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Abstract

In the last decades, many research groups have experimented the synthesis of hydroxyapatite (HA) for
bone tissue application obtaining products with different shapes and dimensions. This review aims to
summarise and critically analyse the most used methods to prepare physiologic-like nano-HA, in the
form of plates or rods, similar to the HA present in the human bones. Moreover, mesoporous HA has
gained increasing interest in the biomedical field due its pecualiar structural features, such as high
surface area and accessible mesoporous volume, which is known to confer enhanced biological
behaviour and the possibility to act as nanocarriers of functional agents for bone-related therapies. For
this reason, more recent studies related to the synthesis of mesoporous HA, with physiological-like
morphology, are also considered in this review. Since a wide class of surfactant molecules plays an
essential role both in the shape and size control of HA crystals and in the formation of mesoporosity, a
section devoted to the mechanisms of action of several surfactants is also provided.

1. Introduction

HA is the main inorganic constituent of human bone,
representing around the 65%—70% of the bone mass.
The organic phase, constituted mainly by type I collagen,
counts instead around the 30 wt% of the bone mass,
while the remaining part is constituted by water [1].
These materials are arranged in a very ordered structure
allowing the bone to have peculiar properties. Type I
collagen, indeed, is able to self-assemble into fibrils
exhibiting a typical 67 nm banding pattern and forming
40 nm gaps between them. The HA crystals grow in these
gaps in form of plates with average length of 50 nm,
width of 25 nm and thickness of 2-3 nm and orienting
their c-axis parallel to the long axis of the collagen fibrils
[2]. Therefore, collagen has an important role in the
spatial regulation of HA crystals, triggering their nuclea-
tion and modulating the mineralisation process. In fact,
in the first stage of the mineralisation process the particles
grow rapidly in two dimensions, being delimited by the
collagen fibrils gap (primary mineralisation) [3]. In this
phase, an intense ionic exchange between the core of the
forming mineral particle and the surrounding aqueous
biological fluids takes place. For this reason, HA crystals

present in the human bone are non-stoichiometric, with
a Ca/P ratio of less than 1.67, and show different ion
substitutions, where the most abundant one is repre-
sented by carbonate ion (CO3") in the amount of
3-8 wt% [4, 5]. The second stage of the mineralisation
process, instead, is characterised by the increase of the
mineral particle thickness and the reduction of the ionic
exchange (secondary mineralisation). HA, however,
remains a dynamic entity thanks to its large specific
surface (around 100 m* g~ ") that makes it metabolically
active [6].

With the aim of mimicking the physiologic char-
acteristics of HA, many studies have been conducted for
the synthesis of nanometric HA with a grain size less
than 100 nm in at least one direction. In addition, nano-
metric materials have unique surface properties that dif-
fer from those of conventional micro-sized materials
and lead to a greater reactivity [7]. Nanosized HA, in
fact, due to its peculiar surface properties (high surface
area and increased roughness) exhibits enhanced
resorbability and higher bioactivity, promoting better
cell adhesion and cell-matrix interactions [8].

Therefore, the control of HA microstructure
(morphology, stoichiometry, crystallinity and phase

© 2020 The Author(s). Published by IOP Publishing Ltd
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purity) allows to modulate to some extent its mechan-
ical and biological behaviour. For this reason, many
efforts have been made to engineer HA crystals by
developing new synthesis routes or modification of
pre-existing methods in order to overcome their
drawbacks [8], briefly described in the following. One
of the synthesis routes largely adopted in the past due
to its simplicity is the solid-state method, where HA
precursors are first milled and then calcined. How-
ever, this method requires very high temperatures
(around 1000 °C) and leads to powder with hetero-
geneous phase composition and irregular shapes [8].
Another common conventional synthesis method is
HA chemical precipitation in an aqueous solution that
involves the dropwise addition of a calcium solution
into a phosphate one under stirring. The resultant
solution is aged under atmospheric pressure and then
is washed, filtered or centrifuged, dried and crushed
into a powder. This method is simple but it presents
several disadvantages, such as non-stoichiometric
composition, low phase purity, poor crystallisation
and non-uniform particle shapes [8, 9]. These aspects
are normally associated with a significant reactivity in
aqueous environments resulting in the uncontrolled
agglomeration due to the formation of hydrogen
bonds among HA particles [7, 8].

These two methods are not particularly suitable to
produce HA for biomedical applications, such as drug
delivery systems or as inorganic phase in hybrid devi-
ces for bone tissue engineering, where tailored mor-
phological and chemical features are required in order
to attain a controlled and reproducible biological
effect. This essential requirement has shifted the
research focus towards the investigation of novel
synthesis methods able to produce powders with con-
trolled phase composition, shape, size and crystal-
linity. Among them, three main synthesis methods
have emerged as the most promising for the produc-
tion of HA with controlled characteristics: the hydro-
thermal route, the microwave-assisted method and
the emulsion-based method. In the hydrothermal
process, the HA precursors are mixed in an aqueous
environment and the aging step of the synthesis mix-
ture is conducted inside an autoclave or a pressure ves-
sel at high temperatures and elevated pressures. This
process allows obtaining HA nanoparticles with rela-
tively controlled stoichiometry, high crystallinity and
rod-like shape [8, 9].

The microwave-assisted method is the fastest one
to produce HA with high purity and controlled shape
thanks to the uniform heating of the entire reaction
volume. In this procedure, the aqueous solution con-
taining the calcium and phosphate precursors is irra-
diated inside a microwave oven, usually employing a
power higher than 500 W applied for a period not
superior to 30 min. In contrast to the hydrothermal
approach, where the material is externally heated
through conduction, microwave irradiation involves
in situ conversion of microwave energy into heat [8],
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leading to a sizable increase of the reaction kinetics. As
a result, the time requested for HA particle formation
is reduced from several hours, required by the tradi-
tional synthesis, to few tens of minutes.

Concerning the emulsion method, the most com-
mon procedure for the synthesis of HA particles is
based on a water-in-oil approach (W/O). In this pro-
cess, the aqueous solution containing the HA pre-
cursors is dispersed dropwise in an oil phase
containing a surface-active agent that, reducing the
surface tension at the interface of the two liquids,
allows the self-assembling of micelles. The formed
micelles consequently provide a suitable and stable
environment for the controlled nucleation of HA par-
ticles, without the requirement of high-temperature
conditions.

With the aim to further enhance the control over
the HA nanostructure, the above-mentioned synthesis
methods have been often combined with the use of
surfactants. In fact, when introduced in a solution of
calcium and phosphate precursors over their critical
micelle concentration (CMC), surfactants are able to
self-assemble in micelles with a specific shape and act
as templates for the controlled nucleation and growth
of HA crystals [4]. In particular, their chemical fea-
tures, especially the molecular weight and the ratio
between hydrophobic tail and hydrophilic head,
strongly influences the final morphology and size of
HA particles [8, 9]. Moreover, HA particles synthe-
sized without the use of surfactants showed a higher
tendency to aggregate [10]. On the other hand, the
addition of controlled amount of surfactants in HA
solutions have been successfully used to introduce
nanoporosity in the HA particles, particularly in the
mesoporous range (2-50nm). Due to the multi-
functional role exerted by surfactants in the HA synth-
esis, a specific part of this review (section 2) has been
devoted to the description of their mechanism of
action.

