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10.1 Structure and Physicochemical
Properties of Hydroxyapatite (HAP)

The crystal structure of HAP belongs to the hexagonal system, with
the chemical formula Ca;4(PO,)s(OH),, the space group P63/m, and the
unit cell parameters of a=b=0.942nm, ¢=0.688nm, a=£=90 degrees,
y=120 degrees. The crystal structure model of HAP is shown in Fig. 10.1
[1]. As is shown, Ca** ions occupied two different positions in the unit
cell. Four calcium atoms vertically distributed along the c-axis are called
Ca(I), and the six calcium atoms arranged in a positive triangle around
the c-axis are called Ca(II) [2,3]. Ca(I) is located at c=0 and c=1/2, which
form a coordination polyhedron with the oxygen atoms in the sur-
rounding nine PO,*~ groups. Ca(II) occupies the positions of c=1/4 and
c¢=3/4, and there are seven oxygen atoms around it, which are derived
from six PO~ groups and one OH" group, respectively. PO,*>” group has
P as the central atom and four oxygen atoms coordinated to form a reg-
ular tetrahedral structure. OH' is located at the center of an equilateral
triangle formed by Ca and O perpendicular to the c-axis and at the four
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Fig. 10.1 Crystal structure of
HAP. Reproduced with permission
from M. Qi, K. He, Z. Huang, R.
ShahbazianYassar, G. Xiao, Y. Lu, T.
Shokuhfar, Hydroxyapatite fibers:
a review of synthesis methods, J.
Oral Maxillofac. Surg. 69 (8) (2017)
1354-1360.

@ Ca cormers of the crystal structure [4]. Ca(I) and Ca(II)
e P are co-topped or coplanar with PO,*" tetrahedron,
@0 so that the structure of HAP has better stability.
® o HAP is the most stable phase among calcium
phosphate materials [5], with a density of 3.156 g/
cm® a melting point of 1650°C, arefractive index of
4 a 1.641t01.65, a Mohs hardness of 5, and a moderate
‘ I—_‘ hardness. HAP is slightly soluble in water, and the
solubility constant at 37 °C is 58.65, which is easily
soluble in acid while difficult to dissolve in alkali.
HAP has strong ion exchange capacity, and Ca**, OH™, (PO,)’” in the
crystal structure can be replaced by various ions in an unnecessary
way [6]. For example, Ca®" is easily replaced by metal ions such as
Zn**, Cu**, Sr**, Ba®*, Cd**, Hg**, Na*, Ag*, and the OH™ position is a
channel ion position, which is easily replaced by halogen ions such as
F~, CI7, and Br™. (PO,)’” may also be substituted by an acid ion such
as CO3™ or Si0,"". Each substitution affects the unit cell parameters of
HAP, which in turn affects its crystallinity, thermal stability, structural
stability, micromorphology, other physicochemical properties, and
biological properties. This also provides new ideas for the modifica-
tion of HAP and expands its application range.

10.2 Synthesis of Hydroxyapatite

HAP is the main mineral component in the bones and teeth of
mammals. It has been confirmed that its nanoparticles can observably
enhance the biocompatibility and bioactivity of artificial biomaterials.
Over the past decades, HAP has increasingly received attention. Many
researchers are passionately developing more synthesis ways with the
advantages of low cost and simple operation (Fig. 10.2). Several vital
physicochemical properties and experimental parameters usually are
considered for the preparation of HAP, such as the aggregations of
nanoparticles, low purity, amorphous crystal phase, and precise con-
trol of morphology. Aiming at these problems, some developments
also are achieved, including developing new kinds of synthesis tech-
niques and optimizing experimental conditions. Of course, as a whole,
there are always corresponding advantages and disadvantages for each
method; thus it may depend on the practical needs to select synthesis
methods and experimental parameters [7].

In general, the nanoparticles with various morphologies and sizes
have different properties. So, nanosized HAP exhibits better morphol-
ogy and crystallinity, suitable stoichiometry and high purity, and re-
ceived much more attention. Based on this, many researchers focused
on the preparation of HAP in various sizes and shapes by employing
a series of traditional and/or new methods, e.g., typical hydrother-
mal, chemical precipitation, solid state synthesis, electrospinning,
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Fig. 10.2 Synthesis methods of HAP with different morphologies. Reproduced with permission from M. Sadat-Shojai,
M.T. Khorasani, E. Dinpanah-Khoshdargi, A. Jamshidi, Synthesis methods for nanosized hydroxyapatite with diverse structures,
Acta Biomater. 9 (8) (2013) 7591-7621.

microwave irradiation, chemical vapor, and so on. To date, a large
number of HAP with specific morphologies, such as sphere, rod, nee-
dle, tube, fiber, sheet, bundles of nanorods, flower and bowknot, have
been synthesized successfully, and their possible applications in rele-
vant fields have also been evaluated [8,9]. Liu et al. employed a simple
and economic hydrothermal process to prepare HAP powder with nee-
dle morphology, and the needle-shape grain possessed 130-170nm in
length as well as 15-25nm in width. The as-prepared HAP powder can
be heated to get a high density at 1200-1300°C without occurrence of
decomposition in this process. The ceramic suitably sintered possessed
a pore-free surface structure, which simultaneously exhibited a high
flexural strength (120 MPa), a tough micro-Vickers hardness (5.1 GPa),
and the better fracture toughness (1.2 MPa-m'?) [10].

On the whole, the synthesis methods of HAP can be classified as
dry method, wet method, high-temperature treatment, and combina-
tion method. Specifically, dry methods include solid-state and mech-
anochemical methods; wet methods include chemical precipitation,
hydrolysis, sol-gel, hydrothermal, emulsion, and nonchemical, which
is commonly used in synthesis of HAP. It is worth noting that chemi-
cal precipitation and hydrothermal methods are the most well-known
among those methods. Comparatively, the combination methods such
as hydrothermal-mechanochemical, hydrothermal-hydrolysis, and
hydrothermal-microemulsion methods have advantages aimed at some
particular situations. Here, we emphatically introduce several classical
methods, including chemical precipitation, hydrothermal, combina-
tion routine, sol-gel, microemulsion, and mechanochemical methods.

10.2.1 Mechanochemical Method

Mechanochemical method is a commonly used dry method for
the fabrication of various nanomaterials, such as nanocrystalline
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alloys and ceramics [11,12]. The heterogeneous particles with a well-
defined structure can be prepared by the mechanochemical method
because the presence of surface-bonded species resulting from pres-
sure may improve the thermodynamic and kinetic reactions between
particles [13-16]. In a typical mechanochemical reaction process, the
materials are ground with a planetary mill with an optimizing stoi-
chiometric molar ratio of reactants [17,18]. The main implement vari-
ables include the type of raw materials, the milling medium, milling
time, milling speed, and so on [17,19]. The relevant reaction routes
are described as follows:

10CaCO, +6(NH,H,PO, ) - (10.1)
Ca,, (PO, ), (OH), +8H,0+10CO, +6NH,

3Ca, (PO, ), +xH,0+Ca(OH), —»Ca,, (PO, ), (OH), +xH,0 (10.2)

9Ca0+Ca(OH), +3P,0; —Ca,, (PO, ), (OH), (10.3)

As mentioned above, HAP particles prepared by a typical
dry method always keep a large size and disorder morphology.
Comparatively speaking, wet methods are favorable to produce
HAP with a nanoscale structure and regular morphology, exhibiting
a more popular tendency among numerous researchers. Classical
chemical synthesis processes of HAP for wet methods are concluded
as follows:

10Ca(NO, ), +6(NH, ), HPO, +8NH,OH — (10.4)
Ca,, (PO, ), (OH), +20NH,NO, +6H,0

10Ca(NO, ), +6(NH, ),PO, +2H,0— (10.5)
Ca,, (PO, ), (OH), +18NH,NO, +2HNO,

10Ca(NO, ), +6H,PO, +2NH,OH — (10.6)
Ca,, (PO, ), (OH), +2NH,NO, +18HNO,

10Ca(OH), +6H,PO, —Ca,, (PO, ), (OH), +18H,0  (10.7)

10CaCl, +6(NH, ), HPO, +8NH,OH — (10.8)
Ca,, (PO, ), (OH), +20NH,Cl+6H,0

10CaCoO, +6(NH, )H,PO, +2H,0 — (10.9)
Ca,, (PO,), (OH), +3(NH, ), CO, +7H,CO,

10CaS0, +2H,0+6(NH, ), HPO, —

(10.10)
Ca,, (PO, ), (OH), +3(NH, ), SO, +7H,CO,
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10.2.2 Chemical Precipitation

Chemical precipitation is a conventional and simple method to pre-
pare HAP. Under the condition of normal temperature and pH4.2, HAP
has a low solubility and stable CaP phase was formed in the aqueous
solution [20-25]. Nevertheless, the precipitation reaction is commonly
performed with a higher pH values and elevating temperatures until
the boiling point of water [26,27]. Many typical calcium and phosphate
chemicals can be used to synthesize HAP by a chemical precipitation
reaction, such as calcium hydroxide, calcium chloride, calcium nitrate
and orthophosphate, phosphate salts, and so on. In addition, the drop-
wise addition operation is also necessary with the Ca/P molar ratio of
1.67 [28-31]. At last, the obtained suspension is usually subjected to
an Ostwald ripening process under the atmospheric pressure [32,33].
However, the HAP synthesized by the chemical precipitation method
is always non-stoichiometric, weakly crystalline, and no regulation
[34-36]. Many factors are considered regarding these drawbacks,
including the high chemical affinity of HAP with some ions, the
complex compositions of the CaP compounds, the H-bond interaction
between HAP, and the uncertain kinetic parameters [37,38]. Therefore,
precise control over the experimental conditions is usually required
for the preparation of HAP with minimum defects. Indeed, to get a
single-crystal HAP with well purity, the precipitation process should
always be performed with a high pH or a high temperature, or both.

Gibson et al. [39] first prepared the bioceramic via incorporating
a small amount of silicon into the HAP by using a chemical precipita-
tion method. During this process, a single-phase silicon-substituted
HAP (Si-HAP) was obtained via calcining the as-prepared silicon-
substituted apatite (Si-Ap) at 700°C, and thus no secondary phases,
e.g., tricalcium phosphate or calcium oxide, were found in the prod-
uct. However, the silicon substitution in HAP changed the lattice pa-
rameters. This substitution also contributed to a decline toward the
quantities of hydroxyl groups located in the unit cell.

