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a  b  s  t  r  a  c  t

Hydroxyapatite  is one  of the  most  important  biomaterials  whose  application  mainly  extends  to implants
and  drug  delivery.  This  work  will  discuss  the  changes  in  the  pore  size  distribution  of  hydroxyapatite
when  there  are  latex  beads  present  during  the  synthesis.  These  changes  were  monitored  using  different
techniques:  small  angle  X-ray  scattering,  X-ray  diffraction,  thermal  gravimetrical  analysis,  N2 adsorption,
scanning  and transmission  electron  microscopy.  Latex beads  and  hydroxyapatite  form  a single  nanocom-
posite  with  well-distinguished  inorganic  and organic  phases.  Latex  bead  removal  in  the  temperature
range  of  300–600 ◦C did  not  modify  the original  crystalline  structure  of  hydroxyapatite.  However,  the
latex  beads  favored  an  increase  in  the adsorption  capacity  of  mesopores  at temperatures  higher  than
omposite materials
urface properties
hemical synthesis
hermal properties
atex beads

their  glassy  transition  (Tg). The  main  result  of  this  research  work consists  on  the  increase  of  surface  area
and  pore  size  distribution  obtained  after  the  removal  of  latex  beads  template.  Latex  beads  have  been
used  in  a different  approach  changing  the  porosity  of  hydroxyapatite  scaffolds  not  only  introducing  new
routes  for  cell  integration  but also  broadening  the  pore  size  distribution  which  can  result  in  a  more  high
efficiency  for  drug  release  in living  cells.
. Introduction

Hydroxyapatite [Ca10(PO4)6(OH)2] is one of the most impor-
ant biomaterials because it is the main inorganic component of
ones and teeth. Its biocompatibility and osteoconductivity prop-
rties has become notably attractive for implant materials and
rug delivery systems [1,2]. There are two methods to synthesize

ydroxyapatite: solid-state and wet methods. The first method is
ased on a high sintering temperature, at which the inorganic pre-
ursors are mixed to form hydroxyapatite Different techniques can
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be apllied to change hydroxyapatite particles properties synthe-
sized by wet  chemical method.

An advantage of this method is the production of samples with a
homogeneous composition, which can be processed into coatings
on usual implant materials such as alumina [3] and titanium [4].
Coprecipitation is based on the combination of an inorganic precur-
sor such as calcium nitrate [Ca(NO3)2] and ammonium phosphate
monobasic (NH4H2PO4), which acts as a phosphate ion source.
These two  reagents form an aqueous solution, which is maintained
at a basic pH by the addition of ammonium hydroxide (NH4OH).

The synthesis conditions of wet  chemical method can play a
vital role to generate hydroxyapatite with different morphologies.
Li-yun et al. [5] reports that it is possible to obtain hydroxyap-
atite particles with the aid of ultrasonic irradiation using Ca(NO3)2
and NH4H2PO4 as source material. They observed that spherical

nanoparticles could be obtained at high synthetic temperature
(353 K), ultrasonic power (300 W)  and high Ca/P ratio (2.0–2.5).
Other conclusion is that synthetic conditions like [Ca2+] concen-
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ration and synthetic temperature and ultrasonic power change
he crystallite size of hydroxyapatite particles. It is also possible to
hange mechanical properties of hydroxyapatite after wet chemical
ynthetic procedure. This feature has been highlighted by Wei  et al.
6] who produce high-quality crack-free coatings using rounded
articles obtained by precipitation of calcium phosphate and sub-
equent alkali digestion in aqueous ammonia at a pH of 11–12.
hey applied electrophoretic deposition as a post-synthesis proce-
ure and coated Ti6Al4V substrate with different hydroxyapatite
recipitates. It has been concluded that cracking susceptibility is
orrelated with the particle shape in such a way that round particles
ue to their equi-axed geometry can generate free crack coatings
y electrophoresis technique.

The wet method results in hydroxyapatite samples whose
urface morphology has a random distribution of particles with
ifferent sizes, which depend on the pH and temperature of the
olution. Some attempts have been reported in the literature to
hange the hydroxyapatite morphology, which is mainly restricted
o beads or rods. This goal is possible using surfactants such as
etyltrimethylammonium bromide (CTABr) [7], sodium dodecyl
ulfate (SDS) [8] and triblock copolymer (F-127) [9]. Zhao et al.
eported that it is possible to obtain either spherical or rod-like
ydroxyapatite particles by changing only the surfactant con-
entration [10]. In this work, it is also observed that spherical
ydroxyapatite has a bimodal distribution of pores centered at
.5 nm and 3.0 nm.