In the literature, previous reviews have already
reported and discussed the large number of synthesis
routes to obtain HA and other calcium phosphates
(CaPs) with controlled shape and size [7, 9]. In part-
icular, in the review of Lin et al [9], several synthesis
methods to obtain calcium phosphate crystals with
different structures (spheres, rods, plates, whiskers,
flowers or dumbbells) are accurately described. How-
ever, some of these shapes are quite dissimilar from
that shown by physiologic HA crystals, making them
not appropriate for applications where biomimicry is
sought. Other reviews were focused also on the poten-
tial biomedical applications of CaPs [11-13]. For
instance, Uskokovi¢ Vuk and Uskokovi¢ Dragan [11]
dedicated their review on the application of CaPs as
drug delivery systems for diagnosis and therapy, while
Dorozhkin and Epple [13] reviewed the application of
CaPs in the orthopaedic field.

With a specific focus on HA, Sadat-Shojai et al [8]
accurately described the synthesis processes to obtain

2
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Figure 1. Schematic representation of the main topics addressed by this review. Images readapted from Sadat-Shojai et al [8].

nanosized crystals with various structures, spanning
from the physiologic-like (plate or rods) to the more
complex ones (whiskers, flowers or dumbbells). In
addition, several authors have reviewed the applica-
tion of HA in the biomedical field as bone substitutes
[5, 14], drug delivery systems [4] or the combination of
both [15].

With the present review, the authors aim to focus
on the methods used to synthesize biomimetic HA in
the form of nanometric plates or rods. Our objective is
to guide the readers towards the selection of the most
suitable methods to produce HA for biomedical appli-
cations, in particular for bone tissue regeneration and
biomimetic systems. The second goal of this review is a
critical resume of the proposed approaches across the
literature to produce mesoporous HA with improved
biological performances thanks to the significant
increase of the exposed surface area. To the best of the
authors’ knowledge, this review is the first one specifi-
cally focussing on biomimetic and mesoporous HA as
well as on synthesis routes able to combine these two
aspects.

For the sake of clarity, the main topics covered in
this review are schematically depicted in figure 1.

2. Role of surfactants in hydroxyapatite
synthesis: mechanism of action

According to the literature data, three types of
surfactants have been generally adopted for the synth-
esis of HA: cationic, anionic and non-ionic. The most
used cationic surfactant is cetyltrimethylammonium
bromide (CTAB) which consists of a positively
charged hydrophilic head and a hydrophobic tail.
When dissolved in an aqueous medium above its CMC
(0.001 M), CTAB can form rod-like micelles exposing
positively charged groups (CTA™), able to interact
electrostatically with the phosphate ions. Further-
more, CTA" and phosphate ions share the same
tetrahedral structure which makes them stereochemi-
cally compatible to interact with each other, actingas a
very effective nucleation site for HA when the calcium
precursors are added in the solution [16, 17].

A mechanism similar to that performed by CTAB,
based on charge and structure complementarity, was
proposed by Kolodziejczak et al [18] for sodium dode-
cyl sulphate (SDS), used as anionic surfactant for the
synthesis of HA nanorods. The sulphate groups of SDS
are indeed able to interact electrostatically with cal-
cium ions and, resulting in numerous calcium-rich
domains. When phosphate sources are added to the
synthesis mixture, the rapid formation of ordered HA
particles occurs.

Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) is
another sulphur-containing surfactant that is widely
used in W/O emulsions since it forms stable reverse
micelles over a wide range of water/surfactant mole
ratios, by exposing its sulphur-containing head
towards the aqueous environment and its hydro-
phobic tail toward the oil phase. Thanks to its sulfo-
nate group, AOT can also act as an anionic surfactant
suitable for the synthesis of rod-like nano-HA [19]. In
fact, by exploiting the strong affinity of sulfonate ions
towards Ca”", the latter can be strongly bonded to the
AOT micelle surface at W/O interface. After the addi-
tion of the phosphate precursor to the microemulsion
solution, PO;™ ions bind to the calcium ions, thus
leading to the nucleation of HA at the AOT micelle
surface and the successive crystal grow along a pre-
ferential direction deriving by the AOT micellar struc-
ture [20].

Compared to the previous reported anionic sur-
factants, ethylene diamine tetracetic acid (EDTA)
exploits a different mechanism to direct the growth of
HA. In fact, EDTA acts as a hexadentate ligand by
packing itself around the free Ca®" ions, controlling
subsequently the nucleation and growth of HA nano-
crystals. As a result of this complexation, the quantity
of free Ca® " ions decreases leading to the formation of
smaller HA nuclei. The HA formation rate and the
crystallite growth is determined by the stability of
these Ca-EDTA complexes that in turn depends on the
pH medium. For example, at pH at least equal to 9,
sufficient free Ca®* ions are released from Ca-EDTA
complexes and can be incorporated into the crystal lat-
tice sites contributing to the crystallite growth. At
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variance at pH values below 9, the nanocrystal forma-
tion does not occur, most likely due to the low stability
of Ca-EDTA complexes [21].

A similar mechanism of action can be obtained by
adding sodium tripolyphosphate (STPP) in the cal-
cium solution: STPP acts as an effective calcium che-
lating agent controlling its availability in the solution
and, consequently, modulating the morphology of HA
crystals toward plate-like shapes [22].

Among the non-ionic surfactants employed in the
synthesis of HA Triton X-100, polyethylene glycol
(PEG) and Pluronic F127 are worth mentioning.
According to Iyyappan et al [23], Triton X-100 is able
to interact with the calcium ions thanks to its poly-
oxyethylene (EO) groups through the creation of ion-
dipole interactions and thereby forming a hydro-
phobic open ring complex. This complex can create
Van der Waals interactions with the —OH groups at
the surface of the growing HA crystals, facilitating the
growth of nanoparticles along a preferential direction
[23]. The ability of Triton X-100 to direct the align-
ment of small HA crystallites was also confirmed by
Zhang et al [24] that proposed a coordination mech-
anism between EO segments in Triton X-100 and
Ca®" leading to the precipitation of HA at the hydro-
philic surface of the surfactant micelles and the con-
sequent formation of nanorods. In another work,
Iyyappan et al [25] suggested that the open-ring com-
plexes formed by Triton X-100 can also hinder the
agglomeration of HA particles. Due to the formation
of these complexes, in fact, the transfer rate of calcium
ions from the open ring complex to the growing HA
crystal is reduced and, therefore, the formation of
nanosized HA crystals takes place in a controlled
manner.

Azzaoui et al [26] reported a similar mechanism
based on the controlled release of calcium ions by
PEG-1000 (MW 1000), which is supposed to chelate
Ca’" ions reducing the extent of their interactions
with phosphate ions and consequently allowing the
HA nucleation with a more controlled kinetics.

Concerning Pluronic F127, Zhao and Ma [27]
investigated the effect of two different concentrations
of this surfactant obtaining HA with two different
shapes: spherical particles were found for higher con-
centration (0.1 gml ") and rod-like for lower con-
centration (0.03 gml ™ "). They supposed that Pluronic
F127, through the engagement of hydrogen bonds
with the calcium precursor (calcium D-pantothenate
monohydrate), provides multiple sites for nucleation
of shape-controlled HA crystals.

Figure 2 summarises the chemical structure of the
above-mentioned surfactants and chelating agents
used for HA synthesis and their general mechanism of
action. Figure 3(A) schematically reports the mech-
anism of action of a charged surfactant exploiting the
electrostatic interaction with the phosphate or calcium
ions to direct the HA growth in a preferential direc-
tion. The same figure illustrates also the behaviour of a
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surfactant acting as a calcium-chelating agent
(figure 3(B)).