Tas [40] synthesized the nanosized (~50nm) ceramic powder of cal-
cium HAP with a homogeneous and high-purity phase by using calcium
nitrate and diammonium hydrogen phosphate mixed in synthetic body
fluid (SBF) via the chemical precipitation process. The prepared precursor
was found to readily reach a purity >99% after 6h of sintering in normal
atmosphere at 900°C. The result showed that no decomposition occurred
for HAP in this process, especially for the undesired §-TCP phase.

10.2.3 Hydrothermal Methods

As one of the most usual ways for the synthesis of HAP, the hydro-
thermal method is commonly achieved via treating the mixture of
reactants under a high temperature and pressure environment in an
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autoclave or pressure-resistant reactor [41-45]. It has been confirmed
that HAP nanoparticles prepared by using the hydrothermal method
show regular stoichiometric and are highly crystalline [46-48]. What
is more, phase purity and Ca/P ratio of HAP observably enhance
with the increment of hydrothermal reaction temperature. But, a rel-
atively higher temperature and pressure need more expensive syn-
thesis cost, which is also a notable trait compared to other methods.
Hydrothermal method has been used to prepare 1D nanosize HAP,
attributed to its priority to induce growth of HAP along 1D orientation.
It is generally implied that the generation of rod-like crystals in the
hydrothermal reaction process includes two main steps, nucleation
and growth step, in which small crystalline nuclei are formed in a su-
persaturated reactants solution, and the nuclei gradually grows until
forming the final structure and morphology [49,50]. Liu et al. [51] syn-
thesized the HAP by using a simplified hydrothermal method. In this
process, Ca(OH),, Ca(H,P0O,),-H,0, and deionized water were heated
in a high-pressure pot at 109°C for 1-3h. The resultant product has a
well crystalline degree, specific surface area of 31-43m?/g, and CaP
ratio of 1.640-1.643. During the hydrothermal reaction process, tem-
perature and pH are the most important factors affecting the shape
and size of HAP nanoparticles. Moreover, the high pH value will con-
tribute to an isotropic or weak-anisotropic growth, so that the crystal
can grow to form spherical nanoparticles. However, the most evident
disadvantage of the hydrothermal method is the feeble ability to con-
trol the size distribution of nanoparticles.

Microwave heating hydrothermal reaction has also been applied
to fabricate interconnective porous structured bodies by foaming as-
synthesized calcium-deficient HAP (Ca-deficient HAP) precipitates
containing H,0,. The porous bodies were sintered by a microwave
process with activated carbon as the embedding material to prepare
nano- and submicron-structured ceramics. The study results suggest
that porous carbonated biphasic CaP ceramics with a nanostructure
promote osteoblast adhesion, proliferation, and differentiation [52].

10.2.4 Sol-Gel Methods

The sol-gel method offers the superiority of chemical reaction at
molecular level, which is favorable to improve the chemical homo-
geneity of the obtained products [53-56]. In addition, the low tem-
perature atmosphere of the reaction process is another advantage of
the sol-gel method. Among other wet methods, the temperature ex-
ceeding 1000°C is commonly needed to calcine HAP crystals, while
the temperature of several hundred degrees or even lower is required
for sintering of HAP via the sol-gel way. In addition, the nanoparticles
prepared by using this method commonly perform a stoichiometric



Chapter 10 HYDROXYAPATITE NANOMATERIALS 491

structure with large specific surface area and small size distribution
[57-60]. According to the in vitro experiment results, the biocom-
patibility of HAP prepared by sol-gel method is better than the HAP
prepared by other ways [61]. However, this method also has some
disadvantages such as the formation of the secondary phase (e.g.,
calcium oxide) during the reaction process and the expensive cost of
some raw materials (e.g., alkoxide precursors). It is worth noting that
the secondary calcium oxide phase is adverse to the biocompatibility
of HAP, and thus attempts have been made to remove calcium ox-
ide through washing the calcined product using a dilute hydrochloric
acid solution or prolonging the ripening time [62-64]. The traditional
sol-gel method involved the preparation of a 3D structure by mixing
alkoxides in an aqueous or organic phase, followed by ripening, ge-
lation, drying, and finally removing organics from the resultant prod-
uct by heat treatment [65-67]. In the solution, the reaction between
the calcium and phosphorus reactants occurs slowly, and this is the
reason why a long period of ripening is commonly required. What is
more, the heat-treatment process has been found to be vital for the
formation of pure HAP and the removal of residual organics from the
porous gel [54-56,68,69]. It is worth noting that the formation rate of
gelation, type of the solvent, temperature, and pH applied in the sol-
gel synthesis process extremely depend on the chemical nature of the
reactants.

Liu et al. [70] synthesized HAP powders by a sol-gel technique us-
ing triethyl phosphite and calcium nitrate as phosphorus and calcium
precursors, respectively. The resultant sols were stable, and no gelling
existed in the ambient environment for more than 5 days, which would
become gel after the evaporation of the solvents. X-ray diffraction
demonstrated that the structure of HAP first appears at a temperature
of 350°C, whose crystal size and content both increased as increment
of sintering temperature. In addition, the distinction of initial diluting
media (water and anhydrous ethanol) did not affect the morphology
and crystalline degree of the resultant HAP powder.

10.25 Emulsion Synthesis Method

The precise control over shape, size, and scale distribution of parti-
cles is crucial and fairly difficult, especially when preparing the nano-
size material with fewer agglomerations. Emulsion synthesis method
was employed to synthesize HAP nanoparticles, which may deal with
the aggregation problem and restrict the generation of violent cluster-
ing [71]. Nevertheless, at present, this method exhibits a tremendous
superiority not only to synthesize homogeneous ceramic nanoparti-
cles, but also to control the microstructure and size of resultant powder.
Indeed, among many wet synthesis methods of HAP, microemulsion
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is demonstrated to be more effective to create a uniform particle size,
control the particular morphology, and reduce the aggregation of HAP
particles [72-75]. Moreover, a mild synthesis process with no need of
high temperature or harsh pressure makes the emulsion technique
a promising method to synthesize HAP. Microemulsion possesses a
thermo-dynamical stability and isotropic dispersion of two immiscible
liquid phases (i.e., water phase and oil phase) commonly stabilized via
the presence of surfactants. Surfactants are amphiphilic matters with
a hydrophilic end and a hydrophobic group in the tail part, which may
lead to formation of a dispersed phase with nanometer regimes; the
formed emulsion is suitable to prepare nanosized particles because
the reaction is performed in the nanosized area. Emulsion synthesis
method relays strongly on the type and concentration of surfactant
used in the reaction process [76]. For example, the formation of mi-
celles and vesicles stabilized with surfactants relies on the chemical
structure of the surfactant, particularly, its molecular weight and size
dimension. These micelles and vesicles provide a capable atmosphere
for controlling the growth of nanoparticles. The organic layer can sub-
sequently be removed by calcination, and the resultant product may
give rise to a negligible change in crystal growth and particle sizes
[75-77].

10.2.6 Template Method

Inrecentyears, exceptin the conventional techniques, some innova-
tive strategies, such as the template method and gel-casting technique,
also developed to meet different kinds of practical needs. Kamieniak
et al. [78] prepared a mesoporous HAP by a novel template method
using carbon nanorods as a hard template. It is worth mentioning
that this work first regarded carbon nanorods as a template to synthe-
size mesoporous HAP. The result showed that this method can suc-
cessfully synthesize single phase HAP with the specific surface area of
242.20+2.27m?/g and average pore diameter of 3.5 to 18.9nm. Ramay
and Zhang [79] employed a new strategy combining the gel-casting and
polymer-sponge methods to prepare microporous HAP scaffolds. The
novel technique provided a well control over the microscopic morphol-
ogy of scaffolds and improved their mechanical property. The resultant
scaffolds have an exoteric, homogenous, and interconnected porous
structure as well as a pore diameter distribution of 200-400 pm.

10.2.7 Synergistic Synthesis Methods

In order to obtain the HAP with better properties, crystalline de-
gree, and morphology, the synergistic strategy characterized by
the combination of two or more methods was preferred [80,81].
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Among these attempts, hydrothermal-mechanochemical [82-85],
hydrothermal-hydrolysis [86-89], and hydrothermal-microemulsion
are regarded as the main methods, which have received wide atten-
tions over the past decades. Banerjee et al. [90] developed a fluores-
cent erbium doped HAP (eHAP)-chitosan nanocomposite film. The
nanosize eHAP was synthesized by a hydrothermal-assisted precip-
itation method using erbium (III) ions as dopant. Physicochemical
characterization analysis demonstrated a combination and uniform
distribution of eHAP in the CS film. Simultaneously, the strong anti-
microbial effect was found to aim at E. coli and S. aureus for the as-
prepared nanocomposite film. In addition, the doped film exhibited
a well biodegradation and mineralization capability after 2 weeks in
simulated body fluid. Comparatively, the combination of the mech-
anochemical treatment and the hydrothermal process is the most
promising method to synthesize HAP due to the simple process and
relatively lower cost [91].

The usual reactants or raw materials for synthesis of HAP mainly
include Ca and P source. Calcium compounds usually originate from
calcium salts, e.g., calcium nitrate, calcium hydroxide, calcium ox-
ide, calcium carbonate. Similarly, P source mainly origin from usual
chemicals of phosphorus salts, e.g., phosphoric acid and phosphate.
Recently, inexpensive biogenic sources, such as the egg shell, bovine,
pig or fish bone, coral, bamboo, and some exoskeleton of marine or-
ganisms as well as biowastes with abundant calcium and/or phos-
phorus species resides, have been used as potential candidates to
synthesize HAP [92-96]. Sivakumar et al. [97] used a simple method
to convert the calcium carbonate frame of the corals from India to
HAP grains. The precursors (corals) with the associated aragonite and
calcite phases were heated at 900°C to remove the residual organics
and impurities. After calcination, the carbonate phase in the coral was
decomposed entirely. Subsequently, the precursors (corals) are con-
verted to HAP product by a hydrothermal reaction via the addition of
di-ammonium phosphate. It is surprising that the HAP prepared by
this method was in the form of powder and almost did not contain
impurities. Holmes et al. [98] prepared HAP by using sea coral calcite
as the raw material. After testing 52 dogs, the obtained materials com-
bined with bone tissue very well and was as hard as the native bone
tissue. This result confirmed the potential applications of sea coral cal-
cite for synthesis of HAP.