Nanoparticles have been used as templates for crystallization of
ydroxyapatite through the generation of organic/inorganic hybrid
aterials. This biomimetic approach is based on encapsulation of

reformed inorganic materials within a polymeric matrix as it has
een highlighted by Ethirajan et al. [11]. The syntethic route is based
n the monodispersity and large surface area of poly(styrene-co-
crylic acid) latex particles with diameters below 500 nm.  It was
sed covalently functionalized particles bound to carboxyl groups
n their surface to perform crystallization of hydroxyapatite. The
unctionalization of these particles happened at pH 10 by carboxyl
roups resulting on the attachment of Ca2+ and PO4

3− ions and
osterior coverage of the polymeric surface. Crystallite size was
stimated through (002) reflection in the range from 19 to 22 nm.
t has been concluded that the crystallite size was the same on
he particle or in the solution. The growth of hydroxyapatite using
anoparticles templates has been attractive in terms of fabrication
f scaffolds for osteointegration and bonding between the implant
nd the bone. This feature is associated mainly to the potential of
sing the polymeric nanoparticles for drug release and wound heal-

ng promotion in an efficient way than usually observed in scaffolds
repared without organic template [12,13].

In recent years, particular attention has been paid to the
reparation of Hydroxyapatite bioceramics with porous morphol-
gy, which are notably interesting for bone regeneration because
hey mimic  natural bone in terms of chemical composition and

icrostructure [14–16]. The porosity in a biomaterial implant
llows ingrowth and regeneration of natural bone. It is worth men-
ioning that the increase in surface area, which results from the
orosity, also contributes to a delivery agent capacity to adsorb a
rug [1]. Several processes are currently used to produce porous
eramics. The simplest technique is based on incorporating the
rganic phase in the ceramic material composition, in controlled
roportions and sizes, which leaves voids with the same size of
he organic phase materials after the disposal [17]. Other more
laborate methods, such as aerogel [18], hydrogel [19,20] and bio-
rganics [21,22], can generate a structure with nanometer-sized

ores.

Latex beads can be considered a suitable choice to obtain porous
ydroxyapatite because they can be easily removed using chemical
tch or heat treatment, where large pores are connected and sur-
Science 436 (2018) 141–151

rounded by thin walls of an inorganic phase. There are few reports
about the application of porous hydroxyapatite templated by latex
beads. It has been used poly(�-caprolactone) (PCL) microspheres to
produce porous hydroxyapatite applied as scaffolds in tissue engi-
neering and sustained release of therapeutics [23]. Hydroxyapatite
nanoparticles stabilized the dispersion of emulsions and micro-
spheres whose diameter is in the range of 9.2–25.1 �m. The use of
huge polystyrene spheres (� > 70 �m)  as three dimensional tem-
plate for hydroxyapatite scaffolds have been described by Kotov
et al. [24]. They introduce the use of inverted colloidal crystals
as three dimensional cell support and they conclude that human
hepatocellular carcinoma HEP G2 form a large number of 10–15
cell colonies on scaffolds made from 75 �m spheres and human
bone marrow HS-5 cell cultures generate smaller colonies consist-
ing of three to four cells in 90 �m cavities. Therefore, size scale
of latex beads can determine the bioactivity of hydroxyapatite,
however porous hydroxyapatite templated by latex beads in micro-
metric range (� < 10 �m)  is still unknown. Only Fujishima et al. [2]
reported that it is possible to incorporate hydroxyapatite in latex
beads assembled using the gravity sedimentation method. They
observed that small latex beads (� ∼ 200 nm)  form a hierarchical
trimodal porous hydroxyapatite structure at 330 ◦C. However, it
is very hard to obtain self assembled films of latex beads in the
micrometric range (>1,000 nm)  due to effect of gravity or thermal
agitation during the formation of colloidal template.

These approaches to obtain porous hydroxyapatite are nec-
essary because they can be applied in two importantant fields
of biomaterial research: tissue engineering and drug delivery.
The application of porous hydroxyapatite in tissue engineering
is related to the following properties of this material like bio-
compatibility, osteoconductivity, interconnected porous structure,
appropriate mechanical strength, and biodegradability. Scaffold
can induce not only the formation of new bone but also it can act as a
carrier or template for implanted bone cells or other agents [25,26].
This feature highlights how is important to have an interconnected
porous structure for the introduction of bone cells, osteotropic
agents, or vasculature into the pores. It has been reported that weak
interconnection of the pores can play a vital role for bone regener-
ation because it can avoid their replacement for new bone tissues
[27]. It is possible to create new pores networks for hydroxyap-
atite ceramics (IP-CHA) as it has been described by Yoshikawa et al.
[28]. In this work, it has been mixed IP-CHA in combination with
bone morphogenetic protein (BMP), mesenchymal stem cells from
bone marrow, and vascular prefabrication to improve tissue regen-
eration allowing the introduction of bone cells, osteotropic agents,
or vasculature into the pores. There are many other works about
the generation of hydroxyapatite with micro-sized structure, how-
ever, there is an increasing interesting in nanosized hydroxyapatite
because they have the same morphology of mineral crystals found
in bone [29,30]. Therefore, they are good candidates to enhance
the mechanical properties of implants and their osteoconductivity.
Other feature to be highlighted is their ability to enhance osteoblast
adhesion by control protein interactions in terms of adsorption,
configuration, and bioactivity due to their higher surface to volume
ratio.