3. Physiological-like shaped
hydroxyapatite

3.1. Plate-like HA

The synthesis of plate-like HA has been investigated by
various research groups with the aim of mimicking the
natural inorganic phase of bone for their use in
different bone tissue engineering applications. How-
ever, the formation of a physiological shape is
hindered by the strong HA tendency to form spherical
nanoparticles in aqueous environments [7]. For this
reason, non-conventional synthesis methods have
been investigated in order to obtain plate-like nano-
particles, i.e. hydrothermal, emulsion and microwave
irradiation techniques, as represented in figure 4.

The hydrothermal synthesis is one of the most
common methods for the preparation of nano-sized
HA, although usually with poor control over its
morphology. For this reason, this technique has been
frequently combined with the use of various surfac-
tants in order to regulate HA crystal growth and, con-
sequently, to modify its morphology.

Among the research groups that have successfully
obtained plate-like HA, it is worth mentioning Nagata
et al [28] who reported the preparation of plate-like
HA particles by means of an hydrothermal treatment
with the aid of ethylamine which led to a wide a-plane
growth. In this synthesis plate-like crystals of about
50-300 nm in size were obtained by using CaCO; and
CaHPO,-2H,0 as calcium and phosphate sources
respectively and by treating the synthesis mixture,
containing at least 5wt% of ethylamine, in a hydro-
thermal reactor at 180 °C for 5 h.

Zhang et al [22] successfully synthesized plate-like
nanoparticles of HA with different aspect ratios
(length/width) by means of the hydrothermal method
adding STPP, as chelating agent, in different con-
centrations. Calcium nitrate and disodium hydrogen
phosphate were used as calcium and phosphorous
sources respectively and ammonium hydroxide was
employed to adjust the pH value (between 8 and 10).
The resulting mixture was hydrothermally treated at
160 °C for 4-12 h. The authors noticed that the aspect
ratios decreased with increasing concentrations of
STPP, evidencing a significant influence of the latter
on the final morphology of HA crystals: in particular,
by increasing STPP concentration, the diameter of HA
widened while the length decreased. At STTP con-
centration equal to 0.010 M, the HA crystals were
plate-like (figure 5 left) with a mean aspect ratio close
to 2, indicating a structure with a length double than
the width, similarly to physiologic HA. Therefore, the
authors concluded that STPP surfactant, mainly acting
as crystal growth directing agent, is able to regulate the
growth of HA particles in the form of plates.

4
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Plate-like HA

Figure 4. Schematic representation of the synthesis methods adopted for the production of plate-like HA.
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Figure 5. Plate-like HA obtained by Zhang et al [22] through the use of the hydrothermal method and the addition 0of 0.010 M of STPP
(left), nano-strips obtained by Siddharthan e al [29] (middle) and by Arami et al [30] (right) through microwave irradiation. All

Another technique successfully employed in the
synthesis of plate-like HA is the emulsion method. As
previously described, through this method a stable
suspension of two immiscible liquids, such as water
and oil, is formed and the emulsion droplets act as
reactors for the nucleation and growth of HA crystals.
The addition of surfactants stabilizes the emulsion by
reducing the surface tension of the immiscible liquids
and forming nanosized liquid droplets, that conse-
quently lead to nanometric HA particles formation
[31]. Through this method, Sato et al [19] obtained
crystals with an elongated plate-like shape using AOT
and cyclohexane (CgH;;) as the oil phase. A solution
containing phosphorus (KH,PO,) and calcium
(Ca(OH),) precursors constituted, instead, the aqu-
eous phase. The authors observed that the presence of
HA precursors in a supersaturated concentration was
a key parameter to modulate the crystal growth. In
fact, by testing two different [AOT]/ [Ca**] molar
ratios, they observed that in higher supersaturation

conditions ([AOT]/[Ca*"] = 540 wt%) a more
intense growth of HA crystal nuclei was fostered. The
obtained plate-like crystals had, in fact, bigger dimen-
sions ranging between 50 nm and 200 nm in length
and of about 10nm in thickness. In lower super-
saturation conditions ([AOT]/ [Ca*"] = 21.6 wt%),
instead, the obtained crystals were smaller with round
shape, due to the lower HA precursors amount avail-
able for crystal growth.

In addition to the previous reported methods,
microwave irradiation is reported to be an efficient
route to obtain high purity HA providing a
rapid, facile and convenient synthesis procedure.
Siddharthan et al [29] found out that HA particles with
different shape and size could be prepared by selecting
a suitable microwave power. In fact, they obtained
needle-shaped particles (lengths of 39-56 nm and
widths of 12-14 nm) at 175 W, acicular (lengths of
10-16 nm and widths of 10-12 nm) at 525 W and pla-
telet (lengths of 32—42 nm and widths of 12-25 nm) at

6
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660 W (the latter are visible in figure 5 middle). Simi-
larly, through the microwave irradiation (2.45 GHz
and 900 W) for 5min to a solution containing
Na,HPO, and Ca(NO3),.4H,0 precursors and CTAB,
Arami et al [30] synthesized HA nano-strips with an
average width and length of about 10 nm and 55 nm,
respectively (figure 5 right)

3.2.Rod-like HA

Many research studies have been dedicated to the
synthesis of rod-like HA despite their inferior biomi-
micry if compared to nanoplates. Rod-like HA has
been obtained mainly through hydrothermal method,
emulsion synthesis, microwave irradiation and pre-
cipitation method in reflux condition (as schemati-
cally represented in figure 6), all assisted by the use of
surfactants.

Concerning the HA synthesis in hydrothermal
conditions, many works have focused on the use of
CTAB as directing agent thanks to its ability to act as
nucleating sites for PO>™ and Ca** ions, as described
in section 2. In particular, Wang et al [32] studied the
influence of the autoclaving temperature and the
pH solution on the morphology of HA particles, using
CaCl, and H3PO, as HA precursors in presence of
CTAB. They observed that the efficacy of CTAB to
modify HA morphology was higher when the solution
was maintained at mild basic conditions. More in
detail, nearly round shaped particles were obtained at
pH equal to 13, while at pH equal to 9 the morphology
changed into rod-like (figure 7(b)). This behaviour
was explained by the authors considering the different
interaction between PO; ions and CTAB in response
to a change of pH conditions. In fact, at higher pH the

crystallization of HA crystals in form of nanorods is
disturbed by the increased concentration of hydroxyl
ions (OH") in the aqueous solution that repulse the
PO; and, consequently, hamper their interaction
with the positively charged heads of CTAB. On the
contrary, when the pH is lower, fewer OH™ ions are
available in solution and, consequently, the rod-like
structure is favoured. Moreover, the authors observed
anincrease in the average diameter and in the length of
the synthesized crystals with the increase of the temp-
erature from 90 °C to 150 °C, always maintaining a
treatment duration of 20 h.

These results were further confirmed by the same
authors in a more recent work [33], where they synthe-
sized rod-like HA nanoparticles with uniform
morphologies and controllable size by low-temper-
ature hydrothermal methods in the presence of CTAB,
but changing the phosphate precursor (K,HPO,
instead of H3;PO,). They observed a modification of
HA morphology due to the variation of the autoclave
temperature between 60 °C and 150 °C and of the
treatment duration from 12 h to 24 h. In particular,
they noticed that with the temperature increase, the
HA crystals became longer and thinner leading to a
consequent increase in their aspect ratio. In fact, at
120 °C the crystal length and diameter were equal to
60 nm and 20 nm respectively, while for the samples
obtained at 150 °C they were around 150 nm and
15 nm, leading to an aspect ratio of 10 (figures 7(c),
(d)). In addition, they did not observe a significant var-
iation of particle size and morphology with the
increase of the reaction time and pure HA was always
obtained. Therefore, they concluded that the reaction
temperature had a stronger influence in controlling
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Figure 7. Rod-like HA particles obtained by different authors: (a) Iyyappan et al [25], (b) Wang et al [32], (c)-(d) Wang et al [33],
through hydrothermal treatment at 120 °C for 24 hand at 150 °C for 20 h, () Yan et al [34], (f)—(h) Wang et al [35], with PEG,
trisodium citrate and Tween 20, (i) Xin et al [36] and (1) Lin et al [37]. All images are reproduced with permission.

the crystal morphology and size, whereas the hydro-
thermal treatment duration seems to play a more neg-
ligible role.