Like other nanoparticles, HAP nanomaterials would also ag-
glomerate during the synthesis process, which greatly affected their
physical and chemical properties. Therefore, researchers developed
some effective methods for the management of agglomeration, e.g.,
traditional surfactant-assisted synthesis methods, micro emulsion
synthesis method and addition of a variety of additives, and modifier
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or chelating agents in the preparation process [9]. Mobasherpour
et al. [99] prepared the HAP powder from calcium nitrate and diam-
monium hydrogen phosphate solution via a precipitation technique
and subsequent heat treatment. Results demonstrated that the size of
HAP particles gradually increased in the range of temperature from
100 to 1200°C, but the HAP with hexagonal-dipyramidal phase was not
transformed into other calcium phosphates up to 1200°C.

In order to avoid aggregation of nanoparticles, Hu et al. [100] im-
mobilized the HAP on the surface of polymer matter (chitosan). In this
process, a lucid and faint yellow chitosan (CS)/HAP nanocomposite
was synthesized by a new and easy in situ hybridization method. The
results of characterization analysis indicated that HAP nanoparticles
were dispersed well in CS material, and this novel technique can be
a friendly candidate to cope with the agglomeration problem of HAP
nanoparticles.

For the synthesis of HAP, phase impurity is also a notable subject,
especially for the eye-catching wet methods. In general, the impurity
in HAP product is mainly calcium phosphate compounds, includ-
ing monocalcium phosphate monohydrate, monocalium phosphate
anhydrous, dicalcium phosphate dihydrate (brushite), octacalium
phosphate, amorphous calcium phosphate, etc. It is worth noting that
these impurities mostly originated from the high-temperature calci-
nation process and the insufficient ripening for HAP, so that reducing
the calcination temperature and prolonging the aging time are signifi-
cant [40]. Koutsopoulos [101] employed and contrasted with three wet
methods to prepare HAP and found that aging and precipitation kinet-
ics are significant influence factors for the phase purity and crystalline
structure of the HAP product.

Typically, a lot of factors (i.e., pH of reaction system, reaction tem-
perature, the reactant proportion (Ca/P ratio), and post-treatment
ways) may affect the synthesis process and the structure and prop-
erty of HAP. Boskey et al. [102] studied the effect of temperature and
pH of reaction solution on the formation rate of HAP from calcium
phosphate. The level of reaction was detected through the percentage
of crystallinity using X-ray diffraction analysis. It was found that the
transformation kinetics is accordant with pseudo-first-order kinetic
model, and only dependent on the pH of reaction solution at a con-
stant temperature. In addition, a solution autocatalytic mechanism is
proposed to explain the metastability of the amorphous product.

The mechanism or formation process of HAP is different for dif-
ferent kinds of methods. However, these synthesis methods generally
include two processes: nucleation and crystalline growth. The spe-
cific details or formation mechanism of HAP are distinct for different
methods. For dry methods, the nucleation takes place in a hydropenic
environment; but in a moist atmosphere for wet methods. However,
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in order to develop a HAP with uniform morphology and structure,
the post-calcination treatment is always necessary. Hunter et al. [103]
studied the effects of nucleators or inhibitors on the certain proteins of
mineralized tissues during the formation process of HAP. They stud-
ied the HAP-nucleating and HAP-inhibiting characteristic of proteins
originating from bone [osteocalcin (OC), osteopontin (OPN), osteo-
nectin (ON) and bone sialoprotein (BSP)], dentine [phosphophoryn
(DPP)], and sintered cartilage [chondrocalcin (CC)]. It was shown that
BSP and DPP possessed nucleation activity at the minimum concen-
trations of 0.3 pg/mL (9nM) and 10 pg/mL (67 nM), respectively. OC,
OPN, ON, and CC all cannot exhibit nucleation activity at the concen-
trations up to 100 pg/mL. Simultaneously, OPN was found to be an ef-
fective inhibitor for HAP formation [IC5,=0.32 pg/mL (0.01 pM)], and
OC was low potency [ICs0=6.1 pg/mL (1.1 pM)]. In addition, BSP, ON,
and CC all cannot show the inhibitory activity at the concentrations up
to 10 pg/mL. These discoveries identified with the viewpoint that BSP
and DPP may play roles in the initiation of mineralization in bone and
dentine, respectively.

10.3 Applications of Hydroxyapatite
10.3.1  Drug-Delivery Carrier

Drug-delivery system (DDS) has received more attention because
it may improve the delivery efficiency of drugs and achieve the con-
trollable release of drugs. Drug-delivery carriers are the key to decide
the performance of DDS. Usually, drug-delivery carriers should have
a high surface area and good biocompatibility [104]. HAP, as a poten-
tial drug-delivery carrier, has recently attracted considerable attention
because of its biocompatible, osteoconductive, and noninflammatory
properties [105,106]. Researchers have used HAP nanoparticles to
deliver various genes, proteins, and drugs [107,108]. In addition, the
surface of HAP is rough, which favors the use of HAP in biomedical
fields. The rough surface together with the “P” and “C” sites of HAP
facilitates it to binding protein during the mineralization process
[109]. Many approaches have been developed for the conjugation of
therapeutic agents or targeting ligands on the surface of nanoparticles
(Fig. 10.3). They can be classified in two major groups: one is the con-
jugation of drugs by means of cleavable covalent linkages, and another
is attachment through physical interactions [110]. The use of HAP na-
norods/nanoparticles as a drug-delivery carrier for delivering various
proteins (growth factors) and drugs has been studied. Yang et al. [111]
reported the synthesis of HAP nanoparticles with a hollow core and
a mesoporous shell (hmHANPs). The synthesized hmHANPs exhibit
superior drug-loading capacity and enhanced drug-release efficiency
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Fig. 10.3 Schematic
presentation of drug-
conjugation processes over
HAP nanoparticles. Reproduced
with permission from S. Mondal,
S.V. Dorozhkin, U. Pal, Recent
progress on fabrication and

drug delivery applications of
nanostructured hydroxyapatite,
Wiley Interdiscip. Rev. Nanomed.

Nanobiotechnol. 10 (4) (2018) e1504.
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in comparison with the HAP nanoparticles without hollow structure.
Therapeutic anticancer drugs can be loaded efficiently onto the synthe-
sized hollow mesoporous hydroxyapatite nanoparticles (hmHANPs)
and can be released through acid-assisted diffusion/dissolution con-
trolled kinetics. Mesoporous HAP nanoparticles were successfully pre-
pared using F127 as a template coupled with CTAB as a co-template by
the hydrothermal method. The results of this research demonstrated
the successful uptake and release of the model drug CAR in an amor-
phous state with a drug loading efficiency up to 24.87% [112]. Yang
et al. [113] proposed the one-step synthesis of novel luminescence
functionalized mesoporous HAP materials by doping Eu®* during the
synthesis of mesoporous HAP, resulting in the formation of multifunc-
tional material. In addition, Son et al. [114] successfully developed a
functional porous HAP scaffold containing 3D-localized drug delivery
structures (polymeric microspheres). As an excellent drug-delivery
platform for bone regeneration, dexamethasone (DEX) as a model bio-
active molecule was efficiently added to the microsphere-containing
porous HAP scaffold without biological malfunctions, and the release
kinetics of DEX could be efficiently tuned through microsphere-
capture technology. The spherical porous HAP microparticles (SP-
HAP) as an injectable carrier for drugs such as IFN«, TE, and CyA were
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studied [115]. These drugs could be injected with a small-bore needle
(27 gauge), which reduced pain on injection. In addition, SP-HAP is
biodegradable after subcutaneous injection and can provide a sus-
tained release of bioactive proteins and lipophilic drugs. The PM/HA/
CS-based oral drug delivery system was developed to enhance the sol-
ubility and oral bioavailability of poorly soluble drugs, and it was sug-
gested that a PM/HA/CS-based drug delivery system is a promising
strategy to combine the unique properties of three-dimensional mac-
roporous HAP/CS foam and polymer micelles, which will enhance the
solubility and oral bioavailability of poorly soluble compounds [116].
Smart SiO,-based drug-delivery vehicles with high drug-loading
ability, multi-responsiveness, and excellent biodegradability have
been studied intensively. The novel nanoscale hybrid drug carrier
with AuNR core and SiO,/HAP shell (Au/SiO,/HAP) was prepared
and used for multi-responsive drug delivery (Fig. 10.4). AuNRs coated
by SiO,/HAP were obtained through base-catalyzed hydrolysis of
tetraethyl orthosilicate (TEOS) and HAP was in situ formed via the
reaction between calcium salt and phosphate. The introduction of
HAP altered the mesoporous constitution of the original silica shell,
resulting in the relatively higher drug-loading capability of Au/SiO,/
HAP nanoparticles. The Au/SiO,/HAP nanoparticles exhibited dis-
tinguished NIR- and pH-responsive behavior and release behavior of
Doxorubicin hydrochloride (DOX) drug [117]. The effective function-
alization process of mesoporous silica SBA-16/HAP-based composite
was achieved using a one-pot process by post-synthesis grafting [118].
The silica/HAP composite presented excellent biocompatibility, bio-
activity, low susceptibility to immune response, and resistance to li-
pases and bile salts. These studies provided a facile route to fabricate
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an efficient, safe, and smart HAP-based drug-delivery carrier, which
lays a solid foundation to extend the application of HAP as a drug-
delivery system.

10.3.2 Tissue Engineering

Bone is a natural organic-inorganic ceramic composite consisting
of collagen fibrils containing embedded, well-arrayed, nanocrystal-
line, rod-like inorganic materials 25-50nm in length [119,120]. But
there is a growing demand for bone regeneration material due to vari-
ous clinical bone diseases, such as bone infections, bone tumors, and
bone loss by trauma [121]. Calcium phosphate is present in bones in
the form of HAP crystals, which provides rigidity to the bone. The HAP
components are similar to those of bone, and the length and width of
HAP crystals in bone are in the nanometer range. The presence of HAP
in an implant not only enhances the osteoinductive behavior of the
implant, but also improves the osteoconductive properties between
the implant and the bone cells [122]. HAP has been frequently used
for bone tissue engineering, including bone repair and bone augmen-
tation, as well as coating implants or acting as fillers in bone or teeth
[123-126].

