/10:39-43,85,101-107

* Through doping, HAp could be tailored as
nanoparticles ~ with  favorable  electrical
(e.g., ferroelectric and dielectric), mechanical
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(e.g., piezoelectric, ultrahigh hardness, etc.),
magnetic (e.g., superparamagnetic) and optical
(e.g., photothermal effects, electroluminescence,
etc.) properties which is hardly seen in poly-
meric nanoparticles, 1311412613013

Mechanism of Drugs Attachment over
Hydroxyapatite

Mechanisms of biomolecule immobilization over the
surface of HAp particles or implant materials are dis-
cussed in very few articles. To provide a controlled
and sustainable drug loading impact on cells, it seems
beneficial to develop biomaterial surfaces with cova-
lently immobilized ligands, which provide controlled
release of proteins or drugs.'?

A number of approaches have been developed
for the conjugation of therapeutic agents or targeting
ligands on the surface of nanoparticles (Figure 5).
They can be classified in two major groups. One is
the conjugation of drug by means of cleavable cova-
lent linkages and the other is attachment through
physical interactions.

Covalent linkage strategies involve linking ther-
apeutic agent or targeting molecules directly with, for
example, amino or hydroxyl functional groups pre-
sent on the surface of polymer-coated nanoparticles.
Alternatively, linker groups such as iodoacetyls, mal-
eimides, and the bifunctional linker pyridyl disulfide
may be used to attach the drug to the surface of the
particles. This approach not only leads to an

‘ (c) Antibacterial
'L{Lfs e

(d) j;f:%

Anticancer

e
D,
L\

A: Coating of HAp surface with nanoparticles
B: Physical Interaction of Antibiotics
C: Physical Interaction of Anticancer Drugs

E: Non covalent attachment
F: Covalent attachment of Drugs

FIGURE 5 | Schematic presentation of drug conjugation processes
over hydroxyapatite (HAp) nanoparticles.

© 2017 Wiley Periodicals, Inc.



t_,*‘ WIREs Nanomedicine and Nanobiotechnology

enhancement of the loading capacity but also results
in more specific linkages, protecting the drug’s func-
tionality and hence increasing its efficiency. Another
advantage of using linkers is they provide milder
reaction conditions for attachment, which is favor-
able for the drug molecules such as therapeutic pep-
tides, proteins, and polymers to be protected from
harsh chemical environments.

Physical interactions such as electrostatic,
hydrophobic/hydrophilic and affinity ones can also
lead to coupling of drug molecules with the surfaces
of nanoparticles. Polyethyleneimine (PEI), a cationic
polymer, interacts electrostatically with negatively
charged nanoparticles. The nonspecific cell uptake
and severe toxicity of PEI conjugated nanoparticles
are still a big challenge for its utilization in nanome-
dicine. To overcome such constraints, compatible
ligand-mediated modification of PEI is necessary to
reduce its cytotoxicity and enhance cellular
uptake.'?*

Similarly, dextran-coated nanoparticles functio-
nalized with negatively charged functional groups
can be coupled with peptide oligomers via electro-
static interactions. The limitation associated with
dextran coating includes pulmonary edema, acute
renal failure, cerebral edema.'3’

Due to hydrophobic interactions, lipophilic
drugs can easily be attached to nanoparticles covered
with hydrophobic polymers. In this case, the degra-
dation of hydrophobic polymer coating causes the
release of therapeutic drugs. Affinity interactions,
such as streptavidinbiotin and biotinylated interac-
tions, can also be utilized for bioconjugation of ther-
apeutic agents with HAp nanoparticles. Unlike
electrostatic and hydrophobic interactions, affinity
interactions offer the most stable noncovalent link-
ages, which are relatively unaffected by environmen-
tal conditions, such as changes in pH and ionic
strength of the medium.

Grafting hexamethylene di-isocyanate to HAp
surface has also been used to immobilize drugs over
HAp surfaces. The reaction procedure for grafting
hexamethylene  di-isocyanate requires multistep
chemical reactions in presence of catalyst and inhibi-
tors."*® Introduction of amine groups on HAp sur-
face through aminosilanization helps to immobilize
therapeutic molecules.">” HAp particles modified
with aminopropyl-triethoxysilane have been evalu-
ated to be nontoxic to a variety of cells in biocompat-
ibility screening. Hydrolysation of silane molecules
has serious effects on cell morphology, which in high
concentration causes cell injury leading to cell death.
The use of aminosilanes has always favored over
vinyl silane or methacryloxy silane coatings due to

© 2017 Wiley Periodicals, Inc.
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the improvement of hydrophilicity, which causes
enhanced cell adhesion on the surface.'*” Silanized
HAp has also been used for the immobilization of
RGD (Arginylglycylaspartic acid) peptides with
enhanced cell adhesion and differentiation. RGD, a
tri-amino acid sequence, is the most commonly stud-
ied adhesive peptide in the biomaterials field. RGD
sequence can bind to multiple integrin species and
minimizes the risk of immune reactivity or pathogen
transfer. In spite of these advantages, the RGD inter-
action with integrin binding protein is very broad. As
a result, the chances of nonspecific binding of target
molecules are very high, because blood and other
body fluids contain high amount of integrin binding
proteins.'>®13? Other approaches for surface functio-
nalization utilize compounds comprising strong
adsorptive binding to HAp surfaces, such as phos-
phates, amino acids. The crystallinity of HAp nano-
particle influences the surface activity and
solubility.'*® Poly-glutamate motifs,'*! and polyelec-
trolytes like poly acids,'** have been utilized to cre-
ate a platform for covalent binding of drug molecules
with RGD coated nHAp structure. In Table 3, a few
examples of drug conjugation with HAp utilizing dif-
ferent approaches are presented.

1

HAp Nanoparticles as Drug Carriers
for Healing Bone Related Disorders
Application of HAp as a drug-carrying medium/
vehicle is mainly focused on treating hard tissue dis-
eases, especially bones and teeth. It is a proven effi-
cient inorganic drug delivery agent for the treatment
of chronic osteomyelitis and bone cancer. On the
other hand, HAp is useful to deliver drugs of low
bone penetration and short biological half-
life."*”15% Poly-methyl-methacrylate (PMMA) beads
have been utilized initially to treat infectious bone
diseases. However, they had to be removed surgi-
cally as they are nonbiodegradable. Use of resorb-
able biomaterials like collagen, fibrinogen, and PLA
are seen to be ineffective drug carries, as they do
not replace bone grafting.'***'** On the other hand,
treatments of bacteria infected bone diseases such as
osteomyelitis and osteoarticular infections are highly
complicated, which involve operative debridement,
and removal of all foreign bodies through follow-up
antibiotic therapies.'*® The blood circulation in
these infected sites is limited and hence the antibi-
otic distribution is poor. Therefore, growth factors
and antimicrobials should be supplied to the osse-
ous sites by site-specific drug delivery.'>*!%3

On the other hand, nano- and micrometric
HAp of different morphologies (spherical, irregular,
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TABLE 3 | A Few Examples of Effective Conjugation of Therapeutic Drugs with Hydroxyapatite (Hap) through Different Approaches

Drug Conjugation

Approach Conjugated Drug

Performance

Ref.