In contrast to what stated by Wang et al, Yan et col-
laborators [34] investigated more thoroughly the
effect of the hydrothermal treatment duration on the
shape of the final HA particles. In this contribution the
authors tested two different solutions both with
Ca(NOs), and Na3PO, as HA precursors, but one con-
taining CTAB and the other SDS, and inserting them
in a Teflon-lined autoclave at 150 °C. In both cases,
they obtained nanorods with length of 150 nm and
diameter of 10 nm (as visible in figure 7(e)) if the reac-
tion time was longer than 10 h. In particular, with
shorter hydrothermal treatments (2 and 5 h), a mix-
ture of fibres, rod and aggregates were obtained, while
with treatment durations of 10 and 16 h the final pro-
duct was composed exclusively of uniform nanorods.

Hydrothermal synthesis of rod-like HA has been
also reported in the literature by using other anionic
surfactants. For example, Xin et al [36] investigated the
use of EDTA as capping agent, testing different pHs
and autoclaving temperatures. They synthesized HA
nanorods in the range from 50 to 200 nm in length,
obtaining the most physiologic-like shape at pH 12
and with a vessel temperature of 180 °C, as shown in
figure 7(i). The authors noticed that the precipitates
from the alkaline solution were always composed of
pure HA crystals, irrespective of the employed solu-
tion temperature. On the other hand, in the presence
of an acidic solution, the hydrothermal temperature
had great effects on the crystal structure of the pre-
cipitates. In fact, the transformation from DCPD
(dicalcium phosphate dehydrate) to DCPA (dicalcium
phosphate anhydrous) and from DCPA to HA occur-
red at specific temperatures. In the work of Xue et al
[38], EDTA has been combined with CTAB, for the
synthesis of HA through hydrothermal method (24 h
at 180°C) obtaining nanorods with lengths of
60-90 nm and widths of 10-20 nm.

Rod-like powders were also produced in the pre-
sence of organic agents, such as PEG (MW 600),
Tween-20 and trisodium citrate (as visible in
figures 7(f)—(h)), under alkaline conditions (pH = 10)
and at different hydrothermal temperatures. For
example, PEG-600 showed to be beneficial for the for-
mation of HA nanorods with a larger aspect ratio at
high synthesis temperature, as compared to Tween-20
and trisodium citrate, due to the increased flexibility of
PEG molecules due to temperature rise. When Tween-
20 was used as a surfactant, shorter and thicker HA
nanorods were instead obtained, using an autoclaving
temperature of 100 °C or 200 °C. This behaviour was
attributed to the steric effect of the dendriform struc-
ture of Tween-20 and to its strong coordination action
on the surfaces of the resulting HA nanorods. Finally,
nanorods with the smallest sizes in both diameter and
length were obtained with trisodium citrate, thanks to
the strong interactions between the carboxyl groups of
citrate anion and the surface of HA nanocrystallite.
Moreover, as observed for CTAB, a higher autoclaving
temperature favours the growth of HA crystals with
rod shape also in the presence of these organic
agents [35].

To summarize briefly, an abundance of data
regarding the HA hydrothermal synthesis has been
published, leading to some discrepancies regarding the
optimal experimental conditions leading to rod-like
morphologies. However, as a general consideration,
all reported studies share some common features in
order to produce nanorods: presence of an alkaline
medium, autoclaving treatment at temperature above
100 °C and duration of about 20 h. Higher hydro-
thermal temperatures and longer treatments lead to
the production of HA with high crystallinity and large
crystal size.

Emulsion-based methods were also found to be
successful in synthesizing nanorods with controlled
size and shape. Sun et al [39] obtained rod-like struc-
tures with a shape of 8-15nm in diameter and
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25-50 nm in length by combining a series of surfac-
tants (Triton X-100 and CTAB) and co-surfactants
(n-butanol and n-hexanol) and by using cyclohexane
as the oil phase. The authors adopted both non-ionic
and ionic surfactants in order to have a double stabili-
zation function at the interfacial film, resulting in a
better control on the particle size and growth.

In order to obtain mono-dispersed rod-like parti-
cles with narrow size distribution and high crystal-
linity, Lin et al [37] combined the emulsion method
with the hydrothermal treatment. They heated in an
autoclave at 180 °C for 18 h a W/O microemulsion
containing CTAB as surfactant agent, n-pentanol as
cosurfactant, n-heaxane as the oil phase and HA pre-
cursor solution as the water phase. In this way, they
successfully synthesized stoichiometric single-crystal
HA nanorods with a diameter of 25-40 nm and a
length of 55-350 nm (figure 7(1)). The high homo-
geneity in size and shape was attributed to the W/O
nanometric micelles and to the template agent action,
while the high crystallization was due to the hydro-
thermal treatment.

Other authors synthesized monodispersed single-
crystal HA particles through a simple, economic,
repeatable and rapid microwave irradiation method.
For example, Liu et al [40] reported the synthesis of
HA through the microwave method in the presence of
EDTA, obtaining different shapes by varying the pH.
In particular, they obtained HA nanorods at pH value
equal to 9 and a microwave treatment of 30 min at
700 W. Similarly, Lak ef al [41] produced nanorods
with nearly uniform diameters and lengths around 25
and 100 nm, respectively. More in detail, they placed a
solution containing Na,HPO, and Ca(NO3),.4H,0 as
HA precursors and EDTA in a microwave irradiation
chamber (2.45 GHz, 900 W) in continuous heating
mode for 150 s. More recently, Kalita et al [21] synthe-
sized rod-shaped HA (around 5 nm in diameter and
15 nm in length) starting from the same reagents but
applying the microwave radiation with a power of
600 W and a working cycle of 3 min on and 5 min off
for a total period of 19 min.

Several works in the literature focus on the synth-
esis of rod-like HA through the precipitation under
reflux of aqueous solutions containing a surfactant
agent. In this condition, the vapours generated by
heating the solutions are cooled by means of a reflux
condenser, falling back in the solution, allowing to
keep more constant the surfactant concentration
throughout the reaction. Iyyappan et al [25], in fact,
obtained rod-like HA particles between 35 and 72 nm
in length and 16 and 26 nm in diameter (figure 7(a))
by refluxing for an hour a solution of Ca(NOs),,
(NH,),HPO, and Triton X-100 under alkaline condi-
tions (pH equal to 10.4). In a more recent work, Shiba
et al [16] refluxed for 24 h at 40 °C a solution contain-
ing K,HPO,-3H,0 and CaCl, as HA precursors
combined with CTAB. In particular, they found
that, using a molar ratio of CTAB:PO;” equal to 2:1,
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well-dispersed and uniform nanorods with a diameter
of approximately 20 nm and a length of 50 nm were
obtained.