Hydroxyapatite scaffolds can be considered as potential sub-
strate for drug delivery system because they incorporate drugs
retaining in a specific target site and deliver it gradually in
the diseased cells. They have been used for release of antibi-
otics anti-inflammatory, analgesic and anticancer drugs as it has
been reported by Ginebra et al. [31]. Drugs delivery systems
have been improved using hydroxyapatite due to its bioactivity,

however, there is lost of the biofunctionality when there is the
incorporation of therapeutic agents. Polymers have been used to
remain the mechanical stability and to improve tissue interac-
tion of scaffold and bone tissue due to their biodegradable and
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asy-processing characteristics [32–35]. There are many reports
bout the preparation of hydroxyapatite polymers nanocompos-
tes like Hydroxyapatite/chitosan, Hydroxyapatite/polyurethane,
ydroxyapatite/poly(lactic acid), and Hydroxyapatite/poly(lactic-

o-glycolic acid) (PLGA) which can be used as drug delivery
ystems [36]. Polymeric microspheres are suitable choices to
eliver cytokines and proteins [37,38] with interesting properties

ike biodegrability in the human body and plasticity in fabrication.
he drug release kinetics can be controlled by microsphere because
heir degradation rate can be determined by the composition
f monomer units and by the microsphere size and morphol-
gy [39–41]. However, hydroxyapatite scaffolds have huge pores
>100 �m)  and microspheres are very small compared to their
imensions (<10 �m).  It is expected that there is decrease of their
echanical properties in terms of compressive strength and elastic
odulus of this kind of scaffold. One possibility is to decrease the

ore size of latex bead and to introduce interconnected pores inside
he scaffolds by mixing latex bead into hydroxyapatite matrix dur-
ng its synthesis.

In the present study, micrometric latex beads (1.3 �m)  were
ncorporated into hydroxyapatite during synthesis using the wet

ethod and were removed using a heat treatment. This approach
llows the investigation on how latex beads interact with Hydrox-
apatite and form huge aggregates (in micrometric scale), and also
he coverage of latex surface by Ca2+ and HPO4

2− ions. The samples
ere characterized using small angle X-ray scattering (SAXS), X-ray
iffraction (XRD), thermal gravimetrical analysis (TGA), N2 adsorp-
ion, scanning and transmission electron microscopy (SEM and
EM). Ours findings showed that it was possible to prepare porous
ydroxyapatite incorporated into a micrometric latex bead net-
ork and to remove the beads while maintaining the original pore

rchitecture, which was notably similar to that found in hard tissues
uch as bone and teeth. This procedure maintained the microstruc-
ure of the nanocomposite and resulted in a porous hydroxyapatite
ith no changes in the crystalline structure, as comproved by SAXS

nd XRD. However, there is an increase in surface area, which is
ssociated with the new porous architecture that was induced by
he introduced latex beads inside the hydroxyapatite bulk during
he synthesis process.

. Materials and methods

Hydroxyapatite was synthesized according to the chemical wet
ethod based on the following reaction:

10Ca(NO3)2.4H2O + 6NH4H2PO4 + 14NH4OH →
Ca10(PO4)6(OH)2 + 20NH4NO3 + 52H2O

It has been used 0.072 mols of calcium nitrate (Ca(NO3)2−
igma Aldrich) and 0.030 mols of ammonium phosphate monoba-
ic (NH4H2PO4− Sigma Aldrich). Calcium nitrate has been dissolved
t water (∼100 mL)  and mixed 50 mL  polystyrene latex aqueous
ispersion (Invitrogen-mean diameter: 1.3 �m).  This mixture was
dded drop-wise into a solution of ammonium phosphate monoba-
ic (NH4H2PO4– Sigma Aldrich), which was maintained at ambient
emperature under constant stirring (300 RPM). NH4OH was used
o adjust the solution to raise the pH of the 10.4 in order to obtain

 stoichiometric ratio Ca/P = 1.67. The final product was a white
owder with 5 g weight after drying at 100 ◦C.