Cleavable
covalent linkage

Doxorubicin (DOX)

Raloxifene

Ofloxacin

Attachment through
physical interaction

lbuprofen

Sodium ampicillin

Vancomycin

Mesoporous HAp acts as an excellent carrier for DOX molecules with a loading
efficiency of &~ 93%, which is much higher than that of the conventional HAp
particles. Variation of pH of the release medium (PBS) from 7.4 to 5.5
increases the drug release from 10% to about 70%.

Raloxifene used in osteoporosis therapy, inhibits osteoclast. Forms a covalent
bond with nHAp-based biomaterial by interfacing with (3-aminopropyl)-
Triethoxysilane (nHAp coating material). No drug loading or releasing kinetics
were studied. By employing FTIR, the functional groups were studied and
possible mechanism of raloxifene conjugation on HAp surface has been
discussed. HAp contains hydroxyl groups which may react with the 3-
aminopropyl-triethoxy silane and subsequently condenses the amino group of
the silane with the Ketone group of raloxifene.

B-cyclodextrin (8-CD) has covalent interaction with HAp. Coupling agents are
used to improve the drug (ofloxacin) loading capacity and for sustained
release. The adsorption capacity of ofloxacin on p-CD-grafted HAp (B-CD-g-
HAp) composite was found to be about 30 mg/g at 37 °C in 24 h. The
release of ofloxacin from $-CD -gHAp slows down to 28% and 21% in
pH 2.0 and 7.4, respectively, within 2 h.

Ibuprofen exists in dimeric form both in solid and liquid state. Ibuprofen—nHAp
complex formation occurs most likely through the dissociation of Ibuprofen
dimer into monomeric species. Hydrogen bonding of the hydroxyl group of
Ibuprofen to the hydroxyl group of the apatite, together with the interaction
of the ibuprofen carbonyl group to HAp Ca center.

HAp contains negatively charged hydroxyl groups (OH™), which are the potential
bridging agents to sodium ampicillin, which has positively charged groups
such as amine group (NHs*), sodium ions (Na*) and some hydrogen ions
(H*). Three stage release kinetics, independent of loading concentration (1, 5
and 10 mg of ampicillin/ml) has been observed. The first stage, characterized
by a fast release (first 2 min), followed by the slower second stage, which
lasts approximately 12 min. In the final stage, a residual volume of sodium
ampicillin is released, which lasts until the finish of sodium ampicillin in the
samples (~30 min.).

Vancomycin was loaded with HAp and PCL coated HAp scaffold via immersion-
adsorption method. The drug release studied for short (1 h) and prolonged
(72 h) time durations. Compared to the abrupt initial burst (as high as
~70-80% release) in uncoated HAp samples, the PCL coated HAp showed
much lower initial burst (~44%). The study revealed ~90% release of the
drug within 24 h for the pristine HAp sample.

143

144

145

146

147

148

whisker, rods, etc.) have been used to fabricate
porous scaffolds to deliver drugs in traumatized or
post-operative bone tissues. For example, Son
et al. reported ionic immobilization of dexametha-
sone (DEX)-loaded poly(lactic-co-glycolic  acid)
(PLGA) microspheres over HAp scaffold surfaces. In
that study, HAp scaffolds with interconnected poros-
ity were prepared followed by immobilization of
DEX-loaded and FITC-loaded PLGA microspheres in
a three step process. Primarily, PLGA microsphere
surfaces were treated with radiofrequency plasma in
an oxygen-filled chamber, followed by the second
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step of dispersing the oxygen plasma-treated PLGA
microspheres in positively charged PEI solution and
lyophilization. The final step involved DEX-loaded
PLGA microspheres immobilization on the negatively
charged HAp scaffold surfaces (Figures 6 and 7).

In vitro drug release from the encapsulated
microspheres was evaluated prior to their implanta-
tion in defective femurs of beagle dogs. The release
profile of DEX in phosphate-buffered saline (PBS,
pH = 7.4) at 37 °C, over a 28 days immersion study
indicated an initial burst release, followed by a sus-
tained release. The immobilized microspheres showed

© 2017 Wiley Periodicals, Inc.
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FIGURE 6 | Schematic diagram of the porous hydroxyapatite (HAp) scaffold containing Dex-loaded PLGA microspheres. PLGA microspheres
were pre-coated with PEI molecules. The counter charge of the microsphere and HAp surfaces permitted fabrication of the system via electrostatic
interactions. (Reprinted with permission from Ref 31. Copyright 2011 Elsevier)

an early burst of approximately 35% of the total
DEX loaded at day 2, followed by a sustained release
of DEX for the remaining study period. In vivo eval-
uations of DEX-loaded PLGA microsphere-
immobilized HAp porous scaffolds were also per-
formed. After 10 weeks of in wvivo implantation
study, micro-computed tomography (micro-CT) anal-
ysis revealed new dense cortical bone formation at
DEX-loaded HAp scaffolds implantation region.
Whereas, the traumatized regions which were either
unfilled or filled with DEX-free HAp scaffolds slowed
healing with less dense bone formation.

Among other important drug delivery studies of
HAp, the standout might be of Shinto et al., who
studied gentamicin-, cefoperazone- and flomoxef-
loaded cylindrical HAp blocks of different sizes for
osteomyelitis against staphylococci.’*® While genta-
micin sulfate elution from the HAp blocks could be

detected until 90 days of loading, cefoperazone
showed similar release pattern, detectable until
50 days. On the other hand, flomoxef showed most
rapid release from HAp blocks, lasting until 25 days.
Itokazu et al. used arbekacin antibiotic-loaded HAp
blocks for the treatment of osteomyelitis in rats.'>”
The HAp blocks used in this experiment were of
2 x 2 x 3 mm dimension, with 50% porosity and
50-300 pm pore diameter, where about 0.84 mg of
arbekacin could be introduced to each of them. The
release of loaded antibiotics from the HAp blocks
has seen to be very slow and stable. About 0.5 pg/L
arbekacin was retained in the HAp blocks after
40 days of study.