On the other hand, some groups reported the
synthesis of rod-like HA particles by simple wet che-
mical process combined with a surfactant agent. Wang
et al [42] synthesized nanoscale rods by stirring a solu-
tion containing Ca(NOs3),, (NH,),HPO, and ethano-
lamine with a pH of 10 for 1.5 h at 60 °C and then by
ageing it for 24 h at room temperature. Similarly, Kha-
lid et al [43] used the same calcium and phosphate pre-
cursors, but in association with CTAB, obtaining rod-
like morphology. In particular, they stirred an alkaline
solution (pH = 10) at 80 °C for 2 h and then they left
it aging for 24 h at room temperature and in air. How-
ever, this type of synthesis is usually associated with a
lack of control on the shape, the size and the crystal-
linity of the final product. In fact, Loo et al [44] found
significant differences in the properties of HA particles
synthesized using chemical precipitation or hydro-
thermal treatment. In the first case, they obtained rod-
like particles with irregular shape and poor surface
morphology, while the hydrothermal treatment
allowed producing fine-grained and highly pure single
crystals with more controlled morphology and narrow
size distribution, reducing the particle agglomeration.
Moreover, the hydrothermally produced HA showed a
Ca/P molar ratio closer to the stoichiometric one [45].

4. Mesoporous HA

According to the IUPAC nomenclature [46], materials
showing nanopores in the range from 2 to 50 nm are
defined as mesoporous. Due to their peculiar textural
features, i.e. high specific surface area and high pore
volume, they have attracted the interest of the research
community for a wide range of applications. Mesopor-
osity can result from the aggregation of primary
nanoparticles or nanorods, leading to inter-particle
voids, or from an intra-particles porosity generated
through several methods mostly based on the use of
porogen agents, among which the surfactant-assisted
templating method is the most commonly adopted.
Specifically, this method is based on the cooperative
self-assembling of inorganic precursors around the
surfactant micelles acting as templating agent, which
upon calcination gives rise to the intra-particle
mesoporosity.

Since this uniform and accessible intra-particle
mesoporosity can be successfully exploited in the bio-
medical field, such as for drug storage and release and
for bone tissue applications [47], several authors tried
to apply the surfactant-assisted templating approach
to the synthesis of mesoporous HA. Nevertheless, the
most of the literature works report a prevalence of dis-
organized intra-particle pores, probably due to the
high crystallisation rate of HA in aqueous solution that
leads to the fast and consequently random growth of
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HA grains around the templating micelles [17]. This
high reactivity of HA precursors in aqueous environ-
ment is also accounted for the formation of aggregates,
where particles are randomly organised and separated
by voids at nanometric scale, as schematically repre-
sented in figure 8. These inter-particle voids are hardly
distinguished from the intra-particle pores through
adsorption-desorption measurements, due to their
similar size and the wide-ranging distribution, ranging
from few nanometres to several tens of nanometres.
Since the templating agents usually produce meso-
pores whose size does not exceed 10-12 nm [48, 49],
the contributions at higher pore size values are most
likely due to the inter-particle contribution. TEM ana-
lyses are usually performed to discern the different
contributions to the overall porosity evidenced by
adsorption analysis, allowing the direct visualisation of
the intra-particle porosity.

In this review, we refer to the different literature
contributions concerning the production of mesopor-
ous HA with physiologic-like shape, subdividing the
works according to the employed templating agents.

In general, mesoporous HA is produced through
the hydrothermal technique, the microwave irradia-
tion method (or a combination of both) and the pre-
cipitation under reflux conditions, as schematically
represented in figure 9.

Different authors successfully synthesized meso-
porous HA using the hydrothermal treatment in com-
bination with CTAB. For example, Li et al [50]
produced mesoporous HA testing different autoclav-
ing temperatures ranging from 40 °C to 160 °C and
several calcination temperatures (550 °C, 700 °C,
800 °C and 1000 °C). They observed an increase of
crystallinity and the formation of rod-like structures
with the increase of the reaction temperature
(figure 10(b)), while the nanopore size was found to
decrease from about 5 nm at 40 °C to 2 nm at 160 °C,
probably due to the higher crystallinity of the structure
and the consequent tighter packing of atoms. At var-
iance, pore size showed to be independent on both cal-
cination temperature and CTAB/PO;™ molar ratio: a
finding in contrast to the most part of literature works
that stated a key role of surfactant concentration in the
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Figure 10. Mesoporous HA with physiologic-like shape obtained through different templating agents: (a)-(c) CTAB[17, 50, 51],
(d)—(e) Pluronic F127 [27, 52], (f) Triton X-100 [23] and (g) Tea polyphenols [53]. All images are reproduced with permission.

regulation of mesopores features. In fact, Wang et al
[17] highlighted that CTAB has an evident effect on
the surface area, the pore volume and the pore size of
HA particles. Indeed, samples produced without sur-
factant showed a relatively small surface area of
33m”g ! and no porous structure, whereas samples
obtained with the addition of CTAB in a proper
amount, showed higher surface area with open-ended
pores ranging between 2 and 7 nm, as revealed by
TEM images. More specifically, the sample with a
CTAB:HA precursors molar ratio equal to 1:2 exhib-
ited the highest surface area (97 m* g~ ') and the largest
pore volume (0.47 cm’® g_l), as visible in figure 10(a).
However, with the further increase of the surfactant
amount, the pore volume and the surface area
decreased. It is worth to mention that the pore size dis-
tributions obtained from nitrogen adsorption-deso-
rption measurements possessed a very broad shape,
with values up to several hundreds of nanometres,
ascribable to the inter-particles voids.

Concerning alternative synthesis routes, Yao et al
[54] obtained rod-like HA structures with a mean pore
size of 3 nm by refluxing at 120 °C for 24 h a solution
with pH 12, containing K,HPO,-3H,0 and CaCl, as
HA precursors and CTAB as surfactant. These nano-
cavities aligned in a lengthwise direction within the
rods and were obtained by the removal of CTAB
micelles through calcination, conducted at 550 °C
for6 h.

Benzigar et al [55] used the same precursors and
templating agent as Yao and co-workers, but they
transferred the solution mixture into a Teflon auto-
clave and heated it in a microwave oven at 120 °C for
8 h. They synthesized nano-HA with high crystallinity
and highly uniform rod-like morphology with an
average size of about 25 nm in width and 100 nm in
length. Through the decomposition of CTAB, they

obtained samples with a bimodal pore size distribu-
tion centred at 2.5 and 3.7 nm, according to pore size
distribution obtained by nitrogen adsorption-deso-
rption analysis. In order to elucidate the role of the sin-
gle treatment, they prepared another sample using
only the hydrothermal treatment without microwave
irradiation and they noticed the absence of mesopor-
ous structure. Based on this observation, the authors
postulated that microwave radiation favours the pre-
cursor reaction as well as their ionic interactions with
the surfactant, thus promoting at the same time the
formation of a highly crystalline and mesoporous
structure. Kumar et al [51] confirmed the efficiency of
this combined method to prepare mesoporous HA
nanocrystals in a rapid way (figure 10(c)) and reported
the synthesis of rod-like particles having pores of
around 2 nm.

In general, from the analysis of the literature
works, it emerges that the introduction of CTAB in a
concentration above its CMC leads to the formation of
pores in 2-5 nm range throughout HA particles. The
best results in terms of specific surface area and pore
volume values were obtained with a CTAB concentra-
tion of 0.2-0.24 M. However, conflicting results are
reported in the literature regarding the function of
CTAB in the HA synthesis and the full comprehension
of the surfactant role as purely shape-directing agent
or as mesopore generating agent in the synthesis of HA
particles is still an open question. Indeed, for instance,
Shiba and collaborators [16] affirmed that CTAB
mainly worked as a shape controlling agent rather than
a templating agent as no clear difference in terms of
mesoporosity was evidenced between HA synthesized
with and without the surfactant. In addition, across
the related literature, no evident and remarkable dif-
ferences in terms of synthesis conditions, among
which the employed CTAB concentration, have been
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identified among the articles reporting the two beha-
viours of CTAB.