HAP-based artificial bones are now widely used in clinical prac-
tice and show satisfying repair function in a series of studies [127,128].
Zhou et al. [129] reported the clinical evaluation of SB-1 as a synthetic
bone in sinus bone grafting. The used SB-1 consists of synthetic HAP
with the particle size of 500-1400 pm, and it has the same chemical
composition as the inorganic part of human bones. The result showed
that the SB-1 was well integrated with the surrounding host bone
and promoted induction of new bone, leading to bonding with newly
formed bone and tge recovery of damaged bone tissue. Zhu et al. [130]
evaluated the osteoconductive properties of nano-HAP material and
its potential application as artificial bone in repairing bone defects.
The authors attempted to analyze the scientific basis of these prop-
erties, and they proved that the nano-HAP artificial bone can poten-
tially be used for bone defect treatment. The features of smaller HAP
nanoparticles may more closely resemble features of HAP during bio-
mineralization than features of the larger HAP particles that are con-
ventionally used [131]. Nano-HAP may promote osteoblast adhesion,
proliferation and synthesis of alkaline phosphatase, and lead to rapid
repair of hard tissue injury [132].

HAP ceramics have been widely used as substitutes of artificial
bone because of their high biocompatibility, bioaffinity, and osteo-
conductibility. However, due to the closed structure, the conventional
porous HAP has non-uniform pore geometry and low interpore con-
nections, so it is very difficult to completely fill the implant pores with
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newly formed host bone [133]. Porous HAP ceramics with highly in-
terconnecting structures have been developed, and osteoconduction
can occur deep inside such ceramics. Tamai et al. [134] developed fully
opened interconnected porous HAP ceramics (IP-CHA: porosity, 75%;
average pore size, 150 um; and average interpore connections, 40 pm)
by adopting a “foam-gel” technique, which showed well-organized in-
terconnective porous structure and superior osteoconductivity in vivo.
Ahn et al. [135] suggested that the HAP-based Zr bioceramic materials
with a fine structure and enhanced mechanical properties could be
used both in dental and orthopedic implanting materials. However,
there are some weaknesses, such as weak intensity, brittleness and
fatigue failure, and slow degradation; therefore, the applications of
nHAP ceramics as clinical materials are limited [136]. To strengthen
HAP, researchers have carried out omnidirectional investigations, but
the development of HAP with good biological properties matched with
good mechanical properties is still challenging [137]. Since the synthe-
sized HAP is very brittle, the implant materials composed of hard and
soft phases (composite materials) are used for total bone replacement.

Chitosan (CS) has been proven to be excellent in bone tissue en-
gineering owing to its excellent pore-forming ability, binding capacity
with anionic molecules, antibacterial activity, and biodegradation [138].
The addition of nHAP in CS can increase the mechanical properties of
nanocomposites, which mimic the natural structure of bone. Several
methods have been applied in the preparation of nHAP-chitosan
nanocomposites [139]. A two-step approach that combines an in situ
co-precipitation synthesis route with electrospinning process has been
employed to prepare new types of hydroxyaptite/chitosan (HAP/CTS)
biomimetic nanocomposite nanofibers [140]. Results showed that the
HAP- incorporated nanofibrous scaffolds appear to have significantly
improved bone forming ability as compared to CTS alone scaffolds.
The nHAP-chitosan-carboxymethyl cellulose composite scaffold with
30wt% of carboxymethyl cellulose was prepared by a freeze-drying
method, which showed the most ideal porous structure with the pore
size ranging from 100 to 500 pm; porosity of 77.8%; and the highest com-
pressive strength of 3.54 MPa [141]. Liu et al. [142] has prepared HAP/
CS nanofibers by combining an in situ co-precipitation approach with
an electro-spinning process. It was found that the nHAP/CS scaffolds
may promote bone regeneration by supporting adhesion, prolifera-
tion and activating integrin-BMP/Smad signaling pathway of mBMSCs
both in vitro and in vivo. Recently, Maji et al. [143] demonstrated the
applicability of nHAp based gelatin (G)—carboxymethyl chitosan (C)
macroporous scaffold for bone tissue engineering application. The re-
sults revealed that the scaffolds had multi-modal pore-size distribution
with large pore size and high water-uptake capacity. The SGC scaffold
degrades in a sustained way in the presence of the enzymea lysozyme
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and collagenase. The mechanical strength of the scaffold was found to
be higher than non-macroporous scaffold with an even distribution of
HAP throughout the scaffold.

Sodium alginate (SA), the natural polysaccharide derived from
brown sea algae, is believed to be a promising material with good
scaffold-forming ability that can be used to treat the loss or failure of
organs [144]. Pure SA shows some deficiencies, such as lack of cellular
interactions and weak mechanical strength, which may limit its ap-
plications in tissue engineering. The porous gHAP/SA nanocomposite
scaffolds have been prepared successfully by using a facile solution
mixture and a freeze-drying method. The gHAP/SA scaffolds exhibit a
highly porous structure with porosities of over 85% and average pore
sizes ranging from 156 to 190 pm, depending on the content of gHAP. It
was found that the incorporation of gHAP nanoplates in the SA matrix
not only improves the compressive strength, modulus, and thermal
stability of neat SA, but also promotes the proliferation of MG-63 cells
[145]. The 3-D porous nanocomposite scaffold of g-HAP containing
RGD-conjugated copolymer has been fabricated and tested for re-
pairing rabbit bone defects using tissue-engineering technology. The
g-HAP/PLGA(HP), RGD-copolymer/g-HAP/PLGA(RHP) and BMP-2/
RGD-copolymer/g-HAP/PLGA (BRHP) scaffolds were evaluated in
the critical-sized defects of radial bone of rabbit for bone-tissue re-
generation. The combined RGD-copolymer with BMP-2 exhibited the
best bone-healing quality, as shown in Fig. 10.5 [146].

In addition, a variety of ideal scaffold materials have been fabri-
cated and evaluated, such as HA/PU [147], HAP/PVA [148], HAP/PA
[149], and others [150,151]. In general, polymers and ceramics can
all be used as scaffolds for tissue-engineering applications. Polymers
offer the advantages, such as ease of processing by various methods,
good biocompatibility, and degradation rate, but fail to obtain the
desired mechanical properties. Ceramics may show good biocom-
patibility, but they are fairly brittle and somewhat difficult to process.
Despite the recent advances, there is a necessity for more research to
prepare an infection-free implanting material with sufficient mechan-
ical strength.

10.3.3 Antibacterial Materials

HAP itself has limited antibacterial performance [152]; even worse,
HAP is very hydrophilic, and bacteria are very easy to adhere and en-
rich on its surface [153,154], which induced bacterial infection during
the use of HAP-based materials [155] and limited its application in bi-
ological materials. How to avoid the bacterial infection of HAP-based
biomaterials is of great clinical significance and is one of the hot is-
sues that concern researchers. In order to improve the antibacterial
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Fig. 10.5 Macroscopic observation of the representative repaired tissues at the critical-sized
defects of rabbit radius in untreated control (A) and implanted with tissue-engineered porous
scaffolds of HP (B, E), RHP (C, F), and BRHP (D, G). The bold arrows indicate the areas of radius
defect or repaired tissues. (E-G) cross sections at the center of the repaired tissues, and the letters
of  and NB indicate the implants and the newly formed bones of radius, respectively. The pictures
were taken by a digital camera. Scale bars are 20 mm (A-D) and 2500 um (E—G). Reproduced with
permission from P. Zhang, H. Wu, H. Wu, Z. Lu, C. Deng, Z. Hong, X. Jing, X. Chen, RGD-conjugated copolymer
incorporated into composite of poly (lactide-co-glycotide) and poly (I-lactide)-grafted nanohydroxyapatite for
bone tissue engineering, Biomacromolecules 12 (7) (2011) 2667—-2680.
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properties of the HAP-based biomaterial, it is generally possible to add
a certain antibacterial substance/agent so that the HAP-based bioma-
terial has the ability to inhibit or kill microorganisms attached on its
own surface or an adjacent surface. Here, we briefly summarize the
latest research progress on HAP antimicrobial biomaterials.

10.3.3.1 Doping lons as an Antibacterial Material Additive

The incorporation of trace elements into the crystal structure of
HAP is an effective strategy to prepare HAP antibacterial materials. It
has been verified that the introduction of Ag [156-161], Zn [162-165],
Cu [166-169], or F [170-173] can increase the antibacterial activity of
HAP. In addition, the introduction of these elements can improve the
physical, chemical properties, and biocompatibility of HAP, as well as
the applicability of HAP in the biological field.

Silver (Ag) ion is the most commonly used metal antibacterial agent
with good thermal stability, biocompatibility, and low cytotoxicity
[174]. Ag" doped HAP has been synthesized by various methods, such
as the co-precipitation method [152], microwave-reflux method [175],
sol-gel method [176,177], ultrasonic-precipitation method [178], elec-
trostatic spray-pyrolysis method [179]. Ag doping can enhance the an-
tibacterial activity of HAP biomaterials. Riaz et al. [180] employed an
inexpensive and conventional precipitation method to optimize the
concentration of doped silver to synthesize HAP Ca,(Agy(PO,)s(OH),
(x=0,0.1,0.3,0.5,0.7M), and calcined at 900°C to obtain single-phase
HAP. It was found that Ag* replaced the Ca*" site in the crystal lattice,
and the lattice parameters a and c change with the increase of the sil-
ver concentration. The results of in vitro bioactivity and antibacterial
experiments showed that all silver-doped HAP maintains biological
activity and significantly increased the antibacterial activity against
Staphylococcus aureus, and the antibacterial ability is significantly en-
hanced with the increase of Ag* doping concentration. Qi et al. [181]
synthesized a bioactive HAP nanobelt with antibacterial properties by
using the hydrothermal uniform precipitation method for synthesiz-
ing Ag-doped HAP (Ag,HAP) [Ca,o,Ag,(PO,)s(OH),] (x=0, 0.2, 0.5).
Authors systematically evaluated their antibacterial properties against
E. coli bacteria and the cytotoxicity against Swiss embryonic mouse
fibroblasts (3T3-J2) cells. Their work showed that the incorporation of
moderate amounts of Ag into the HAP nanobelts increased its antibac-
terial properties and biological activity, and the HAP nanobelts also
showed enhanced mechanical properties and good flexibility.