Among other bone bonding motifs,"*® bispho-
sphonates are a class of substances characterized by
a high affinity for bone and HAp."” The capacity of
bisphosphonates to accumulate in bones is a

FIGURE 7 | SEM images of DEX-loaded PLGA microspheres immobilized onto hydroxyapatite (HAp) scaffold. (a, a1, a2) HAp scaffold after
shaking for 4 h with water-dispersed control PLGA microspheres; (b, b1, b2) HAp scaffold after shaking for 4 h with water-dispersed PEI coated
PLGA microspheres. (Reprinted with permission from Ref 31. Copyright 2011 Elsevier)

© 2017 Wiley Periodicals, Inc.
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consequence of their high affinity to HAp due to bi-
or tri-dentate interactions, depending on the structure
of the respective derivative.'®® The influence of the
chemical structure of bisphosphonate derivatives on
their bone-binding affinity and the growth of HAp
crystals have been studied by several researchers.'®!
For example, Ong et al. have synthesized HAp nano-
particles of various sizes (40-200 nm) and demon-
strated that they can be stably loaded with drugs
(radioisotopes) by exploiting the high-affinity HAp-
(poly) phosphonate interaction.'®* According to their
study, clinically available phosphonates, clodronate,
and Tc-99 m-methylene-diphosphonate (Tc-99 m-
MDP) could be efficiently loaded onto HAp nanopar-
ticles within 15 min. Utilizing noninvasive micro sin-
gle photon emission computed tomography
(microSPECT), they could monitor the biodistribu-
tion of Tc-99 m-MDP loaded radiolabeled HAp
nanoparticles in mice. Imaging and dosimetry studies
indicated that HAp nanoparticles, regardless of size,
were quickly taken up by Kupffer cells in the liver
after systemic administration into mice. Clodronate
loaded HAp nanoparticles remained biologically
active and could result in selective depletion of Kupf-
fer cells. However, the use of bisphosphonates in
drug targeting to bone is more common due to their
adequate pharmacokinetic properties. Especially they
are ideal candidates for targeting bone and calcified
tissues, as has been demonstrated by Hirabayashi
and Fujisaki through bisphosphonate-conjugated
proteins. '¢3

Nanostructured HAp as Drug Carrier
Since last two decades and a half, researchers have
given a considerable effort for applying HAp nanos-
tructures as a suitable drug carrier agent.'®* To men-
tion a few, Cellet et al. synthesized HAp
nanowhiskers to load terbinafine, an antifungal drug,
to deliver in colon.'? With a BET estimated specific
surface area of 67 m?/g, the synthesized nanowhis-
kers [crystallite size of 8.41 nm along (211), and
23.7 nm along (002)] could adsorb about 40.63 mg
of terbinafine/g of HAp. The HAp nanostructures
have seen to be excellent drug delivery vehicles,
releasing about 90% drug in simulated gastric fluid,
and about 70% in simulated intestinal fluid in 30 h.
Yu et al.'® fabricated antimicrobial composites
to protect prosthesis from deep infection using irreg-
ular shaped HAp nanoparticles of 30-40 nm size as
carriers of vancomycin hydrochloride (VAN). For
that, they incorporated VAN loaded HAp nanoparti-
cles into a sticky matrix of oxidation sodium alginate
and gelatin, which acted as a good adhesive to the
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prosthesis. The VAN loading capacity of HAp nano-
particles was seen to be about 956 pg per 100 mg
HAp nanoparticles. Although the authors have not
studied the drug release behavior of the composite,
the VAN release pattern from the bare HAp nano-
particles was seen to have two strides. During the ini-
tial 24 h, there was a burst release of VAN, releasing
61% of total amount of loaded VAN, and during
later 375 h, there was a slow release of VAN
entrapped in HAp nanoparticles porous channels.
The results clearly demonstrate the possibility of
using HAp nanoparticles for controlled sustained
drug delivery.

On the other hand, Lian et al.'®® fabricated
vancomycin-loaded nHAp/collagen/PLA bone graft
substitute with infection inhibition property for
repairing large size bone damages. Although the
shape and size of the used HAp nanoparticles were
not reported, the composite graft revealed a typical
porous structure with a porosity of about 80% and
compressive strength of 1.52 MPa. The release kinet-
ics of VAN from the composite graft was studied
in vitro using phosphate buffer solution, revealing
about 98% release of the loaded drug in 4 weeks.
The composite graft was seen to have a high level of
bacterial inhibition ratio (> 99%), with good adhe-
sion to the trauma site and without any inflammation
responses in subcutaneous implantation.

Finally, hollow HAp nanoparticles such as
hollow spheres and nanotubes of 36-60 nm in
diameter have been utilized for VAN storage and its
controlled release by Ye et al.'®” demonstrating
their high drug holding and pH-controlled drug
release capacities. Although it is not easy to fabri-
cate hollow HAp structures at nanoscale, they
reported an innovative polymeric micelle-templating
method for fabricating hollow nanospheres and
nanotubes of HAp. Utilizing the complex solubility
behavior of polyethylene oxide (PEO) and polypro-
pylene oxide (PPO) below and above their critical
micellar temperature and dehydration kinetics of
PEO at cloud temperature, they fabricated Tween
60 conjugated PEO-PPO-PEO triblock copolymer
templates to produce hollow HAp nanospheres
(Figure 8). On the other hand, by utilizing citric
acid as co-surfactant in the same process, they suc-
ceeded to assemble those spherical polymeric tem-
plates to linear assemblies, which could be used to
fabricate HAp nanotubes (Figure 8). It has been
demonstrated that these hollow nanospheres (drug
holding efficiency ~19.06%) and nanotubes (drug
holding efficiency ~31.82%) have much higher
VAN holding capacity than their solid counterparts
such as nanoparticles of similar sizes (drug holding
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FIGURE 8 | Schematic representation of hollow hydroxyapatite (HAp) nanoparticles fabrication from P123 and Tween-60 core—shell structured
micelles templates. (Recreated with permission from Ref 167. Copyright 2010 Elsevier)

efficiency ~2.25%). The drug holding capacity of
the HAp nanotubes could be increased further by
functionalizing them by cationic polyelectrolyte
poly(dimethyldiallyl ammonium) chloride, PDDA,
which forms electrostatic charge complex with the
negatively charged carboxyl ion of the co-surfactant
citric acid. The VAN release behavior of these
polymer-functionalized nanotubes strongly depends
on the strength of interaction (hydrogen bonding)
between the VAN and carboxylic group of citric
acid and the pH-dependent protonation of the car-
boxylic group (Figure 9).