Different authors also investigated the use of non-
ionic surfactants, i.e. Pluronic F127 or Pluronic P123,
in the production of mesoporous HA nanorods in
order to overcome the limitations of ionic surfactants,
such as the relatively small pore size dimension achiev-
able with CTAB [56]. For example, Zhao et al [27]
obtained rod-like particles with length ranging
between 100 and 300 nm, diameter around 50 nm and
pore sizes ranging from 2.5 to 3nm (as visible in
figure 10(d)), using Pluronic F127 at high concentra-
tion (10 wt%). They heated up to 90 °C and refluxed
for 24 h a mixture containing K,HPO,-3H,0 and cal-
cium D-pantothenate monohydrate as HA precursors
and adjusted the pH to 12. The obtained dried pre-
cipitate was then calcined in a furnace at 550 °C for 6 h
in order to remove the block co-polymer template and
to obtain the mesoporous structure. More recently,
Zhang and collaborators [52] synthesized mesoporous
rod-shaped HA as drug carriers by means of the
hydrothermal method using the same surfactant. Even
in this case, they produced samples with dimensions
similar to the previous ones and with pores prevalently
around 3 nm (figure 10(e)), as revealed by both
adsorption analysis and TEM images.

In the work of Iyyappan et al [23], nanoporous HA
was prepared via hydrothermal treatment using Tri-
ton X-100 (figure 10(f)). More in detail, the authors
obtained samples with a combination of meso- and
macropores ranging between 7.4 and 55nm. The
authors attributed this broad pore size distribution to
the presence of internal mesopores and of intra-parti-
cle voids deriving by the agglomeration of primary HA
particles. Since the pore size distribution of samples
produced without the use of the surfactant or without
the hydrothermal treatment presented even broader
pore size distributions, the authors affirmed that Tri-
ton X-100 has a beneficial role in reducing the agglom-
eration of HA particles. Moreover, they demonstrated
that the total pore volume and the percentage of meso-
porous volume were higher for samples prepared by
the hydrothermal method than those obtained under a
non-hydrothermal route, particularly in the absence
of the organic modifier.

In addition to the above-reported surfactants, it is
worth mentioning the class of zwitterionic surfactants,
whose ionic features are determined by the pH of the
medium. In particular, they exhibit cationic behaviour
near or below their isoelectric point and turn to be
anionic for higher pHs. In this regard, Amer et al [57]
produced nano-structured HA using lauryl dimethy-
laminoacetic acid as zwitterionic surfactant under
microwave irradiation conditions. They obtained rod-
like structures with a uniform diameter and length of
about 19 nm and 69 nm respectively. N, adsorption
analysis revealed a surface area of 87 m* g~ ' and pores
with an average size of 36 nm. Since this latter value is
of the same order of magnitude of the particle
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dimensions, it is possible to affirm that the inter-parti-
cle porosity strongly contributed to the pore size dis-
tribution and shifted upward the average size. In order
to confirm the influence of the template on the HA
structural features, the authors repeated the same
synthesis procedure without the use of surfactants
obtaining samples with low surface area (30 m* g™ ).
An inferior value of surface area (20 m? gfl) was also
achieved in the presence of the surfactant but by con-
ventional heating. In this way, the authors demon-
strated the advantage of combining microwave
heating with surfactants to increase the surface area of
HA particles.

Some authors investigated the effect of pH-control
techniques on the characteristics of mesoporous HA.
For example, Mohammad et al [56] found that the
continuous pH adjustment throughout the mixing of
the precursor solutions was very effective in favouring
the production of particles with controlled textural
properties. In fact, the particles synthesised by main-
taining the pH at 11 by the addition of NaOH through-
out the mixing process had higher surface area and
more uniform pore size distribution compared to
those obtained by controlling the pH only before the
solution mixing. The formation of micelles is indeed
inhibited by the sharp pH decrease occurring when the
two solutions are mixed, due to the nature of the cal-
cium precursor (CaCl,-2H,0). Therefore, through the
continuous control of the synthesis solution pH, the
formation of micelles is favoured and larger amount of
pores are consequently generated throughout the par-
ticles, with a resulting increase of the final surface area.

Recently, new attempts have been made to find
novel cost-effective and sustainable sources for the
preparation of such materials. For example, in 2017
Zhou et al [58] reported a simple and rapid strategy for
the hydrothermal synthesis of mesoporous HA nano-
particles based on the use of sodium hexametapho-
sphate (NagP¢O,5) as phosphorous source and tea
polyphenols as templating agents. The advantage of
these reagents is that they can be completely removed
by a washing step (without calcination) and are more
environmentally friendly compared to traditional
agents as CTAB. The resulting nanoparticles exhibited
a very high surface area (114 m* g~ ') and a uniform
pore size distribution (4-9 nm). Tea polyphenols, due
to the high amount of hydroxyl groups can bind Ca**
ions and consequently guide the arrangement of HA
particles. In fact, the HA synthesised in the absence of
the polyphenols showed a disordered arrangement of
the inter-particle porosity deriving from the random
hydrolysis of phosphate precursor (NagPsO;3) in the
aqueous solution. Instead, when polyphenols are pre-
sent, they can act as template to guide the assembly of
HA particles resulting in a more ordered inter-particle
porosity. In 2018, the same group [53] reported the
hydrothermal synthesis of mesoporous rod-like HA
nanoparticles using vitamin C as cost-effective tem-
plating agent. The synthetized particles, visible in
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Table 1. Summary and comparison of various methods in physiologic-like HA synthesis.
HA aspect Shape  Type of synthesis Surfactant Type of surfactant Article
Physiologic-like ~ Plate Hydrothermal Ethylamine cationic Nagata
etal [28]
Hydrothermal STPP anionic Zhang
etal[22]
Emulsion AOT anionic Satoetal [19]
Microwave CTAB cationic Arami et al
[30]
Rod Hydrothermal CTAB cationic Wangetal
[32]
Hydrothermal CTAB cationic Wangeral
[33]
Hydrothermal SDS anionic Yanetal [34]
CTAB cationic
Hydrothermal PEG-600 non-ionic Wangetal
[35]
Tween-20 non-ionic
Trisodium citrate non-ionic
Hydrothermal EDTA anionic Xinetal [36]
Hydrothermal EDTA + CTAB anionic + cationic Xueetal[38]
Emulsion Triton X-100 + CTAB non-ionic + cationic ~ Sunetal[39]
Hydrothermal combined with CTAB cationic Linetal [37]
microemulsion
Microwave EDTA anionic Liuetal [40]
Microwave EDTA anionic Laketal[41]
Microwave EDTA anionic Kalita et al
[21]
Precipitation in reflux conditions ~ Triton X-100 non-ionic Iyyappan et al
[25]
Precipitation in reflux conditions ~ CTAB cationic Shibaetal[16]
Hydrothermal CTAB cationic Loo etal[44]
SDS anionic
Mesoporous Rod Hydrothermal CTAB cationic Lietal [50]
Hydrothermal CTAB cationic Wanget al
[17]
Precipitation in reflux conditions ~ CTAB cationic Yao etal[54]
Hydrothermal combined with CTAB cationic Benzigar et al
microwave [55]
Hydrothermal combined with CTAB cationic Kumar et al
microwave [51]
Precipitation in reflux conditions ~ Pluronic F127 non-ionic Zhaoetal[27]
Hydrothermal Pluronic F127 non-ionic Zhanget al
[52]
Hydrothermal Triton X-100 non-ionic Iyyappan et al
[23]
Microwave Lauryl dimethylaminoacetic ~ zwitterionic Amer etal [57]
Hydrothermal Tea polyphenols non-ionic Zhou et al [58]
Hydrothermal Vitamin C non-ionic Zhouetal [53]

figure 10(g), were characterized by a surface area of
about 39 m* g~ ' and a mean pore size of 20 nm. The
authors suggested the following mechanism under-
lying the mesopore formation: the vitamin C mole-
cules are partially adsorbed via their abundant ~-OH
groups on the surface of the growing HA, hindering its
further growth. Therefore, HA crystals are forced to
grow exclusively on the vitamin-free surfaces and
entrap the vitamin molecules inside them. Vitamin C
is then removed by the hydrothermal treatment, lead-
ing to the formation of the mesopores.