Subsequently, the mixture was stirred for 1 h, and the precip-

tate was aged for 50 h, washed, filtered, and dried in a stove at
00 ◦C for 24 h. This sample is labeled T0. Five samples were heat-
reated at 200, 300, 400, 500 and 600 ◦C for 1 h in a tubular oven
EDG, model FT-HI/40) at a heat rate of 1◦C min−1.
Science 436 (2018) 141–151 143

The thermal behavior (TG/DTA) analysis of raw materials were
performed using a Shimadzu DTG-60H in the temperature range
of 25–800 ◦C with a heating rate of 1◦C min−1 in a dynamic atmo-
sphere of nitrogen (50 mL  min−1).

The characteristic functional groups present in the prepared
materials were assessed on an infrared spectrometer (IR) (Prestige-
21) equipped with a diffuse reflectance accessory (DRS-8000). For
sample preparation, the powder sample (1 mg) was  mixed with a
non-absorbing standard (KBr, 100 mg)  on a holder. The IR spectra
were recorded in the 4000 to 500 cm−1 region.

The X-ray diffraction (XRD) pattern was obtained with Cu K-
alpha radiation (0.15418 nm), using a scintillation counter and a
graphite [002] bent monochromator in a Rigaku 3 kW generator
and an Ultima III model theta-theta camera. The X-ray tube was
set to 40 kV/30 mA.  The measurements, in a Bragg–Brentano theta-
2 theta geometry, was  performed with step scanning of 0.05◦ and
counting time of 7 s/step. A total angular 2 theta range from 10◦ to
60◦ was collected. The crystal size (Dhkl) was calculated from the
XRD line-broadening measurements based on Scherrer equation:

Dhkl = 0.89 ∗ �/(  ̌ ∗ cos �hkl) (1)

where � is the X-ray wavelength, � is the line broadening at half
the maximum of the Hydroxyapatite (002) line, and �(hkl) is the
peak diffraction angle for the (hkl) plane. The shape factor k is
usually taken as about 0.89 for spherical shape [42]. In this work,
hydroxyapatite particles were considered approximately spherical.

SAXS measurements were performed on the XEUSS-Xenocs
equipment, placed at the Institute of Physics, University of São
Paulo. The powder samples were placed on a sample holder
between Kapton slides. SAXS measurements were performed
simultaneously using two  area detectors. Background measure-
ments were made under the same conditions, allowing subtracting
from the experimental data the unwanted scattering. Scattering
data were modeled by Indirect Fourier Transform (IFT) method [43],
which provides the volume distribution function DV(r) and average
gyration radius (RG).

Scanning electron microscopy (SEM) was performed using a
Shimadzu Super scan SSX-550 microscope to determine how the
presence of the latex beads changed the topography of the hydrox-
yapatite samples. The SEM measurements were performed after
the gold metallization of the samples.

Transmission electron microscopies (TEM) were obtained using
a Jeol JEM-2100, operating at 200 kV. The powder samples were
suspended in isopropanol by sonication. A drop of the sample sus-
pension was placed on copper grid coated with colloid film and
allowed to dry before TEM analysis.

The surface area and the mean pore size were determined
based on the nitrogen adsorption-desorption isotherms at liquid N2
temperature on a Micrometrics (ASAP 2010) instrument. The spe-
cific surface area was  determined using Brunauer–Emmett–Teller
(BET) method. The mean pore size was estimated from the desorp-
tion branch of the nitrogen adsorption-desorption isotherms using
Barrett–Joyner–Halenda (BJH) method [44–46].

3. Results and discussion

Fig. 1A and B show the TG/DTA curves for hydroxyapatite with-
out and with latex beads. It is observed that the latex beads modify
the thermal behavior of hydroxyapatite and introduce four regions
for mass losses. Region I occurs in the range of 30–120 ◦C, which
is attributed to the water removal from the hydroxyapatite sur-

face. The second event of mass loss (Region II −120 ◦C < T < 275 ◦C)
is ascribed to the desorption of water and other volatile compounds
that were trapped between the latex beads and the surface of the
hydroxyapatite particles and pores. Region III is attributed to the
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Fig. 1. Thermal behaviors of Hydroxyapatite ( ) and Hydroxyapatite + Latex beads
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ical shells begin to be formed (Fig. 5B) and there are gray regions
 ): (A) – DTG; (B) – TG. The meaning of the four regions I–IV is discussed in the
ext.

hermal degradation of the latex beads and outlet gas components
rom other thermal cracking and decomposition reactions of the
olymer that extends over the range from 275 ◦C < T < 410 ◦C. The
ass losses are more prominent for hydroxyapatite mixed with

atex beads because they constitute more than 40% of the weight
ample. This result was obtained considering that water is mainly
rapped to hydroxyapatite sites and the sample is completely dried
efore TGA characterization. Region IV (T > 410 ◦C) is attributed to
he slow oxidation of carbonaceous residues, which results from
he thermal degradation of the latex beads.