HAp nanoparticles have also been used as car-
riers for anticancer drugs. The specific properties of
drugs and morphology of HAp nanoparticles were
seen to affect the adsorption and desorption kinetics
of drug molecules. The negatively charged alendro-
nate and the positively charged cisplatin were
strongly adsorbed, while the neutral di(ethyle-nedia-
mineplatinum) medronate (DPM) complex showed a
lower affinity towards the negatively charged surface
of HAp nanoparticles. While adsorption of cisplatin
was found to be favored at needle-shaped HAp sur-
face, plate-shaped HAp surface favored alendronate
adsorption. However, the release rate of neutral
DPM was seemed to be higher than that of charged
alendronate and cisplatin. While neutral DPM
released at a faster rate from needle-shaped HAp sur-
face than plate-shaped surfaces, both the charged
drugs revealed similar release rates from both types
of HAp nanoparticles.'®®

The studies performed by Venkatasubbu
et al. confirmed the effectiveness of PEG functiona-
lized HAp nanoparticles as a drug carrier.'®” Anti-
cancer drug paclitaxel could be effectively attached
to the surface of folic acid modified PEG-
functionalized HAp surface. The drug loaded poly-
mer functionalized nanoparticles revealed usual
release pattern (initial burst release followed by

© 2017 Wiley Periodicals, Inc.

prolonged sustained release), releasing 100% of the
drug in 50 h. The initial burst release has been asso-
ciated with the facile detachment of the drug mole-
cules from the surface of the HAp nanoparticles.
Doxorubicin (DOX) intercalated nHAp has been uti-
lized as drug-delivery system into adult female Swiss
Albino rat model for treating liver cancer.!”®

Using ‘opposite ion core-shell’ inorganic tem-
plate strategy, for the first time, Ma et al. fabricated
hollow ellipsoidal capsule shape HAp and calcium
silicate (CaSiOj3) nanostructures for drug delivery
applications.'”" For the development of core HAp or
CaSiO;  structures, they wused nanostructured
(400-600 nm diameter and 600-900 nm length) core
of CaCOj3 as templates (Figure 10). CaCOj3 cores
were synthesized via wet-chemical reaction of
Ca(CH3COO); and NaHCO3 at room temperature,
where Ca(CH3COO), was used as Ca®* source.

Enclose

Release/

H+

—
p— \,

OH- B~

oo
pH =74 pH=5.4
Open
= Positively charged PDDA & =\Vancomycin
r:nr.""i = lonized carboxyl of citrate o= = Protonated carboxyl

FIGURE 9 | Schematic representation of pH-responsive drug
carrier, based on the interaction between negatively charged carboxyl
groups of citrate upon hollow hydroxyapatite (HAp) nanorods surfaces
and positively charged poly dimethyldiallyl ammonium (PDDA)
molecules. The interaction formed the gates to open or close to store
or release vancomycin from the hollow nanorods, as controlled by
environment pH. (Reprinted with permission from Ref 167. Copyright
2010 Elsevier)
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FIGURE 10 | TEM micrographs of (a)—(c) CaCO; cores with different sizes (d)~(i) HAp hollow ellipsoidal capsules nanostructures with different
shell thicknesses prepared by using the CaCOj3 cores. (Reprinted with permission from Ref 171. Copyright 2008 Royal Society of Chemistry)

Next, either PO4>~ or SiO3*” source was added to
form HAp or CaSiOj shells, respectively, on the sur-
face of CaCO; cores. A follow-up treatment with
dilute acetic acid and calcination at 900°C could
completely remove the CaCOj cores to make the
capsules hollow. The synthesized hollow HAp nano-
capsules were studied for drug loading and release,
with a model drug ibuprofen (IBU), which could be
stored at 459.5 mg/g of the nanostructures. The drug
release pattern revealed a very slow and sustained
release of IBU through diffusion for 100 h. Loaded
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IBU did not release completely from nanostructures
because of the formation of hydrogen bonds between
—COOH groups of IBU and —OH groups of hollow
HAp nanocapsules, which retarded or held back the
drug release.

Li et synthesized mesoporous HAp
(MHAp) nanoparticles using Pluronic F127 block co-
polymer as a template. To obtained disulfide functiona-
lized MHADp (S-S-MHAp) a series of chemical reactions
were performed to develop first the NH,-MHAp and
then COOH-MHAp. The developed COOH-MHAp

31.172
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co-dissolved with N-hydroxysuccinimide and 1-[3-
(dimethylamino) propyl]-3-ethylcarbodiimide hydro-
chloride in phosphate buffer solution with the further
addition of cystaminedihydrochloride to develop S-S-
MHADp. Fluorescein isothiocyanate (FITC) was utilized
as both model drug and site marker for intracellular
tracing of MHAp. The S-S-MHAp/FITC was further
covalently coupled with carboxyl groups of collagen
and amino groups of S-S-MHAp. This constructed the
redox-responsive MHAp nanoreservoirs end-capped
with collagen. Finally, lactose acid (LA) was added to
the collagen-capped MHAp solution to develop Kell-
specific targeting complex moiety of LA-Col-S-S-
MHAp/FITC (Figure 11(a)).

In drug loading and releasing assays, LA-Col-S-
S-MHAp has been utilized as a FITC carrier com-
plex. Endcapping efficiency and release behavior of
LA-Col-S-S-MHAp/FITC have been followed by UV-
vis fluorescence spectroscopy. To explore the con-
trolled release behavior, dithiothreitol (DTT) was
used as an external stimulus to trigger the redox-
responsive release of FITC. About 20% of FITC was
released from LA-Col-S-S-MHAp within 10 h with-
out using DTT; which indicates a good end-capping
efficiency (Figure 11(b), i-a). On the addition of
DTT, the LA-Col-S-S-MHAp/FITC system exhibited
80% release within 10 h; which concludes the rapid
response to DTT due to the breakage of disulfide
linkages between collagen and MHAp (Figure 11(b),
i-c). Col/MHAp-FITC exhibited around 80% FITC
leaching after 20 h due to the inferior end-capping
efficiency of physically coated Col/MHAp compared
to the Col-S-S-MHAp disulfide linkages system
(Figure 11(a), i-b). To investigate the rapid redox
response of LA-Col-S-S-MHAp to an external stimu-
lus, DTT was added to the solution after 5§ h cultiva-
tion of LA-Col-S-S-MHAp/FITC in PBS buffer
solution. The result showed that without DTT about
10% of FITC was released after the first 5 h,
whereas, on co-addition of DTT addition, 70% FITC
was released after a subsequent 5 h (Figure 11(b), ii).
The disulfide linkages between collagen and MHAp
of LA-Col-S-S-MHAp/FITC nanocomposite have
good end-capping efficiency, which promotes a rapid
redox-response to DTT under physiological condi-
tions to deliver or release drugs.'”?