The scientific studies analysed in this review are
summarized in table 1, in order to enable researchers
with a comprehensive overview of physiologic-like
and mesoporous HA synthesis routes.

5. The use of plate and rod-like HA in bone
treatment and regeneration

As previously introduced, synthetic nano-HA has
found numerous applications in the biomedical field,
thanks to its biocompatibility, osteoconductivity and

13



10P Publishing

Biomed. Mater. 15 (2020) 022001

G Molino et al

Plate and rod-like HA
applications in bone regeneration

\\

- ¥

* T~
Prosthesis Composite  Drug delivery Bone
coatings scaffolds systems cements
N d
» ot s
\’%J T
0
it LA
7 K A\

Figure 11. Schematic representation of the principal application of plate and rod-like nano-HA in bone treatment and regeneration.

overall biological properties deriving from its biomi-
metic chemical composition and high surface area. To
further enhance the properties of HA particles, their
crystalline structure has been modified through the
substitution of calcium, phosphate or hydroxyl groups
with other ions. Depending on the type of biological
response requested, different ions can be considered
for the substitution. In particular, strontium, magne-
sium and zinc ions, which occupy calcium sites in the
HA crystal lattice, are reported to increase nano-HA
solubility and improve osteoblast attachment and
proliferation, thus leading to a superior reactivity and
osteoconductivity of the material [59, 60]. On the
other hand, carbonate, silicate and fluorine ions can
substitute both phosphate and hydroxyl groups, con-
ferring to the material an improved osteoconductive
potential as well as superior mechanical properties due
toan increase of HA crystallinity [60].

Within the biomedical field, pure and doped
nano-HAs have found their principal applications in
the bone tissue engineering area thanks to their osteo-
conductive potential. For this reason, synthetic HA
has been used as coating for metallic orthopaedic
implants, filler for bone cements, drug delivery system
or constituent of bone scaffolds, as schematically
represented in figure 11. In this section, the main
applications of nano-HA in the bone engineering area
are reported, with a particular focus on the studies
concerning the use of plate or rod-like particles, since
they represent the main topic of this review.

The use of nano-HA as coatings on orthopaedic
implants proved to be a successful solution to improve
the osteointegration at the surgical site. In fact, ortho-
paedic implants are usually made by titanium alloys
having excellent mechanical properties, but not able to
stimulate a biological response in the host tissue due to
their superficial oxide layer that hinders bone cell
adhesion. On the contrary, the presence of a HA coat-
ing of approximately 50 pm in thickness has been
associated with the stimulation of new bone growth on
the implant, leading to its improved fixation [59]. The
good adhesion of the HA coating on the substrate is a
key factor and it is specifically required to avoid fatigue

failure or the detachment of the coating and can be
obtained by a strict control of the process parameters
and of the particle properties [61].

Another application of nano-HA is related to its
use as osteoconductive filler in bone cements for the
treatment of fractures or the fixation of orthopaedic
prosthesis. Since the cement is usually constituted by
an inert material (e.g. poly methyl methacrylate), the
addition of the nano-HA phase can lead to an
improvement of its biological behaviour [62]. In fact,
thanks to the osteoconductive potential of nano-HA, a
stronger bond can be formed between the cement and
the bone tissue leading to a better integration of the
implant. Similarly, cements able to promote new bone
formation are fundamental in the case of osteoporotic
fracture fixation, where the risk of loosening and fail-
ure of the implant is high due to the reduced healing
potential of osteoporotic patients [63]. In the frame of
the studies reporting the use of rod-like nano-HA as
osteoconductive phase in bone cements, it is worth to
mention the work conducted by Che and co-workers
[62]. In particular, they observed that the introduction
of rod-like nano-HA particles, synthesised using
PEG2000 as templating agent, in a PMMA-based
cement increased the mineralisation degree of the
cement surface while enhancing bone progenitor cell
proliferation compared to the pure PMMA cement.
Similarly, Li and co-workers produced rod-like nano-
HA particles using PEG400 as templating agent and,
subsequently, introduced them in an injectable poly-
urethane-based cement obtaining an improvement of
its mechanical and bioactive properties [64].

Nano-HA is also particularly attractive as drug car-
rier due to its solubility in the biological fluids and its
capacity to penetrate the cell membrane [65]. Further-
more, thanks to its chemical composition and struc-
ture, nano-HA can successfully interact with several
compounds. A remarkable interaction has been
observed with bisphosphonates, specific drugs used
for the anti-resorptive therapy of osteoporosis, thanks
to their strong affinity to calcium ions. This interac-
tion was confirmed by Boanini et al that synthesised
pure and Sr-substituted nano-HA particles with
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rod-like morphology in the presence of disodium
zoledronate tetrahydrate, observing a high loading
rate [66, 67]. Moreover, the combination of nano-HA
and zoledronate led to an improved biological
response, increasing osteoblast proliferation and dif-
ferentiation, while decreasing osteoclast survival.
These effects were further enhanced in presence of
strontium-doped nano-particles, demonstrating their
potential in anti-osteoporotic treatments.

The improved biological effect arising from the
combination of doped-HA and bisphosphonates was
also observed by Khajuria and collaborators [68]. In
particular, they investigated the incorporation of rise-
dronate in Zn-doped HA nanoparticles with the aim
of creating a suitable vector for its non-oral adminis-
tration. The authors tested the combined system on
ovariectomised rats observing a superior recover of the
osteoporosis-induced bone damage thanks to the ben-
eficial action of zinc in enhancing bone formation and
mineralisation.

In recent years, innovative systems combining
nano-HA and other inorganic nanoparticles having
peculiar physical properties have been investigated by
several research groups to explore novel applications
in the bone regeneration field. For example, Tran and
Webster proposed an alternative treatment for osteo-
porosis combining magnetite nanoparticles and rod-
like nano-HA synthesised through a hydrothermal
method. The combined system proved to stimulate
the expression of several differentiation markers in
osteoblasts (ALP activity, collagen synthesis and cal-
cium deposition), highlighting its high osteogenic
potential. Furthermore, thanks to the presence of
magnetite nanoparticles, this stimulating action can be
directed at specific sites (e.g. the osteoporotic fracture
site) through to the use of a magnetic field [69]. Kha-
juria and collaborators, instead, conjugated nitrogen-
doped carbon dots with HA nanoparticles through a
hydrothermal co-precipitation synthesis [70]. The sys-
tem proved its bone regeneration potential both
in vitro promoting osteoblast proliferation, differ-
entiation and mineralisation and in vivo enhancing the
bone growth and the mineral density of a zebrafish
jawbone model. Furthermore, thanks to the lumines-
cence shown by the carbon dots, the system can be
exploited for theragnostic applications.