Zinc (Zn) is an important trace element in the human body. It can
stimulate the synthesis of osteoblast protein to stimulate bone for-
mation [182]. Zn is also a commonly used antibacterial agent with
low costs and good biocompatibility [183,184]. Incorporation of Zn**
not only endows HAP with antibacterial activity, but also increases
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its biological activity. Sergi et al. [185] prepared a Zn-doped HAP
(HAP+Zn) coating on a Ti6Al4V substrate by a solution precursor
plasma spray (SPPS) process, and investigated the microstructure,
bioactivity, cytotoxicity, and antibacterial properties of the coating.
The results showed that SAOS-2 osteoblast-like cells adhered well
and proliferated on Zn-doped HAP coatings, with no cytotoxicity to
human osteoblast Saos-2 cells. The coating showed moderate anti-
bacterial efficacy against Escherichia coli, and significant effectiveness
for Staphylococcus aureus. Wang et al. [186] prepared Sr-doped, Zn-
doped, and Sr/Zn-co-doped porous HAP scaffolds by combining an
ion-exchange method and a foaming method. The density functional
theory (DFT) and experimental results showed that Sr/Zn is doped
into HAP, and lattice parameters a and cincreased in Sr-doped HAP; a
and c decreased in Zn-doped HAP. The Sr/Zn co-doped HAP scaffold
promoted BMSC differentiation, showed good osteoinductivity, and
had significant inhibitory effect on Staphylococcus epidermidis.
Copper (Cu) can also prevent and inhibit bacteria and is also an
essential micronutrient essential for the immune system and oxidore-
ductase [187]. Hidalgo-Robatto et al. [167] used pulsed laser deposi-
tion (PLD) to prepare Cu-HAP and Zn-HAP coatings with two different
metal ions. The extensive physicochemical characterization showed
that Cu** and Zn** ions were successfully doped into HAP. The anti-
bacterial properties of Cu-HAP and Zn-HAP coatings were observed,
and they all exhibited antibacterial activity against Staphylococcus
aureus and Escherichia coli. Shi et al. [166] used inositol hexakisphos-
phate (IP6) as regulator of crystal morphologies to synthesize micro/
nanostructures and Cu®*-doped HAP (HAP-IP6-Cu) microspheres
under hydrothermal conditions. The effects of microstructure and
chemical composition on the bioactivity of the materials were investi-
gated, and the synergistic effects of micro/nano hybrid structures and
Cu®" on cell behavior were evaluated. The results showed that HAP-
IP6-Cu can promote cell proliferation and osteogenic differentiation,
and effectively inhibit Staphylococcus aureus and Escherichia coli, sug-
gesting an excellent cytocompatibility and antibacterial property.
Fluoride (F) is also a common antibacterial agent. F has excellent
osteogenic activity and is an essential element in bone and tooth tis-
sues, promoting mineralization and directly participating in the bone
formation process [188]. F doping is beneficial to increase the anti-
bacterial ability and biological activity of HAP-based biomaterials.
Naske et al. [172] synthesized pure HAP (HAP) and HAP nanopowder
(FHAP) with different substitution amounts of fluorine by a hydro-
thermal method. The effect of fluorine concentration on the crys-
tallite size, crystallinity, and morphology of the synthesized powder
was studied. It was found that with the increase of fluorine substi-
tution, the crystallinity of HAP powder increased gradually; the cell
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volume decreased, and >50% substitution led to the appearance of
CaF, phase. FHAP has antibacterial activity against Gram-negative (E.
coli) and Gram-positive (S. aureus) strains and is not cytotoxic, but
powder with 50% or more fluorine substitution is not conducive to
the proliferation of osteoblasts. Wang et al. [189] synthesized a series
of fluorine-substituted calcium-deficient HAP with a FHA molar ratio
(mol F~/mol apatite) of 0.002-0.2. The sample with a molar ratio of
0.02 (F0.02) has excellent osteogenic activity and high antibacterial
ability. This can be explained by the unique microstructure of the
F0.02 sample. Calcium deficiency in F0.02 has a layered structure
with a negative Zeta potential. It also shows abundant Ca(II) vacan-
cies and lattice defects, leading to the formation of a net dipole mo-
ment, a change in the level of potential energy, and a strong acid site
in the necessary bioactive center.

10.3.3.2 Antibiotics-Loaded Antibacterial Material

HAP loaded with antibiotics can also improve the antibacterial
properties of HAP-based biomaterials by controlling the release of an-
tibiotics [190-196]. Li et al. [195] reported a technical route to prepare
HAP-gentamicin sulfate (GS) composite coating by a vacuum cold
spray (VCS) at room temperature to construct an antibiotic-loaded
coating for local delivery of gentamicin. The release kinetics, antibac-
terial properties, and biocompatibility of gentamicin were systemat-
ically studied in vitro. The results show that HAP-GS can effectively
load antibiotic coatings, and the coating has long-term antibacterial
ability. Ramirez-Agudelo et al. [196] encapsulated doxycycline (Dox)
and HAP nanoparticles (nHAP) into poly-e-caprolactone/gel (PCL-
Gel) solutions with various ratios and prepared Dox/nHAP-loaded
PCL-Gel composite nanofibers (Dox/nHAP/PCL-Gel) by using elec-
trospinning technology. Dox/nHAP/PCL-Gel nanofibers can release
Dox in vitro, giving them antibacterial activity against Gram-positive
Staphylococcus aureus (S. aureus) and Gram-negative Porphyromonas
gingivalis (P. gingivalis). In addition, Dox/nHAP/PCL-Gel also can be
used for the treatment of tumors.

10.3.3.3 Composite Antibacterial Agent

The addition of natural antibacterial agents such as alginate [197],
CS [198], or the combination of natural antibacterial agents, inor-
ganic antibacterial agents, and other active antibacterial substances
[199-203] to form HAP-based biomaterials with improved anti-
bacterial properties has also been studied widely. Ohtsu et al. [204]
studied the antibacterial effect of the zinc oxide/HAP coating that is
prepared by chemical solution deposition followed by a heating pro-
cess. The amount of ZnO precipitates was controlled by changing the
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concentration of ZnO in the deposition solution, and thereby the re-
lease rate of surface Zn was also controlled. The ZnO/HAP coating
exhibits excellent antibacterial efficacy against Escherichia coli and
S. epidermidis due to the contact killing effect of ZnO. Sivaraj and
Vijayalakshmi [205] studied the synthesis of bioactive HAP/multi-
walled carbon nanotube (HAP/f-MWCNT) composite coatings on
316L SSimplants by a spray pyrolysis method. The results show that the
crystallinity of HAP decreases after the addition of -MWCNT, and the
morphology appears as a multi-space nanosphere with reduced par-
ticle size. The mixed HAP/f-MWCNT nanocomposite coating greatly
enhanced cell adhesion and differentiation, showing enhanced an-
tibacterial activity, with the inhibition zone of 12mm for Escherichia
coli. The alginate/HAP (SA/HAP) bio-nanocomposite membranes
reinforced by HAP nanoparticles (HAP NPs) were prepared by incor-
porating different concentrations of HAP NPs (1%, 3% and 5%) into
the alginate solution [197]. The SA films incorporated with different
concentrations of HAP NPs reasonably reduced gram-positive bacte-
rium L. monocytogenes population growth with respect to control film.
The hybird coating (Lys/CS/Ag/HAP) of lysozyme (Lys), CS, silver
(Ag), and HAP on the Ti surface proved to be favorable for cell adhe-
sion and proliferation, and the antibacterial effect of Lys/CS/Ag/HAP
mixed coating on Escherichia coli and Staphylococcus aureus was over
95.28% and 98.02% within 12hs, and after 5 days, reaching 95.42% and
97.46%, and almost no cytotoxicity [206]. The polydopamine (PDA)-
assisted HAP and lactoferrin multilayer structures on the surface of Ti
substrates showed improved proliferation and differentiation, which
can reduce the activity of bacteria (Escherichia coli and S. epidermidis)
and has a short-term antibacterial adhesion [207].

10.3.4 Catalysis

HAP and HAP-based composites can be synthesized by a simple
method and have been potentially used in the field of catalysis due
to their obvious catalytic effects and good cycle stability. There are a
lot of reports about the applications of HAP-based catalysts in cross-
coupling reactions [208,209], condensation reactions [210,211], oxida-
tion reactions [212,213], photocatalytic reactions [214,215], and other
miscellaneous reactions [216,217]. In this regard, Fihri et al. [218]
made a detailed review on the synthesis, structure, and applications of
HAP in heterogeneous catalysis.

From the perspective of materials’ science, HAP as a catalyst and
catalyst carrier has the following advantages [219]: (i) Strong ion ex-
change capacity: the ions in HAP can exchange with other ions and
can be used to prepare a catalyst with loading of various metals, metal
oxides, or homogeneous complexes; (ii) Adjustable surface acidity
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and alkalinity: the surface acidity and alkalinity of HAP can be ad-
justed by changing the ratio of calcium to phosphorus in the prepara-
tion process of HAP to meet the needs of different catalytic reactions;
(iii) Easy surface modification: hydroxyl groups is rich on the surface
of HAP, which can be modified by various organic compounds with
polar functional groups. All these provide a superiority of HAP for fab-
ricating diverse of HAP-based catalysts.