A recent work of Li et al.,'”? demonstrated the
synthesis ~ of  core-shell mesoporous nano-
hydroxyapatite (MHAPNs) by templating method,
using Pluronic F127 as block copolymer template,
and polyacrylic acid (PAA) as the shell. The construc-
tion of drug loading systems (DOX@PAA-
MHAPNSs) was performed through several chemical
reactions; first with 3-aminopropyltriethoxysilane

© 2017 Wiley Periodicals, Inc.
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(ARTS) to obtained NH,-MHAPNSs, followed by
N,N-dimethylformamide (DMF) and PAA
(Mw = 3000) to obtain PAA-MHAPNSs. Finally,
DOX was added to PAA-MHAPNs nanocomposite
to obtain DOX@PAA-MHAPNs (Figure 12(a)). In
vitro controlled drug release behaviors of DOX@-
PAA-MHAPNs and DOX@MHAPNs were studied
in PBS buffered solutions at pH 7.4 (mimicking the
physiological pH in normal tissues and blood), 6.5
(mimicking tumor extracellular environment), and
5.0 (mimicking subcellular endosomes). As can be
seen in Figure 12(b) i), the drug release behavior of
DOX@PAA-MHAPNs could be regulated by the
solution pH. The drug release rate from the DOX@-
PAA-MHAPNs system after 24 h in pH 7.4 was
about 15%. Whereas, the release amount of DOX
increased up to 48% and 72% after 24 h, on
decreasing the pH of the solution to 6.5 and 5.0,
respectively (Figure 12(b), i). Such pH dependent
DOX release behavior of the DOX@PAA-MHAPNs
system has been attributed to the protonization of
PAA at lower pH environment, which lead to a
dimension of electrostatic interactions between PAA
and DOX. However, the drug release behavior of the
DOX@MHAPNSs system (Figure 12(b), ii) was seen
to be less sensitive to the solution pH.

Insufficient or uncontrolled intracellular drug
release from nanoparticles always limits the amount
of drugs that actually reach to target sites, which
severely hampers the efficacy of treatment and
induces toxic side effects inside body system. To over-
come the challenges, till date, various nanoparticles
have been used as drug delivery agent. Among them,
HAp nanoparticles have a promising future to be an
ideal nanostructured material as a therapeutic agent.

HAp Nanoparticles as Protein Carriers

One of the positive aspects of HAp as a drug carrier
molecule is its strong ability to adsorb proteins on
surface,!'%126-133 Researchers have studied the
adsorption behavior of different proteins such as
cytochrome ¢ (Cyt ¢), hemoglobin, and bovine serum
albumin (BSA) over HAp surfaces.!”*'7¢ Liu
et al. synthesized calcium deficient nHAp by in situ
and ex situ schemes with BSA loading on their sur-
face. The study revealed the release behavior of BSA
from the nHAp carrier at different pH environments
(7.5, 8.5, and 9.5). The uptake amount of BSA by
the synthesized nHAp decreases with increasing pH
value. At pH 7.5, the amount of incorporated protein
was about 17.5%, which is 75% higher than normal
BSA loading. The BSA release profile of nHAp shows
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FIGURE 11 | (a) Schematic illustration of redox-responsive system based on collagen capped MHAp (mesoporous hydroxyapatite) for cell-
targeted drug delivery (b) Cumulative release profiles of FITC from LA-Col-S-S-MHAp with/without DTT solution: (i) controlled release of FITC from
LA-Col-S-SMHAp (a and b without DTT, ¢ with DTT) and the Col/MHAp system (b); (ii) delayed release of FITC from LA-Col-S-S-MHAp by addition
of DTT solution after incubation for 5 h. (Reprinted with permission from Ref 172. Copyright 2014 Royal Society of Chemistry)

two stages, the initial fast released by desorption fol-
lowed by a slow release due to crystal dissolution.”®

Xu et al. studied the interactions of HAp nano-
particles with Cyt ¢ and hemoglobin and their influ-
ence on the development of zebrafish, a model
animal, for developmental biology. Their experimen-
tal results indicate the interactions of the two func-
tional proteins with HAp nanoparticles are
electrostatic attraction and hydrogen (N-H- - -O and
O-H- - -O) bonding. Interactions of HAp nanoparticles
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with peptide chains result in twisting the proteins, caus-
ing the breakage of hydrogen bonds; changing the sec-
ondary conformation of proteins to sheet-like
conformation. Furthermore, HAp nanoparticles aggre-
gate to bigger particles around the membrane proteins,
causing a mild toxicity to the development of zebrafish
embryos.'””

For the application in guided tissue regeneration
(GTR), it is very important to develop resorbable
materials with sufficient mechanical strength. Talal

© 2017 Wiley Periodicals, Inc.
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FIGURE 12 | (a) Schematic illustration of the preparation of DOX@PAA-MHAPNSs and the intracellular pH-responsive drug delivery system
(b) Cumulative release profiles of DOX from (i) DOX@PAA-MHAPNs and (i) DOX@MHAPNSs at different pH values. (Reprinted with permission

from Ref 173. Copyright 2016 Royal Society of Chemistry)

et al. developed a HAp nanoparticles/polylactide
(PLA) composite membrane and studied its interac-
tion kinetics with proteins. HAp nanoparticles incor-
porated PLA membrane was seen to adsorb BSA very
fast (within 5 min of treatment), with about eightfold
increase in BSA protein holding with respect to PLA
membrane without HAp nanoparticles. The diffusion
of BSA through HAp nanoparticles/PLA composite
membrane increased with the increase of HAp nano-
particle content. The diffusion of BSA in PBS from
the developed PLA membrane after 24 h was only
3.64 + 1.01 pg/mL. Whereas, PLA membranes with
25% and 75% HAp nanoparticles showed
44.99 + 35.61 pg/mL and 153.12 + 65.57 pg/mL of
protein diffusion, respectively. These composite

© 2017 Wiley Pe

membranes are therapeutically useful as delivery sys-
tems for controlled release of proteins.'”®