Lastly, another promising and reported applica-
tion of plate-like and rod-like HA nanoparticles in the
bone field is their use as reinforcing phase in compo-
site scaffolds for bone tissue regeneration. In fact, their
addition in a polymeric matrix can improve the scaf-
fold mechanical properties and stimulate the growth
of new bone thanks to their biomimetic morphology
and composition [59]. In order to achieve the desired
improvement of mechanical and biological perfor-
mances, HA particles need to be homogeneously dis-
persed in the matrix avoiding the formation of
aggregates. Different types of polymers have been used
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as matrix for scaffold preparation, both natural and
synthetic. For example, Sartuqui and co-workers sus-
pended rod-like HA, synthesised by means of the
hydrothermal treatment in presence of CTAB as tem-
plating agent, in a gelatine-based matrix [71]. The
gelatine suspension was successively crosslinked with
tannic acid and freeze-dried. The presence of HA par-
ticles led to an improvement of scaffold mechanical
properties and of its mineralisation degree when
immersed in SBF, confirming its osteoconductive
potential. Similar results were observed by Zandi and
co-workers, who tested the mechanical and biological
behaviour of an HA-gelatine freeze-dried scaffold
[72]. The composite scaffold promoted an increased
bone cell adhesion and proliferation compared to the
pure gelatine scaffold, thanks to the beneficial action
of HA particles in creating a more biomimetic mat-
erial. Collagen is another natural polymer frequently
used as matrix in bone scaffold fabrication thanks to
its highly biomimetic structure mimicking the extra-
cellular matrix. Zheng and co-workers produced a col-
lagen-HA scaffold, synthesising rod-like HA particles
through the hydrothermal method while exploiting
the genipin crosslinking and the freeze-drying techni-
que to produce the composite scaffold. Due to its high
structural and compositional biomimicry, the scaffold
induced a superior bone cell adhesion, proliferation
and differentiation rate [73].

Synthetic polymers have been largely adopted for
bone scaffold fabrication since they enable a higher con-
trol over the final properties of the scaffold, such as degra-
dation kinetics and mechanical properties. On the
contrary, they proved less biocompatibility and lack of
cell-recognize sites. The design of composite scaffolds
through the addition of HA particles can increase the
osteoconductive potential of these polymers, leading to an
increase of bone cell adhesion and proliferation. The ben-
eficial effects linked to the addition of HA in the material
formulation were observed by Huang and co-workers
who developed a composite scaffold constituted by poly-
2-hydroxyethylmethacrylate, polycaprolactone and rod-
like HA particles [74]. Similarly, Nejati and co-workers
fabricated a poly(L-lactide acid)-based scaffold reinforced
by rod-like HA particles, observing an increase of scaffold
mechanical properties compared to the pure polymeric
scaffold [75]. Also in this case, the addition of HA particles
led to a significant increase of bone cell adhesion and pro-
liferation, highlighting the high osteoconductive potential
of this material.

6. Conclusions

Considered the promising results observed in bone
tissue regeneration field thanks to the use of nano-HA,
the research community have focused its attention on
the enhancement of HA synthesis methods in order to
produce nanoparticles with improved features.
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In this review, the various techniques used to syn-
thesize physiologic-like shaped and mesoporous
nano-HA were described with a comprehensive and
critical review of the literature data. A prevalence of
non-conventional methods, i.e. hydrothermal, emul-
sion and microwave irradiation, combined with the
use of different surfactants is mostly proposed for the
synthesis of nano-sized HA with peculiar shape (i.e.
rod-like, plate-like) and structural features (i.e. high
surface area, accessible mesopores).

In particular, the hydrothermal approach allows
obtaining pure and highly crystalline HA in the form
of rods and plates, although it involves high tempera-
tures and is a time-consuming process. On the other
hand, microwave irradiation leads to the formation of
particles with high purity and narrow particle size in a
very fast way. In the end, microemulsion might be an
effective strategy to synthesize and regulate more accu-
rately the size and the shape of HA crystals. Further-
more, the combination of these methods can
overcome the drawbacks and combine the advantages
of each single technique. The use of surfactants in the
above-mentioned synthesis techniques allows a better
control of the HA morphology, since these molecular
agents are able to direct the growth of HA particles
toward a specific direction thanks to the occurrence of
selective interactions with HA precursors. Among the
templating agents reported in the literature, the CTAB
turned out to be the most widely used, although more
recently different authors adopted natural and non-
toxic templating agents like vitamin C and tea poly-
phenols for the synthesis of HA through a more envir-
onmentally friendly approach.

Focusing on the plate-like HA crystals, a strict con-
trol over the synthesis parameters is generally required
to achieve this morphology. In case of hydrothermal
synthesis, a key role is played by the surfactant con-
centration required to direct the growth of HA particles
toward the plate-like morphology. High supersaturation
concentration of HA precursors and high microwave
power are reported to be beneficial for the synthesis of
plate-like HA through the microemulsion process and
the microwave method, respectively.

Rod-like HA particles are generally obtained
through the hydrothermal method, in the presence of
alkaline conditions, autoclaving temperatures above
100 °C and durations of around 20 h. Higher hydro-
thermal temperatures and longer treatments lead to the
production of HA with high crystallinity and large crys-
tal size. Rod-like particles are also successfully synthe-
sised through high-power microwave irradiation and
the precipitation method under refluxing conditions
thanks to the creation of a controlled and stable
environment.

The same techniques in combination with surfac-
tants at specific concentrations are also employed for the
synthesis of mesoporous HA. The generated intra-parti-
cle mesopores have dimensions comprised between 2
and 10 nm, randomly distributed throughout the HA
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particles. In most cases along with this intra-particle
porosity, the presence of pores with a dimension of sev-
eral tens of nanometres is usually reported in the litera-
ture works due to inter-particle voids resulting from the
agglomeration of primary nano-sized HA crystals.

In conclusion, due to the high heterogeneity of
methods and data reported in the literature, this
review aims to constitute a precious background and a
useful tool for those researchers that face for the first
time the challenges related to the synthesis of physio-
logic-like or mesoporous HA in view of a biomedical
application.

7. Future perspectives

The majority of articles concerning the synthesis of
rod or plate-like HA concentrate exclusively on its
morphological /structural characterisation, while only
few works examined also its behaviour in term of
cytocompatibility, osteoconductivity and stimulation
of additional biological responses. Therefore, further
studies are needed to evaluate the overall biological
behaviour of the synthetized HA and the effective
biomimicry of the physiological nanostructures, in
order to produce particles suitable for bone regenera-
tion applications.

In addition, the true control of HA particles in the
term of size and shape is still an open issue, as revealed by
the heterogeneous dimensions and structural features
reported in the literature. With the aim to improve the
control of HA textural properties, the combination of
different synthesis methods, such as the hydrothermal
route with the microemulsion technique, constitutes a
promising strategy to be further explored.

In addition, the currently available synthesis meth-
ods allow to achieve mesopores not uniform in size and
not homogeneously distributed across the HA particles.
A well-organized arrangement of the porosity would
produce a further increase of the exposed surface area
and, consequently, an increase of HA biological reactiv-
ity. Furthermore, narrow-size and organized meso-
porosity would lead to enhanced drug loading capacity
and to higher reproducibility in the loading and release
behaviour of HA particles, making them particularly sui-
table for biomedical applications. To address this issue
and to cope with the need of resource-efficient and green
synthesis methods, new natural organic molecules (i.e.
polyphenols, vitamins) are gaining increasing interest as
templating agents, due to their effective role in the meso-
porosity regulation.

In the end, the scalability of the synthesis process is
a key issue to consider in the selection of the most
appropriate route for the HA production for biomedi-
cal applications. Nevertheless, there is a lack of works
investigating the scalability of the most common
synthesis methods, therefore evidencing the necessity
of future studies in this perspective.
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