10.3.4.1 HAP-Supported Metal Catalyst

HAP-supported metal or metal-oxide catalysts are commonly used
in various reactions, such as alkane oxidation/dehydrogenation, alco-
hol oxidation/dehydrogenation, epoxidation of olefins and aldehydes
and ketones, oxidation of amines or aldehydes. Othmani et al. [220]
synthesized calcium-copper HAP nanocrystals (CuHAP) with a max-
imum Cu content of about 15 at.% by a co-precipitation method. The
substitution of Cu for Ca results in a decrease in the lattice parameter
of HAP. As the Cu content increases, the crystallinity, crystal size, and
thermal stability of CuHAP decreases, but the surface area increases.
The effect of Cu content on the catalytic activity of CuHAP for deg-
radation of organic dyes was also studied, and the finding was that
CuHAP nanomaterials have high activity (70%) for the discoloration
of naphthol blue black solution. The Cu functionalized HAP catalyst
was also prepared by Schiavoni et al. [221] and used for NH;-SCR reac-
tion. Similarly, the HAP-supported Co and Co—Ce catalysts were pre-
pared by incipient wetness impregnation and were applied to steam
reforming of glycerol reaction to evaluate the catalytic performance
of Co and Co—Ce catalysts [222], which exhibit high-glycerol conver-
sion efficiency and selectivity to hydrogen. In addition, the addition
of Ce also improved the H, selectivity and glycerol conversion and im-
proved its stability because Ce inhibits the growth of cobalt particles
and the strong interaction between Co and Ce in the catalyst. The Ni**
and Co**-exchanged HAP by the conventional impregnation method
and produced new Ni-Co-HAP bimetal particles with high catalytic
activity, excellent selectivity, and good catalytic stability during the dry
reforming methane (DRM) process. High catalytic performance is ob-
tained at 700-750°C; the conversion of CH, and CO, is up to 73% and
79% at 750°C. CO and H, are the main products of the reaction, and the
selectivity reaches about 80%-90%. Catalytic activity stabilized to 50 or
160 hs of reaction [223]. The HAP coatings loaded with catalytically ac-
tive Pd nanoparticles with controllable size and size distribution were
synthesized by a multi-stage electrochemical method, which showed
significantly higher catalytic activity in the model dye reduction re-
action than commercial Pd nanoparticle samples [224]. Zhang et al.
[225] synthesized a dense and thermally stable Y** and F~ co-doped
HAP film with large internal polarization and used it as a carrier for
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supported TiO, to improve the photocatalytic performance of TiO,.
It is found that the photocatalytic efficiency of TiO, nanoparticles on
polarized HAP supports is much higher than that of TiO, nanoparti-
cles on depolarized HAP supports. The internal polarization of the
HAP carrier promotes the separation of photogenerated electrons and
holes in the TiO, nanoparticles, thus mitigating the recombination of
charge carriers. In order to meet the requirements of different catalytic
reactions and applications, different types of metal or metal-oxide sup-
ported HAP catalysts have been developed, such as Pd and Ni-doped
HAP catalysts for catalytic reaction of methane oxidation [226], Rh(x)/
HAP (x=0.5, 1 and 2wt%) catalysts for partial oxidation of (POM) and
steam reforming (SRM) of methane [227], Au nanoparticles (AuNP)/
HAP nanowires catalytic paper for continuous flow catalytic reduction
of 4-nitrophenol and an organic dye [228].

10.3.4.2 HAP-Acid-Base Catalyst

The stoichiometric form of HAP is Ca,o(PO,)s(OH), with a Ca/P
molar ratio of 1.67. In fact, the radius of ions in HAP allows for consid-
erable ion transfer or loss within its crystal structure, so that HAP is a
non-stoichiometric calcium phosphate compound with a Ca/P ratio of
1.50-1.67. Therefore, when HAP was used as a catalyst, it contains both
an acidic site and a basic site. It is known that highly crystalline HAP ata
Ca/P ratio of 1.50 acts as an acid catalyst, while it acts as a basic catalyst
at a Ca/P ratio of 1.67. When the Ca/P ratio of HAP is between 1.50 and
1.67, HAP has the dual characteristics of acid catalyst and basic catalyst
[229-231]. In addition to adjusting the Ca/P ratio, the substitution of re-
lated ions in HAP was usually used to regulate the acidity and alkalinity
of HAP surface, such as vacancies or Sr**, Mg”*, Na*, and K7, instead of
Ca*" ions; vacancies, F~, Cl7, C032_, etc. substituted OH™ anions; C032_,
HPO,*, VO,*, etc. replace PO,*anions [232]. The acid-basic sites of
HAP can be used to catalyze the reactions of hydrolysis, alcoholysis,
esterification, and esters. Tsuchida et al. [231] prepared HAP catalysts
with different Ca/P molar ratios by controlling the pH of the solution
during precipitation synthesis, and found that the distribution of the
acidic sites and the basic sites on the surface of the catalyst changed as
the Ca/P ratio of the HAP changed. The use of HAP catalysts facilitated
the high selectivity for synthesis of valuable compounds from ethanol,
and the selectivity of the product was strongly correlated with the acid-
ity and basicity of the HAP catalyst. Ghantani et al. [233] synthesized a
HAP catalyst having a Ca/P ratio ranging from 1.3-1.85 by coprecipita-
tion, changing the pH of the calcium and phosphorus precursors, and
it was used as a vapor phase dehydration of lactic acid to acrylic acid. It
was found that HAP with Ca/P ratio of 1.3 showed higher catalytic effi-
ciency, and the conversion of acrylic acid was 100%. The selectivity was
60% at 375°C and 50% lactic acid concentration, which is related to an
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increase in acidity and a decrease in alkalinity of the HAP catalyst. The
Sr-HAP catalyst with a high Sr/P molar ratio (1.58-1.70) was synthesized
under hydrothermal conditions, which has a relatively higher density of
basic sites. The Sr/HAP catalyst exhibited higher catalytic activity and
1-butanol selectivity in ethanol-catalyzed conversion at 300°C [234].
The modified HAP (Na-HAP) catalyst with bifunctional acidity and ba-
sicity was prepared by impregnated HAP with NaNOs, which effectively
catalyzed the cross-aldol condensation of aromatic aldehydes and cy-
clic ketones in a microwave environment to obtain a-o’-(EE)-bis(ben-
zylidene)-cycloalkanone [235]. The introduction of Cs into the structure
of HAP produced a new Cs-doped HAP catalyst, which exhibits high
selectivity for direct conversion of bio-lactic acid to 2,3-pentanedione
(72.3%) due to synergistic catalysis between surface basic sites and
acidic sites [236]. The design of porous HAP provides a new way to pre-
pare high-efficiency catalysts. The nanoporous HAP, having an acid-
base functional group, was synthesized using a P123 triblock copolymer
as a structure directing agent by a simple hydrothermal method to con-
trol the Ca/P ratio, which exhibits excellent catalytic activity, high con-
version, product selectivity and reusability, and achieves 100% solketal
selectivity at 90% conversion of bioglycerol [237].

10.3.4.3 Other HAP Catalyst

Since HAP is surface-active, its surface activity can be changed by
surface modification or by controlling the crystalline surface of HAP
to enhance catalytic activity for certain reactions. Siavashi et al. [238]
prepared sulfonated nano-HAP functionalized with 2-aminoethyl di-
hydrogen phosphate (HAP@AEPH,-SOsH) catalyst, which can cata-
lyze the direct esterification of carboxylic acids and alcohols with high
selectivity and high yield. In addition, the HAP@AEPH,-SOzH solid
acid catalyst can also be used for rapid one-step synthesis of 4,4’ -(aryl-
methylene)-bis-(3-methyl-1H-pyrazole-5-ol) compound [239]. Oh
et al. [240] controlled the crystal orientation in the HAP-based cata-
lyst film by adopting the seed hydrothermal growth method to achieve
the facet c-surface (002) crystal-face exposure. The area activity of the
HAP-based catalyst based on c-surface exposure was found to be 47
times higher in the methane oxidation reactions than the a-surface in
the HAP-based catalyst due to the preferential formation of oxide ions
and vacancies on the c-surface.

10.3.5 Reinforce Filler of Polymer Materials

Polymer/HAP nanocomposites are an outstanding example of
nanostructured materials where synergy between the inorganic
component and the polymer matrix represents the key to the amaz-
ing properties and derived applications of this class of composite
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materials, which have been used in sensors, photocatalysts, antibacte-
rial agents, and electronic and biomedical materials [241]. The impor-
tance of HAP in the bone-tissue engineering field has been reported
extensively. In most polymer composites, HAP has been used as an en-
forcer to improve mechanical strength and bioactivity of the composite
material. Zuo et al. [242] synthesized a HAP/polyamide/polyethylene
composite and proved that the chemical adhesion and tight mechani-
cal coupling between HAP and polyamide lead to improvement of me-
chanical properties of HAP-reinforced polyamide composites. Russias
et al. [243] fabricated a HAP/PLA composite with the elastic modulus
of 10 GPa and found that the distribution of ceramic particles in a poly-
mer matrix makes it quite susceptible to environmental degradation.
Dalby et al. [244] prepared a HAP/poly(methylmethacrylate) (PMMA)
composite and revealed that this material acts as a substrate for hu-
man osteoblast-like cells. The homogeneous PLGA/g-CHAP nano-
composites were prepared by introducing the surface-modified CHAP
nanoparticles [245]. The tensile strength, fracture strain, and tensile
modulus increased after the addition of g-CHAP filler, indicating that
g-CHAP particles have both reinforcing and toughening effects on the
composites. Increasing g-CHAP contents in composites was advan-
tageous to the cell adhesion and proliferation [245]. The HAP-based
three-dimensional composite scaffolds with controlled microstruc-
tures and an interconnected porous structure, together with high
porosity, were fabricated using an emulsion freezing/freeze-drying
technique [246], gas foamed by a pressure-quench method [247], a
simple mixing method [248], and the sol-gel method [249]. Fracture
surfaces of PCL/HAP composites showed a well-dispersed and ho-
mogeneous distribution of HAP nanowires within the PCL matrix.
Mechanical testing revealed that the Young’s and compressive moduli
of PCL/HAP composites increased from 193 to 665 MPa and from 230
to 487 MPa, respectively, after incorporation of 50 wt% HAP [250].

The combination of polysaccharides and HAP is also a new way to
prepare biocompatible and safe nanocomposite materials. Banerjee
et al. [90] developed luminescent chitosan-HAP nanocomposite films
using erbium ion doped HAP as an inorganic component, which can
be used as antimicrobial dressing material, fluorescent cell regener-
ation scaffold, or implant material. Fig. 10.6 shows the probable an-
timicrobial action mode of e-HAP doped CS film. The microbicidal
attribute of CS is widely accepted and is generally realized by mem-
brane disruption, loss of cellular proteins, and change in membrane
permeability.

HAP was incorporated into CS/PVA matrices to form a kind of
bioceramic-biopolymer nanocomposite. Since CS and HAP are bio-
active and osteoconductive, the electrostatic co-spinning of CS/PVA
and nanosize HAP can form potential nanofibrous osteoconductive
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Fig. 10.6 Probable action

mode of e-HAP doped CS film.

Reproduced with permission
from S. Banerjee, B. Bagchi, S.
Bhandary, A. Kool, N.A. Hoque,
P. Biswas, K. Pal, P. Thakur, K.
Das, P. Karmakar, Antimicrobial
and biocompatible fluorescent
hydroxyapatite-chitosan

nanocomposite films for biomedical

applications, Colloids Surf. B:
Biointerfaces 171 (2018) 300-307.
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and bioactive nanocomposite scaffolds [251]. Katti et al. prepared the
HAP-chitosan-montmorillonite nanocomposite with good biocom-
patibility by a precipitation method. This composite exhibited im-
proved mechanical strength and better cell proliferation rate [252]. In
addition, the CS/HAP composite nanofiber membrane was produced
by an electrospinning process. The application of the prepared mem-
brane for removal of lead, cobalt, and nickel ions from aqueous solu-
tion was investigated [253].