Use of Doped HAp Nanostructures for

Real-Time Monitoring of Drug Release

Although pure HAp is a nonluminescent material,
luminescent properties can be induced in it by incor-
porating rare-earth ions, especially the ions of lantha-
nide groups such as Eu®* (europium), Gd**
(gadolinium), and Sr** (strontium) for real-time moni-
toring of drug release. On the other hand, lanthanide
ions such as Eu®* and Gd>* functionally mimic Ca**
(calcium) ions can affect the bone remodeling cycle,
which makes lanthanide-doped HAp as a potential
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material for the treatment of bone density disorders
such as osteoporosis.'”® Another possibility of induc-
ing luminescent properties in HAp is through conju-
gation or adsorption of fluorescein (CoH;,05)-type
organic fluorescent materials at its surface.'8%!81
These lanthanum ion doped or fluorescent conjugated
HAp nanostructures can be utilized for monitoring
drug loading and release characteristics of these nano-
structured vehicles, as well as for tracking drug distri-
bution at the treated sites. Furthermore, as the
incorporation of lanthanide ions induces magnetic
properties on HAp nanostructures, there is a good
possibility for using them as biomarkers. In fact,
Zhang et al. utilized Sr.-doped mesoporous HAp
nanorods for in vitro monitoring of loading and
releasing kinetics of model drug IBU, by monitoring
the intensity of the characteristic blue emission of Sr**
ions around 432 nm. In addition, Chen et al.'®? uti-
lized multifunctional Eu**/Gd** dual-doped HAp
nanorods for the whole body iz vivo imaging in nude
mice through computed tomography for monitoring
the release and distribution of IBU at the injected sites
(Figure 13). On the other hand, a considerable
enhancement of the drug loading capacity of HAp
nanorods (from 653.5 to 841.4 mg/g) has been
observed due to the enhancement of the specific sur-
face area and zeta potential of lanthanide-doped HAp
nanostructure surfaces.

Due to isotropic electronic ground state 5S,
and half-filled f-orbitals, both the trivalent europium
and gadolinium ions posse high magnetic moment
and proton relaxation (both longitudinal and trans-
versal) at low magnetic fields. Such electronic

wires.wiley.com/nanomed

structures of these rare earth ions make the rare earth
doped HAp nanostructures ideal biomarkers for
computer tomography (CT) scan and magnetic reso-
nance imaging (MRI). These multifunctional nanos-
tructures hold a promising future to enhance clinical
therapeutic efficacy in bio-imaging and drug delivery
contexts.

Magnetic HAp-mediated Drug Delivery

Since the introduction of the concept of using magne-
tism in medicine by Freeman et al."®? in the 1960s, a
vast amount of research work has been performed in
this area, leading to the design of several magnetic
particles and vectors. The idea of targeted drug deliv-
ery and targeted drug therapy is to transport a drug
directly to the affected sites under various conditions
and thereby treating them skillfully without any side
effect on the affected sites of the body. Most types of
magnetic HAp nanoparticles are based on iron
oxides. Investigations have also been performed
(Figure 14) on magnetic HAp nanoparticles based on
other dopants. The magnetic HAp nanoparticles are
broadly categorized in eight different categories such
as (1) Fe-doped, (2) Fe and Pt co-doped, (3) iron
oxide doped, (4) Cobalt-ferrite doped, (5) Mn and Fe
doped, (6) Nd and Gd co-doped, (7) '*3Sm and Gd
incorporated, and (8) iron oxide, Fe and Cu doped
HAp nanoparticles.'*

Tran et al. reported increased osteoblast func-
tions in the presence of HAp-coated iron oxide nano-
particles.'®® Their hydrothermally synthesized HAp
coated rod-shaped Fe;O4 nanostructures (60 nm

Epi-fluorescens:

Color Scale
Kin = 2300
Faz = 3028

FIGURE 13 | In vivo PL imaging of the mice after subcutaneous injection without (a) and with (b) Eu**/Gd**-HAp (Eu3*: Gd** = 1:2)
nanorods. (c) PL emission images of Eu>*/Gd>*-HAp nanorods at different concentrations. The excitation wavelength was 430 nm. (Reprinted with

permission from Ref 182. Copyright 2011 Elsevier)
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long, 20 nm wide) had saturation magnetization (Mj)
of ~35 emu/g which revealed good osteoblast activity
when cultured with osteoblast cells. However, the
composite nanostructures were not been used for
drug delivery application. Hou et al.'®® synthesized
magnetic HAp (mHAp) nanoparticles by co-
precipitation method and reported their application
in animal model (mouse) to treat tumor by magnetic
hyperthermia. The mice, which were only injected
with mHAp and had been treated inside the magnetic
field showed a dramatic reduction of tumor volume
in 15 days long experimental observation period
(Figure 14, ii). Whereas, the mice injected with
mHAp did not show any reduction effect over tumor
when they were not under a magnetic field
(Figure 14, iii). The blood test results of liver and
kidney functions of the experimental mice possess
important information regarding biocompatibility of
the HAp and mHAp nanoparticles. The normal
blood urea nitrogen (BUN) and creatinine level in the
experimental mice suggest normal kidney functions,
whereas, the elevated alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels
suggest abnormal liver functions due to the metabo-
lism of HAp and mHAp through liver. The increased
ALT and AST levels are not fatal because all the mice
survived well during the experimental study. All the
animals under study revealed normal alkaline phos-
phatase (ALP) levels, which confirm the normal bone
metabolism even after the exposure of the nanoma-
terials in the body system.

§ Fe oxide
doped HAp \
) ﬁ

Fe and Pt Co
doped HAp

doped HAp

Magnetic
hydroxyapatite

()

Nd and Gd co
doped HAp

Application of
magnetic HAp

Fabrication and drug delivery applications of nanostructured hydroxyapatite

Guo et al. utilized magnetic, mesoporous car-
bonated HAp microspheres as drug delivery systems
for loading and releasing VAN, although the satura-
tion magnetization of their composite nanostructures
was very low (M ~3.98 emu g™!). About 35.1 wt%
of vancomycin could be loaded per gram of the
developed carrier, and about 67.5% of it was
released after 20 h.'8¢

On the other hand, Gu et al. have developed
mesoporous Fe;O4/HAp nanocomposite with large
surface area, high pore volume, and good magnetic
separability.’®” They utilized the Fe;04/HAp com-
posite with about 16.20 emu/g saturation magnetiza-
tion for DOX loading and releasing, observing about
0.102 g of DOX loading per gram of the composite;
while its release kinetics revealed a faster early stage
release and slower prolonged release (until 100 h),
depending on the pH of the release medium. The
slow, steady, prolonged and safe release behavior of
the composite demonstrates its utility as an ideal
material for targeted drug delivery.