Fig. 2 shows Fourier Transform infrared (FTIR) for three hydrox-

apatite samples. It can be seen the broad transmission peak of
hosphate stretching mode at 960, 1040 and 1090 cm−1. There is
lso the O—H vibration mode at 634 and 3557 cm−1. According to

Fig. 2. FTIR spectra of three samples: dried at air; heat treated at 300 ◦C/1 h; hea
Science 436 (2018) 141–151

Fujishima et al. [2], this is characteristic of a rigid crystalline struc-
ture through high temperature calcination. It can also be observed
that there is a reduction of the transmittance band of carbonate
ions at 1410 and 1510 cm−1 due to their substitution by phos-
phate ions. The double bond stretching C≈C appears at 1647 cm−1.
There is a broad band at 3200–3500 cm−1 related to the presence
of a hydroxyl group, generated after the hydrolytic ring opening
of epoxy group as it has been observed by Aielo et al. [47] for nat-
ural rubber latex membranes. FTIR characterization displays the
absence of hazard biological compounds after heat treatment at
600 ◦C/1 h. This trend is important for future application of hydrox-
yapatite as a biomaterial for tissue engineering or drug delivery.

Fig. 3 shows the morphological features of hydroxyapatite
mixed with latex beads. It is observed that latex beads are soaked
in hydroxyapatite at 100 ◦C and 200 ◦C (Fig. 3A and B). There are
two distinct phases in the sample without any visible interaction
between latex beads and hydroxyapatite. At 300 ◦C, the latex beads
appear bound in the bulk of the sample, as indicated by the white
arrows (Fig. 3C). The latex beads begin to be removed at 400 ◦C, as
indicated by the spherical shells along the surface sample (Fig. 3D).
At 400 ◦C, the latex beads melt, completely covering the hydrox-
yapatite and forming a single nanocomposite. The porous network
is formed in the temperature range of 500–600 ◦C (Fig. 3E and F).
The pores are randomly distributed along the external surface of
the samples, and their estimated diameters are below 1 �m.

Fig. 4 shows TEM images for samples dried at 100 ◦C and
200 ◦C/1 h. It can be seen that there is a mixture of latex bead and
Hydroxyapatite (Fig. 4A and B). Both samples have rod particles
with variable size smaller than 50 nm (Fig. 4C and D). High res-
olution TEM images show some regions with crystalline planes
(Fig. 4E and F) for these samples. Fig. 5 displays TEM images for
samples calcined at 300 ◦C/1 h and 400 ◦C/1 h. It is observed that
the hydroxyapatite particles are embedded in amorphous material
for sample calcined at 300 ◦C/1h (Fig. 5A). The surface is more dense
and isolated particles cannot be distinguished for the sample cal-
cined at 300 ◦C/1 h (Fig. 5C and E). This trend can be associated to
early melting/decomposition of the latex beads. This effect is not so
intense for sample calcined at 400 ◦C/1 h. It can be seen that spher-
where hydroxyapatite is less dense forming a small coating along
the latex bead surface (Fig. 5D). The hydroxyapatite particles seem
to be very small (<50 nm)  and embedded in a thin layer of organic

t treated at 600 ◦C/1 h. The transmittance bands are explained in the text.
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Fig. 3. Scanning electron microscopy images of hydroxyapatite mixed with latex beads and calcined at different temperatures: (A) – Dried at 100 ◦C; (B) – 200 ◦C/1 h; (C) −
300 ◦C/1 h; (D) − 400 ◦C/1 h; (E) − 500 ◦C/1 h; (F) – 600 ◦C/1 h. The white arrows indicate the changes of the latex beads in the bulk of the hydroxyapatite sample, which was
treated at 300 ◦C.