In addition to CS, other naturally abundant polymers like cellulose
are also good candidates for the preparation of bio-nanocomposites.
Bacterial cellulose possesses higher water-holding capacity, higher
crystallinity, higher tensile strength, and a finer web-like network com-
pared with other biodegradable polymers such as collagen, CS, chitin,
and gelatin [254]. Wan et al. [255] synthesized porous HAP/bacterial
cellulose nanocomposites with 3-D network structure by employing
an electrospinning technique. The results suggest that the HAP/bacte-
rial cellulose nanocomposites are promising for applications in tissue
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engineering because of the biocompatibility of the materials and the
bioactivity of HAP [256].

A variety of biocompatible nanocomposites based on collagen and
HAP have been reported. For example, the HAP/collagen composite
prepared by controlling the pH and temperature in the co-precipitation
reaction process has characteristics similar to natural bone because
it is able to induce the development of osteogenic cells and bone re-
modeling units [257]. The introduction of glutaraldehyde (GA) as a
chemical cross-linker into HAP/collagen nanocomposite enhanced
its mechanical strength by both inter- and intra-fibril cross-linkages
among collagen fibrils in the composites [258], and the nanocompos-
ite shows a bone-like structure through a self-organization mecha-
nism under a biomimetic condition [259].

Gelatin is a translucent and solid substance derived from collagen
from various animal by-products. Azami et al. [260] prepared a 3D
nanocomposite scaffold of gelatin with HAP through a novel layer sol-
vent casting combined freeze-drying technique. The scaffolds are of a
well-defined interconnected porous structure with pore sizes ranging
from 100nm to 1pm; the densities range from 75% to 93%; the com-
pressive modulus of about 180 MPa and pore size range from 300 to
500 pm [261].

Silk fibroin (SF) has attracted great interest because of its outstand-
ing biocompatibility, biodegradability, and minimal inflammatory re-
action [262]. HAP/SF biocomposite was prepared by a freeze-drying
technique [263]. The needle-like HAP crystals with the diameter of
about 10nm and the length of about 50-80nm were observed to be
distributed uniformly in the porous nHA/SF scaffolds.

10.3.6 Adsorption and Separation Materials

Adsorption and separation are very important application fields of
HAP due to its porous structure, ion-exchange capability, and other
available superiority. Recently, the adsorption of HAP for heavy met-
als, dyes, antibiotics, and other common organic or inorganic con-
taminates have been studied intensively. Xu et al. [264] studied the
adsorption performance of HAP for Pb(II) from wastewater. It was
found that the removal rate of Pb(II) is kinetically rapid. The Pb(II)
concentration in solution reduced from 100 mg/L to <0.5mg/L within
several minutes, and the dissolution of HAP and the combination of
lead apatites represent the main reaction mechanisms. The adsorption
behavior of Sn?" on nano HAP was studied, and it was determined that
the adsorption process can be defined well by the Langmuir isotherm
model with a maximum adsorption capacity of 2500 mg/g [265]. The
co-existence of other metal ions may affect the adsorption of HAP for
metal ions. In the presence of Al(IIT), Cd(II), Cu(II), Fe(II), Ni(II), and
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Zn(II) ions, the Pb(II) immobilization was inhibited by co-existingions,
and the removal efficiency of Pb(II) is in the range of 37-100% for differ-
ent co-existence ions, with the effect order: Al(IIT) > Cu(II) > Fe(IT) > C
d(11) > Zn(1I) > Ni(II) and Cu(1II) > Fe(II) > Cd(II) > Zn(II) > AI(III) > Ni(I
I) at high and low initial Pb(II) concentration, respectively [266].

The adsorption properties of HAP for different matters can be im-
proved by surface organo-modification, inorganic modification, or
forming composite with other components. The chitosan (CS) with
abundant resource, better biocompatibility, and enough active sites
(-NH, and OH) was regarded as the promising candidate to prepare
a porous CS/HAP membrane with a sponge-like structure, a three-
dimensional interpenetrated morphology, and a mean pore size <10 pm
[267]. The composite has excellent dye adsorption capacity higher than
commercial activate carbon about four times, and 98% of removal ratio
was achieved within 15 min. The HAP modified by the Co(II) and ferro-
cyanide (HAFC) showed excellent removal behavior for strontium and
cesium ions from solution [268] due to the ion-exchange mechanism.
The Si-substituted carbonate HAP prepared through the hybrid of sil-
icate and carbonate with HAP originating from the egg-shell via sono-
chemistry co-precipitation showed the maximal Cu(II) adsorption ca-
pacity of 246.80mg/g at pH 5.7 and 90 min under a temperature of 313K
[95]. As for the composite of HAP with other components, Khanday et al.
[269,270] synthesized mesoporous zeolite-HAP-activated palm ash (Z-
HAP-AA) composite using oil palm ash and electric arc furnace steel
slag as starting material via a hydrothermal process. The Ca/P ratio and
Si0,/Al,03 ratio in the resultant HAP and zeolite-X product are 1.667
and 3, respectively. The optimal composite Z-HAP-AA-1:3 was regarded
as a suitable adsorbent to adsorb tetracycline with the maximum mono-
layer adsorption capacity of 244.63 mg/g. In addition to introducing the
component with adsorption activity, the loading of magnetic materials
on HAP make it easy to be separated and recycled from the solution af-
ter adsorption. The magnetic HAP-immobilized oxidized multi-walled
carbon nanotubes were regarded as a potential adsorbent for removal
of Pb(II) and methylene blue (MB) with the maximum adsorption ca-
pacity of 698.4 mg/g for Pb(II) and 328.4 mg/g for MB, respectively [271].

In addition to the adsorption of HAP for usual pollutants, HAP
was also used for adsorption of some nutrient substances [272]. It has
been confirmed that HAP can be used for the adsorption of bovine
serum albumin (BSA) with the maximum protein adsorption amount
of (1.54mgm™2); the affinity constant (678.8Lg™") increased with the
decline of pH, implying that electrostatic and hydration effects were
significant for adsorption of BSA on HAP [273].

In the separation field, HAP was well used for purification of water.
HAP was incorporated into cellulose acetate to form a nanocompos-
ite membrane. The HAP nanoparticles were present on the surface of
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the membrane. The existence of HAP was found to affect the hydrody-
namic property of the composite membrane, resulting in a more sta-
ble hydrodynamic process, and the flow variation in time was much
lower compared to the membrane of cellulose acetate [274].

10.3.7 Sensors

Sensors, common devices, play an irreplaceable role in human pro-
ducing and living. There are many kinds of sensors, such as biosensors
toward drugs and alcohol [275-278], smart sensors used to fire alarms
[279] as well as electrochemical detectors and gas-sensors applied to
the detection of organic or inorganic contaminates [280-283]. However,
the traditional sensors usually have inferior sensitivity, mechanical
strength, and thermal stability, leading to a short service life. So, devel-
opment of new sensors has aroused considerable attention. Wang et al.
[284] synthesized a novel H,0, biosensor through the electron transfer
of incorporated horseradish peroxidase (HRP) onto silica-HAP hybrid
film-modified glassy carbon electrode (GCE). The as-prepared biosen-
sor showed a well electrocatalytic response toward the reduction of
H,0, without the assistance of an electron mediator, which also exhib-
ited the better reproducibility and strong sensitivity toward H,O, with
the detection limit of 0.35 uM. The Michaelis-Menten constant (k,2"") of
the sensor was 21.8 M, suggesting a high enzymatic activity for H,O,.
The CO, gas-sensor was developed based on the electrical conductiv-
ity changes originating from porous HAP ceramics, which had funda-
mental sensor properties [285]. The quartz crystal microbalance with
dissipation (QCM-D) sensor from the ultra-thin layer of nanosize HAP
was prepared, which showed high stability and sensitivity for detec-
tion of protein adsorption [286]. The potentiometric sensor was devel-
oped from HAP for the detection of phosphate [287], and the electrode
showed a high linear response range from 5.0x 10> to 5.0 x 10">mol/L,
with a slope of 33mV decade™ and a detection limit of 2.5x 10> mol/L.
In order to achieve the analysis of 1-tyrosine, Kanchana et al. developed
a new biosensor based on Fe-doped HAP (Fe-HA) nanocrystal and
tyrosinase via a facile microwave irradiation technique. The obtained
biosensor Fe-HA/tyrosinase showed a linear response to l-tyrosine to-
ward a wide concentration range of 1.0x 107 to 1.0x 10~°M with a de-
tection limit of 245nM at pH 7.0. Moreover, the sensor also exhibited an
admired selectivity, well reproducibility, and stability as well as anti-
interference for the determination of I-tyrosine [288].

It is significant for the environmental and transport agency to in-
vent an effective detection device over the family of alcohol. Anjum
et al. developed a graphite-doped calcium HAP (GHAP) nano ceramic
composite by liquid phase reinforce technique, and different compos-
ite of graphite were doped in HAP to prepare the sensor used to the
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detection of alcohol (i.e., methanol, ethanol, and propanol) at a lower
concentration (100 ppm). Compared with HAP and graphite-doped
HAP materials, the dopant significantly improved the detection of vol-
atile pollutant (VOCs), with six fold higher sensitivity toward alcoholic
vapors for GHAP than the HAP [289]. As for the detection of heavy
metal ions, the electrochemical sensor based on an indium tin oxide
(ITO) glass electrode modified with HAP (HAP) film was prepared by
an electrodeposited technique, which was used to simultaneously de-
tect the Pb®*, Cu®", and Hg** by using the differential pulse voltam-
metry (DPV) method. The limits of detection (S/N=3) were 1x 107",
1x107"% 8x107®M for Pd**, Cu®*, and Hg**, respectively [290].