The versatile intrinsic properties of magnetic
HAp nanoparticles enable their use in numerous
therapeutic applications in the field of diagnostics
and therapeutics. More specifically, the use of mag-
netic HAp nanoparticles with their unique guiding
capabilities and negligible side effects, are excellent
drug delivery agents, not only for cancer therapy but
also in treatment of other ailments.

In this review, we analyzed the experimental
results of different research groups on the drug

(ii) (iii)

FIGURE 14 | (i). Magnetic hydroxyapatite (mHAp) nanoparticles based on different dopants. (ii) The clinical photographs of the tumor (mHAp
with magnetic field). The tumor in day 1 (A), day 5 (B), and day 14 (C). (iii) The clinical photographs of the tumor (mHAp without magnetic field).
The tumor in day 1 (a), day 5 (b), and day 14 (c). (Reprinted with permission from Ref 108. Copyright 2009 Elsevier)
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loading and releasing behaviors of HAp nanostruc-
tures, along with their utilization for bioimaging
(Table 4). Although most of the drug delivery studies
on HAp nanostructures have been performed utiliz-
ing these nanostructures in scaffolds, and on bone-
related corrective surgery, the results demonstrate
that the drug-loaded nHAp has very different drug
uptake and release patterns over a prolonged period.
Depending on the shape, size, composition, and
porosity of the nHAp based carrier, very different
drug uptake and release kinetics can be revealed for
a particular drug molecule. Similarly, different drug
molecules show varying drug uptake and release
behaviors for the HAp nanostructure of particular
shape and size. However, it is clear that HAp

wires.wiley.com/nanomed

nanostructures are well efficient to carry a broad
range of molecular structures including biological
molecules such as proteins, enzymes, nucleic
acids, etc.

The studies performed so far revealed that tai-
lored HAp nanostructures can deliver therapeutic
molecules to specific areas of the body efficiently with
release control, and reduced side effects. HAp nanos-
tructures of <100 nm dimension have enhanced drug
uptake and better-controlled release behaviors than
bulk HAp. Although a vast amount of experimental
work has been published in the literature, they do
not lead us to conclude if the morphology or size of
HAp nanostructures plays any significant role on the
efficiency of these nanostructures for drug delivery.

TABLE 4 | Hydroxyapatite (HAp) Nanostructures Used for Drug Delivery and Imaging Application

Drugs with HAp Application Nature of HAp Ref.
Paclitaxel, Cis-diamminedichloroplatinum (II), Anticancer drug delivery Nanoparticles, Scaffold or 170188191
Di(ethylenediamineplatinum) medronate, block of nanoparticles of
Methotrexate HAp
Eu** and Gd** doped Tri-modal contrast for MRI, X-  Nanoparticles of 30 nm 179
ray and NIR fluorescence average size
Fe** and Pt* doped Lung cancer and hyperthermia Pt and Fe doped 192
nanoparticles
163,166,191-194

Arbekacin sulfate, Vancomycin, Ceftriaxone,
Gentamicin, Cefoperazone sodium, Flomoxef
sodium, Hydrocortisone,

Iron doped Poly lactic acid (PLA)
Iron (Fe** and Fe?*) doped

Fe304, Fe and Cu doped composite
Iron (Fe>*) doped
Th3*/Gd®* dual-doped

Functionalized with luminescent and magnetic
Na(Y/Gd)F4:Yb>*, ErP*

Dual doped with Ho(lll) ion and Fluorescein
isothiocyanate labeled
Dye (FITC) functionalized

Luminescent mesoporous Eu-doped

Ln (Eu**, Tb®*) doped

Antibiotic drug delivery

MRI contrast agent, scaffold
Targeted drug delivery,
Imaging

Targeted drug delivery and
MRI

Nano-probes for drug releasing

Bimodal imaging applications

Drug delivery and MRI bimodal
contrast agents

in vitro cell imaging and as T2
MRI contrast agent

Cellular imaging, drug delivery

Luminescent drug carrier and
bioimaging probes

Luminescent drug carriers and
bioimaging probes

Nanoparticles, Scaffold or
block of HAp

HAp nanoparticles

Needle shape,
superparamagnetic

Porous nanoparticles

Rod shaped nanoparticles
of 75 nm average size

Spherical (40-100 nm)
HAp nanoparticles

Magnetic and luminescent

Needle shape nanoparticles
(50-100 nm)

Rod shaped, 20-40 nm
wide and 100-200 nm
length

Rod shaped nanoparticles

195

196

197

196

198

199

200

201

202

203

CePO,:Th doped Redox Iuminescent switch and ~ Needle shaped, 50100 nm 2%
bioimaging probes length, 5-10 nm wide
Cr** doped Bioimaging/biosensing Nanoparticle, 40-100 nm 205
22 of 32 © 2017 Wiley Periodicals, Inc.
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However, the composition and porosity do have sig-
nificant effects on the drug loading (though adsorp-
tion, conjugation or attachment) capacity of nHAp
and HAp composites.

The positive and most promising aspects of
HAp nanostructures as drug delivery agent are their
nontoxic and bioactive behaviors. Moreover, HAp
nanostructures of tailored composition and morphol-
ogy can be fabricated through simple synthesis tech-
niques. HAp nanostructures of high active surface

Fabrication and drug delivery applications of nanostructured hydroxyapatite

allow a broad range of therapeutic molecules to be
adsorbed, adhere or attached on their surfaces. All
these characteristics make HAp nanostructures most
promising carrier agent among the common biocera-
mics. With the progress of science and technology,
we gain more knowledge on the disease pathology
and cellular defense mechanisms, which help us to
develop specific drugs. To improve the specificity and
strength of these newly developed drugs, advanced
drug delivery systems must be instigated. Considering

TABLE 5 | Patents Related with Nanostructured Hydroxyapatite for Medicinal Application

Sl. Patents

Application Potentials

1 US20170027989 A1 (February 2, 2017) Rajan V. Vembu

2 W02016202100 A1 (December 22, 2016) Zhang Li et al.
3 IN201401516-11 (December 11, 2015), Ahmad F J et al.
4 JP2015223259-A (December 14, 2015), Furusono T et al.

5 CN104857567-A (August 26, 2015), Hu Y et al.

6 IN201305009-14 (September 04, 2015), Parimanathu KRV et al.

7 CN104587488-A (May 06, 2015), Cheng W et al.

8 W02014174437-A1 (October 30, 2014), Lilja M, Soerensen JH,

et al.
9 CN103935973-A (April 29, 2014), Zhang Q et al.