Fig. 4. Transmission electron microscopy images of hydroxyapatite mixed with latex beads after drying at 100 ◦C and calcinating at 200 ◦C/1 h: (A) – coverage of latex beads
by  hydroxyapatite (100 ◦C); (B) – coverage of latex beads by hydroxyapatite (200 ◦C/1 h); (C) – hydroxyapatite particles in rod shape (100 ◦C); (D) – hydroxyapatite particles
i  by w
w

m
(
a
t

n  rod shape (200 ◦C/1 h); (E) – crystallographic planes of hydroxyapatite displayed
hite  square (200 ◦C/1 h).

aterial generated by the residue of the melting of latex beads

Fig.5F). Fig. 6 shows TEM images for samples calcined at 500 ◦C/1 h
nd 600 ◦C/1 h. There is the formation of macroporous network due
o the absence of latex beads that were soaked in hydroxyapatite
hite square (100 ◦C); (F) – crystallographic planes of hydroxyapatite displayed by

matrix (Fig. 6A and B). It can be seen that macropores have the

same size of latex beads (Fig. 6C and D). The walls of these frag-
ments are constituted by aggregated hydroxyapatite particles as it
can be seen at Fig. 6E and F. These walls are different in relation
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Fig. 5. Transmission electron microscopy images of hydroxyapatite mixed with latex beads after calcination at 300 ◦C/1 h and 400 ◦C/1 h: (A) – densification of latex beads
covering hydroxyapatite particles (300 ◦C/1 h); (B) – spherical shells caused by remotion of latex beads (400 ◦C/1 h); (C) – hydroxyapatite surface covered by organic material
(300 ◦C/1 h); (D) – boundary of two macropores generated by remotion of latex beads (400 ◦C/1 h); (E) – compact surface of hydroxyapatite clusters (300 ◦C/1 h); (F) – compact
surface of hydroxyapatite clusters (400 ◦C/1 h).

Fig. 6. Transmission electron microscopy images of hydroxyapatite mixed with latex beads after calcination at 500 ◦C/1 h and 600 ◦C/1 h: (A) – huge macroporous generated
by  remotion of latex beads (500 ◦C/1 h); (B) – huge macroporous generated by removal of latex beads (600 ◦C/1 h); (C) – detailed view of hydroxyapatite spherical shell
(500 ◦C/1 h); (D) – detailed view of hydroxyapatite spherical shell (600 ◦C/1 h); (E) – boundary of two  macropores generated by remotion of latex beads (500 ◦C/1 h);(F) –
boundary of two macropores generated by remotion of latex beads (600 ◦C/1 h).
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Fig. 7. X-ray diffraction patterns of hydroxyapatite mixed with latex beads and calcined at different temperatures. Miller indexes of the peaks were indexed according to
the  letter 89-6438 [48].

Table 1
Crystal size, surface area, and radius of gyration for hydroxyapatite mixed with latex
beads. The crystallite size was determined by 002 line.

Treatment
Temperature (◦C/1 h)

Crystal Size
(nm)

Surface Area
(m2/g)

Radius of
Gyration (nm)

100 16.86 108.25 17.81
200  17.30 65.86 17.71
300  17.56 48.74 16.61
400  17.43 0.20 14.32
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Fig. 8. N2 adsorption/desorption isotherms of hydroxyapatite mixed with latex
500  21.44 73.16 14.58
600  17.48 211.03 11.76

o the sample treated at 400 ◦C/1 h because there is not a thin film
etween hydroxyapatite particles generated by decomposition of

atex beads.
Fig. 7 shows the XRD diffractograms of the samples that were

reated at different temperatures. Each pattern shows hydroxyap-
tite as the only crystalline phase. The crystallographic plans were
llocated on the basis of letter 89-6438 [48]. The broad peak at
pproximately 2� = 32◦ is ascribed to an overlapped peak of the
211), (112), and (300) reflections of hydroxyapatite, and this peak
roadening is attributed to the small crystalline size and low crys-
allinity of the Hap nanoparticles. It is clearly observed that there
s amorphous halo in 2� between 25 and 28◦. This halo begins to
hange from the sample at 400 ◦C and at 500 ◦C. Interestingly, for
00 ◦C there is a recovery of the peak high. For samples between
00 ◦C and 600 ◦C peaks corresponding to (002) and (310) reflec-
ions are greatly attenuated while the peaks (211), (112), and (300)
eflections remain.

Table 1 displays the crystal size of hydroxyapatite with the
ncrease in heat treatment temperature. These results have been
btained by XRD characterization and calculated using Eq. (1). The
atex beads do not significantly change the crystal growth, which
t is not expected in the absence of latex beads. Studies show
hat with the increase in calcination temperature, the grain size
f the Hydroxyapatite nanoparticles increases [49]. The RG values
ecrease at higher calcination temperatures indicating that there

s the formation of isolated scattering centers.
The isotherm adsorption curves for hydroxyapatite samples are

hown in Fig. 8. In all cases, the isotherm curves have identical
ehaviors and can be classified as Type IV with loop H3 [45,46].
ype-IV isotherm has a limiting uptake over a range of high P/Po,

nd its hysteresis loop can be associated with the capillary con-
ensation in mesopores. These isotherm curves also have an H3

oop, which can be associated to slit-shaped pores because of the
resence of aggregates such as plate particles. It can be seen that
beads and calcined at different temperatures.