10.3.8 Fire Resistance

Over the past years, fire-resistant materials have gotten an enor-
mous development in view of the extensive demands in various fields,
such as papermaking [291], furniture/wood [292], battery [293], and
military projects. HAP, as an available fire-resistant material, has ex-
hibited good application prospects due to its advantages, including
easily obtained, porosity, high-mechanical property, and good ther-
mal stability. Various flexible fire-resistant HAP-ordered architec-
tures were constructed by using the self-assembled highly ordered
ultra-long HAP nanowires, which can be applied in high-strength
and highly flexible nanorope, highly flexible textile, and 3-D printed
pattern [294]. The ultra-long HAP nanowires can be generated from
nanoscale to microscale then to macroscale, and the structure of HAP
was controllable. The incorporation of HAP nanomaterials may not
only improve the flexibility and mechanical strength of cellulose fi-
bers, but the thermal stability also may resist temperatures as high as
700°C, which enable the materials to be used as fire-resistant porous
separators to guarantee the safety of batteries [293]. The HAP can be
introduced into cellulose paper to improve its flame-resistant abil-
ity, liquid repellency to various commercial drinks, and self-cleaning
properties [295]. The addition of HAP leads to an obvious increase of
strength, flexibility and fire-resistant capability of paper, and the ex-
perimental results revealed the tensile strength of the HAP-containing
inorganic paper reached to ~15MPa [296]. The fire-resistance prop-
erty and mechanical properties of polyester resin materials [297] and
PVA-HAP aerogel [298] were enhanced after incorporating HAP, and
the HAP is superior to the conventional antimony trioxide filler or
those reported by state-of-the-art foams, respectively.

10.3.9 Coating

The well-known method that has been used to coat HAP on the
surface of implanting materials (metallic) is sputter coating, which



Chapter 10 HYDROXYAPATITE NANOMATERIALS 515

includes dip coating, pulsed-laser deposition, hot pressing and hot
isostatic pressing, thermal spraying, electrostatic spraying, elec-
trophoretic deposition, solution gel, pulse laser deposition, and an
electrostatic layer-by-layer sputtering method [299,300]. Daugaard
et al. [301] evaluated the mechanical fixation and tissue response
to implants coated with the well-documented plasma-sprayed
HAP coating, and two new alternative thinner HAP coatings: one is
electrochemical-assisted deposited HAP and biomimetic coating
combining cold electrochemical-assisted deposition of HAP. The re-
sults showed that HAP coatings, deposited either by a plasma-spray
technique or electrochemically, increases the mechanical fixation and
bone ongrowth. Compared to the required sophisticated vacuum sys-
tems and apparatus of most methods excluding plasma-spray depo-
sition, sol-gel dip along with coating and electrochemical deposition
are widely applied to metal implants. Both of the processes are similar
and have been classified to be relatively low-cost and easier methods
compared to others [302]. Wang et al. [303] deposited FHAP and HAP
coatings on Ti substrates by an electrochemical-deposition technique.
All the coatings were phase-pure, homogenous, and had a thickness
of 5 pm after heat treatment. The surface morphologies of the coatings
are represented in Fig. 10.7. The neat HAP coating consisted of thin

Fig. 10.7 SEM micrographs of apatite coatings after vacuum calcination. Surface morphologies: (A) HAP, (B)
FHAPO0.004 and (C) FHAPO0.012; cross-sectional morphologies: (D) HAP, (E) FHAP0.004 and (F) FHAP0.012. Pictures
of all FHAP coatings are representatively shown by those of FHAP0.004 and FHAP0.012 specimens. Reproduced
with permission from J. Wang, Y. Chao, Q. Wan, Z. Zhu, H. Yu, Fluoridated hydroxyapatite coatings on titanium obtained by
electrochemical deposition, Acta Biomater. 5 (5) (2009) 1798-1807.
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flakes, which developed perpendicularly to the substrate (Fig. 10.7A).
Adjacent curled flakes fused together on one joint to construct the
microporous structure with pore diameter of about 1 pm. FHAP coat-
ings appeared sharply different in that they were much denser and
smoother than HAP coatings.

Two different coatings were built using both spin and dip processes.
The TiO,/HAP bilayer formed by deposition of outer HAP layer and
inner TiO, layer, revealed unsatisfactory structural features, including
bonding failure and surface delamination along with a high-surface
roughness, leading to lack of stem cell adhesion. In contrast, the TiO,/
HAP composite exhibited better structure features and biocompat-
ible properties. Moreover, the TiO,/HAP composite improved the
corrosion resistance of the 316 L SS implant and showed mechanical
properties close to that of hard tissue once incubated in physiological
conditions for 7 days, highlighting its potential application in hard-
tissue replacement [304]. Rigo et al. [305] obtained a silicon nitride
with bioactive surface characteristic, using the biomimetic method
with a sodium silicate solution as nucleant agent. Silicon nitride has
good mechanical strength, but it has limited biomedical applications
due to its inertness. The obtained results showed that the biomimetic
method promoted the deposition of a dense layer of HAP on silicon
nitride surfaces. However, the strength of HAP coatings to withstand
physiological loads without fragmentation and the issues related to
third-body wear by HAP particles restrict its applicability [306].

10.3.10 Nanopaper

Conventional paper made from plant cellulose fibers is easily de-
stroyed by liquid or fire. Moreover, the production of paper leads to
severe environmental problems. In view of the flammability and tox-
icity of organics, Chen et al. constructed the inorganic fire-resistant
paper originating from biocompatible ultra-long HAP nanowires with
the surface modification of sodium oleate. The as-prepared paper
possesses the free-standing, highly flexible, superhydrophobic, and
good fire-resistant properties and laminar structure. It was worth not-
ing that the laminar structure can enormously enhance the resistance
of paper from mechanical destruction. Such nanopapers show inter-
esting mechanical properties, optical transparency, and a smooth sur-
face [307] together with the possibility of combining with another kind
of nanoparticle [308,309] as well as the incorporation of different func-
tional groups on their surface [310,311]. Paper-like materials made
from pure inorganic components have rarely been reported [312]. In
general, materials for producing paper should be white in color, non-
toxic, highly flexible, and easy to make into thin membranes; however,
few inorganic materials can meet these requirements. Lu et al. [313]
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reported a new method to fabricate highly flexible and nonflammable
inorganic HAP paper by using ultra-long HAP nanowires with high-
aspectratios. The HAP nanopaper is highly flexible and nonflammable,
and it can be bent and rolled without visible damage, which enables
it to be used as printing or writing paper with excellent nonflamma-
bility and high thermal stability. It also has properties for permanent
and safe storage of information, such as for archives and important
documents. In addition, HAP paper has a good performance as an ad-
sorbent for organic pollutants. Fig. 10.8A shows a square of HAP nano-
paper with alength of 108 mm. The HAP nanopaper has high flexibility,
which means it can be laid flat (Fig. 10.8B), bent (Fig. 10.8C), or rolled
(Fig. 10.8D) without visible damage.

A new kind of ultra-long HAP nanowire (HAPNW)-based paper
was prepared, benefiting from the luminescence ability of doped
lanthanide ions and the high flexibility of nanopapers. The nanopa-
per exhibits unique luminescence properties, tunable emission color,
writability, and good processability [291]. In addition, the ultra-long
HAP nanowires-based nanopaper can be used as a supporter of nano
silver and ciprofloxacin to form new kinds of high-performance anti-
bacterial material [314]. In a word, the HAP-based nanopaper exhibits
high flexibility, mesoporous pores, high drug-loading capacity, sus-
tained and pH-responsive release properties, good antibacterial activ-
ity, and good biocompatibility, which greatly extended the application
fields of HAP.

(F)

Bsicons
Shanghai Institute | |
of Ceramics, CAS

 E BB

Fig. 10.8 Photographs of the
as-prepared highly flexible

and nonflammable inorganic
HAP paper. (A) A sheet of

HAP paper with a length of

108 mm. (B—E) The HAP paper
shows a great flexibility;

scale bars in (B-D) are 5mm.
(E) A hollow cylindrical HAP
scaffold obtained by heating
rolled HAP paper at 1000°C

for 4h; scale bar is 20mm. (F)
English words and Chinese
characters with different colors
have been printed on the HAP
paper by using a commercial
ink-jet printer. (G) A piece of
HAP paper (diameter ~5¢cm,
thickness ~ 0.3mm) made from
ultra-long HAP nanowires and
Na,Si0; as an inorganic binder
to enhance its strength; this
HAP paper is able to withstand
the weight of a steel autoclave
(~450g) without breaking.
Reproduced with permission from
B. Lu, Y. Zhu, F. Chen, Highly flexible
and nonflammable inorganic
hydroxyapatite paper, Chem. Eur. J.
20 (5) (2014) 1242-1246.
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10.4 Conclusion and Perspectives

HAP is a well-known nanomaterial with unique crystal and chem-
ical structure, simple and controllable synthesis method, diverse
shapes, excellent osteoinductive ability, biocompatibility, and biolog-
ical activity as well as non-toxic, non-immunogenic, and degradable
advantages, so it plays an irreplaceable role in functional materials,
especially biomedical and tissue engineering materials. In addition,
HAP has certain surface activity, good adsorption and ion exchange
properties, and can be modified easily by a variety of methods such as
doping, loading, and surface-grafting reaction, which enable it to be
widely used in many fields of adsorption, catalysis, and others. With the
rapid development of nanoscience and nanotechnology, great efforts
have been gradually made to synthesize new types of HAP with special
morphologies in order to enrich the families of HAP-based functional
materials and expand the application fields of HAP. More synthesis
routes should be developed to synthesize HAP nanomaterials on a
large scale to meet the requirement of the practical applications.

Although various forms of HAP have been synthesized, such as
nanoparticles, nanorods, nanotubes, nanowires, hollow microspheres,
hollow capsules, nanosheets, core-shell structures, and assembly
structures, the mineralization process and formation mechanism
should be studied further. In addition, the study on the HAP-derived
materials should be intensified. The replacement of Ca by other metal
ions can produce new materials with tunable properties, but the re-
lated research is still limited, and the controllable regulation of HAP
structure has not been achieved. In other words, the chemical process
of simulating the mineralization of natural HAP with multi-ordered
structures remains a significant challenge. HAP is a multifunctional
composite material that satisfies a variety of complex application
scenarios. For example, the application of HAP to biomimetic regen-
erated bone materials, maintaining excellent osteogenic activity, pre-
venting bacterial infection during application, and maintaining the
mechanical properties of the material itself are all issues to be consid-
ered. HAP and other materials work together to take advantage of their
respective advantages to solve these problems and broadening their
application range is already on the agenda. This requires multidisci-
plinary and collaborative innovation in materials science, chemistry,
physics, biology, and medicine. It can be concluded from the previous
research works that HAP and clay minerals have similar performances
and different advantages; there is potential to develop new functional
materials with the synergistic advantages of clay minerals and HAP.
This will extend the applications of clay minerals and HAP materials in
advanced materials, such as biomedical materials, tissue engineering
materials, and energy materials, etc.
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