10  WO02014141287-A1 (September 18,2014), Koyakutty M et al.

11 WO02014124496-A1 (August 21, 2014), Dehghani F et al.

12 CN103041447-A (April 17, 2013), Pan H, Wang )

13 US2012010599-A1 (January 12, 2012), Jin S, Smith G, Choi C

14 CN102614529-A (August 01, 2012), Chen Y et al.

15 WO02012010520-A1 (January 26, 2012), Mueller WEG, Wiens M

16 W02009132411-A1 (November 05, 2009), Troczynskl T et al.

17 US2007190102-A1 (August 16, 2007), Luo P

18  US2005226939-A1 (October 13, 2005), Ramalingam M et al.
19 US2003219466-A1 (November 27, 2003), Kumta PN et al.
20 US6165486-A (December 26, 2000), Marra KG et al.

Compositions and methods for the prevention and treatment
of metabolic diseases (hydroxyapatite nano-fibers
composite)

Polyether ether ketone/nano hydroxyapatite dental implant
and manufacturing method thereof

Nano-conjugate composition useful for regulated release of
antiresorptive agent

Hydroxyapatite-derived particles used in deodorizer and
dental filler

Calcium alginate/hydroxyapatite nano compound double
drug loading porous scaffold

Method for preparing nanoporous bioceramic portion for
bone implantation

Silica nanoparticles-pH-responsive liver cancer cells
controlled drug delivery system

Method for loading hydroxyapatite coated implants fixation
pins, with antibiotics

Preparation of radial multi-structured nano-hydroxyapatite
for use in biomedical field

Doped nanobiomaterial as contrast agent for multi-
functional medical imaging

Composite material useful as bone and dental filler and
injectable formulation

Injectable silk fibroin bone repair filling sustained-release
material

Inducing, enhancing, prolonging bone-forming capacity and
drug delivery

Drug delivery system for treating nasopharyngeal carcinoma

Nano/microparticle used as a supplement for reducing tooth
hypersensitivity

Polymer-free bioactive agent delivery system for implantable
medical device

Biocompatible implant for delivering drugs or proteins
Method for production of nano-sized hydroxyapatite particles
Preparation of hydroxyapatite

Biocompatible osteoconductive composites supporting bone
cell growth

© 2017 Wiley Periodicals, Inc.
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all these aspects, nHAp can be considered as one of
the most promising, efficient drug delivery biocera-
mics of present time.

The potentials of nHAp and related CaP
ceramics in drug delivery applications are not only
highlighted in a vast number of recent publica-
tions but also demonstrated through filed and
offered patents during 2000-2017. The registered
patents granted during this period are enlisted in
Table 5:

Prospects of HAp Nanostructures

Nanophase HAp bioceramics have extended their
prominence in biomedical field due to their superior
biological and biomechanical properties. Development
of biocompatible nHAp with desired characteristics
would be greatly benefited from the recent advances
in nanotechnology. Although several methods have
been evolved for synthesizing HAp at nanoscale in the
past two decades, current techniques face a number of
limitations, such as serious aggregation and agglomer-
ation of particles, wide particle size dispersion, and
their low specific surface area. To address these issues,
new, improved synthesis routes have to be established.
A significant amount of research in this area is
expected to focus on the application of nHAp as
resorbable scaffolds, which can replace endogenous
hard tissues over time. In the future, the ability to
functionalize nHAp surfaces with organic molecules
of different natures and dimensions (chain lengths), as
well as the ability to control the physical, chemical,
and topographical properties of their surfaces will
define their usefulness for selective targeting within
biological systems, especially the specificity towards
individual proteins and peptides. On the other hand, a
better understanding of the influence of size, morphol-
ogy, and nHAp—biological cell interfaces are essential
for their direct applications in biotechnology. Effective
collaboration of scientists of different disciplines is
necessary to develop such a complicated interdisciplin-
ary research. For the application as drug carriers, the
nHAp must be able to store and retain a large amount
of drug within their pores and release them in con-
trolled manner. In that sense, the mesoporous HAp
nanoparticles have a good prospect for drug delivery
applications, provided their pore-architecture could be
controlled for a sustained drug release.

Recent developments on plasmonic nanostruc-
tures, especially the plasmonic nanocomposites of
core-shell nature, for example, magnetic-core@plas-
monic-shell,  ceramic-core@plasmonic-shell,  and
magnetic-core@plasmonic-shell@porous ceramic-shell
shed a great hope for fabricating more complex
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nanostructures based on HAp and externally con-
trolled (using infra-red, radio frequency, and other
type of radiations) drug release at specific body sites.

CONCLUSIONS

The main objective of this review is to present state
of the art on drug delivery applications of HAp
nanostructures. It is already well established that
HAp is an excellent biomaterial for various biomedi-
cal applications. However, utilization of HAp for
specific drug delivery application requires specific
functionalities, which are difficult to introduce in its
bulk form. Recent advances in nanofabrication tech-
nology opened up this possibility as HAp nanostruc-
tures of diverse morphology, size and compositions
could be fabricated through different synthesis
routes. Although there exists no consensus on which
morphology of HAp nanostructures is most suitable
for which kind of drug, researchers have investigated
the drug delivery capabilities of HAp nanostructures
of different morphologies, utilizing different types of
drugs, including antibiotics, anticancer, analgesic,
anti-inflammatory, etc. Mesoporous HAp nanostruc-
tures are seen to have excellent prospects in drug
delivery applications due to their high surface area
and high pore volume. On the other hand, added
functionalities could be introduced to HAp nanos-
tructures through doping them by rare-earth ions,
alloying them with magnetic materials such as mag-
netite, or designing new geometries such as core-
shell structures of HAp and non-CaP materials.
While all these modifications provide added func-
tionalities to HAp or HAp-based nanostructures to
make them multifunctional, further improvements,
both in design and synthesis techniques, are neces-
sary for fabricating the optimum structures with
controlled unrelenting drug release properties. How-
ever, modified nHAps, such as rare-earth doped and
magnetic functionally induced ones revealed a clear
advantage for their utility for tissue imaging through
fluorescence enhancement and MRI contrast, respec-
tively. In this review, we tried to highlight most of
the path-breaking recent works reported in the liter-
ature, highlighting their findings and conclusions,
along with the history of the development and clini-
cal use of bioceramics. However, the prospects of
novel biomaterials such as HAp in biomedical fields
definitely depend upon the advancement of our
knowledge, not only of the material, but also its
interactions with specific bio-molecules, cells, and
tissues.

© 2017 Wiley Periodicals, Inc.
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