sample dried at 100 ◦C has a typical behavior of hydroxyapatite
granules. Its surface area is 108.25 m2 g−1. Part of the sample is not
able to adsorb N2 gas and the adsorption begins at P/Po close to 0.4.
There is not change in adsorption behavior with heat treatment
at 300 ◦C but a homogeneous decrease of the isotherm curve. Its
surface area decreases to a lower value compared to dried sample
(48.74 m2 g−1) and the adsorption begins at P/Po close to 0.6. This
trend can be associated to blocking of the sample by latex beads in
the inner part of hydroxyapatite sample. It has not been inserted in
the graph but the sample treated at 400 ◦C has a non porous behav-
ior without any gas adsorption. After this temperature, an increase
in gas adsorption is observed until 600 ◦C, when there is a complete
removal of latex beads. However, the profile of isotherm adsorption
curve has not changed as it can be seen and the adsorption returns
to begins at P/Po close to 0.4 as it was observed for dried sample.
This feature shows that the sample has the same pore shape but
other routes have been opened for gas adsorption inside hydroxya-
patite sample eliminating the blocking of the pores by aggregates.
These new pores change the pore size distribution which cannot
be considered more as a single distribution but there is contribu-
tion of inner pores close to spherical shell generated by latex bead

remotion. The final result is the increase of adsorption capacity in
terms of surface area (211.03 m2 g−1) without changing the original
morphology of hydroxyapatite particles.
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ig. 9. Pore size distribution for hydroxyapatite mixed with latex beads and calcined
t  different temperatures.

Fig. 9 shows the changes in adsorption capacity of hydroxyap-
tite mixed with micrometric latex beads with the heat treatment
emperature. There is a decrease in adsorption capacity from the
ried sample until 300 ◦C. This feature can be associated with the

ncomplete removal of latex beads and densification of the sample,
s observed in the TEM characterization (Fig. 5A). The pores are
lled during the glass transition of the latex beads. Consequently,
he mesopores are partially blocked, and the curve distribution
hifts to higher pore diameter.

It is also observed that there are more available sites for gas
dsorption because of an increase in pore volume for higher tem-
erature. There is a broadening of the pore size distribution for
he sample that was treated at 600 ◦C, which shows that the latex
eads can modify the adsorption capacity of hydroxyapatite. In this
ethod, molecule incorporation will be favored because there are
ore pores suitable for surface funcionalization after the remotion

f latex beads. The pore size distribution is centered in the range
f 15–20 nm,  which are similar values to those found in literature
11].
The mean pore size during adsorption process was  determined
y BET method. This value for hydroxyapatite treated at 600 ◦C/1 h

s 8.7 nm.  The porosity degree of hydroxyapatite was also deter-
ined as 70% considering its bulk density as 3.10 g/cm3 [50] and

ig. 10. SAXS results for calcined samples. (A) – Experimental SAXS data (symbols) and
V(r)  obtained from the IFT method. In both cases the curves were shifted for clarity.
Science 436 (2018) 141–151

adsorption cumulative pore volume around 0.73 cm3/g. This value
is close to that value found for hydroxyapatite ceramic applied
to bone tissue engineering (∼75%) described by Yoshikawa et al.
[51]. They adopted a foam gel technique which resulted in inter-
connected porous structure for hydroxyapatite with pore sizes
estimated at 150 �m much more larger than that size scale of latex
beads (∼1.3 �m).

Fig. 10A shows the experimental SAXS data, the IFT fit and
Fig. 10B the resulting volume distribution V(r). Interestingly, the
main change in the SAXS profile (and consequently in the vol-
ume  distribution function) happened for hydroxyapatite calcined
at 400 ◦C/1 h. The volume distributions have two well-defined ini-
tial maxima and extend to large values of r. The first maximum is
probably an artefact related to a constant background present in
the system. However, the most pronounced maximum indicates a
characteristic size that occupies the largest volume fraction in the
system. Interestingly, up to 400 ◦C this value is around 40 Å. For
500 ◦C and 600 ◦C, there is a widening of this maximum and a shift
to larger values (50–60 Å), indicating an increase of the character-
istic distances within the system. The shape of this curve is typical
of a system composed of pores and channels since the size of the
channels can be quite large, inducing an increase in the size of the
diameters in the distribution.

Surface area of the hydroxyapatite samples depends on the heat
treatment temperature (Table 1). There is a decrease in surface area
until 300 ◦C, and without gas adsorption by the sample, it calcined
at 400 ◦C. The decrease of the adsorption capacity of this material
can be associated to melting of latex beads covering hydroxyap-
atite particles as it was  observed by TEM images (Fig. 5E and F).
Above this temperature, the removal of latex beads begins in tem-
perature range of 500–600 ◦C. These results are in agreement with
the SEM characterization at Fig. 3. Therefore, the surface area sig-
nificantly increases and more sites are available for gas adsorption
after the complete combustion of latex bead. The surface area value
for a heat-treated sample at 600 ◦C is close to that reported by Diaz
et al. [52] for hydroxyapatite grown at biocompatible mesoporous
ordered silica.

Fig. 11 displays different microscopy images for hydroxyap-

atite treated at 600 C at two different magnifications in order to
analyze how its morphology and topography at micrometric scale
is. The overall structure is compact with some pores randomi-
cally distributed at external surface formed mainly by micrometic

 theoretical fits using IFT method (solid lines). (B) – Volume distribution function
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Fig. 11. SEM images of hydroxyapatite mixed with latex beads and calci

ggregates without any defined shape (Fig. 11A). It can be seen
t more magnified view that the sample is not only covered by
ense hydroxyapatite at external surface but there are channels

ntroduced by latex beads soaked below hydroxyapatite aggre-
ates (Fig. 11B). It is expected that these large channels contribute
or more high surface area for this sample heat treated at 600 ◦C
ecause they restrict aggregates growth during the synthesis pro-
ess and they open new routes to integration of hydroxyapatite
ith living tissues.

The incorporation of latex beads into hydroxyapatite particles
hanges their surface area increasing the availability of new pores
o incorporation of molecules. They can be a new route to cell
rowth and adsorption of drugs into living tissues. Fig. 12 gives an
verview of the contribution of this new approach to build macro-
orous hydroxyapatite: (I) – Mix  of latex beads and hydroxyapatite
articles forming a nanacomposite stable until 200 ◦C; (II) – Melt-

ng of latex beads spreading along whole inorganic framework and
solating hydroxyapatite particles. This process happens at temper-
ture range from 300 to 400 ◦C when pores are completely filled by
atex beads resulting in strong decrease of surface area; (III) – Remo-
ion of latex beads template generating an open structure at 600 ◦C.
he main feature at the end of process is the increase of surface area
ue to broadening of the pore size distribution. (IV) – Hollow struc-
ures and a high surface area (>200 m2 g−1) are important factors for
rug release as it has been observed for hollow hierarchical porous
ydroxyapatite with dimension of about 3 �m [53]. Other reports in
he literature show that a polymer composite with hydroxyapatite
an change their properties like density [54] or to be functionalized
ith carboxylic groups, which are able to bind to Ca2+ ions [55];

V) – The presence of large porous embedded into macroporous
ydroxyapatite scaffold can be able to mimic  the structure and bio-

ogical function of living tissues promoting adhesion, proliferation
nd differentiation in a similar way that observed for emulsion-
emplated polymers [56]. In this way, nanoscale hydroxyapatite
enerated in this work can be very useful for implants as it has been
ighlighted by Zhou et al. [57] for scaffold fabricated for different
olymer matrices.

Fujishima et al. [2] reported the presence of three types of
ores in hydroxyapatite templated by latex beads: mesopores,
ubmicrometer-sized macropores of inverse opal structure and
ponge-like larger macropores. Mesopores can be associated with
he generation of nanoparticles by hydroxyapatite, and submi-
rometer sized is related to the original ordering of latex beads. The

ponge-like larger macropores are related to thermal behavior of
olystyrene particles. There is the melting of latex beads develop-

ng necks between hydroxyapatite nanoparticles. It is expected that
ur samples mainly have a mesoporous architecture surrounded
 600 ◦C: (A) – micrometric cluster; (B) – general view of porous surface.

by huge macropores. This feature is the main contribution of this
synthesis route. Three points must be highlighted: i) latex beads
are present in all stages of the synthesis; ii) latex beads are com-
pletely mixed to hydroxyapatite with no preferential ordering; and
iii) melting process happens at a slow rate without disturbing the
crystallization process of hydroxyapatite. The crystallites are iso-
lated during the heat treatment, and they do not increase keeping
its original size from amorphous sample. However, the slow latex
removal induces an increase of mesopores along all samples caus-
ing an increase of the surface area. It is expected that this feature
will play a vital role for application of this new material in bioma-
terials field because it results in an open porous surface constituted
by a combination of huge pores and small hydroxyapatite crystal-
lites. It will be necessary to analyze how to adjust this scale size of
micrometric latex beads in scaffolds for tissue engineering because
they have generally dimensions in the range from 10–100 �m.
Other properties like osteoconductivity and mechanical strength
will determine if this kind of hydroxyapatite will be better in
terms of biocompatibility and biodegrability than those found in
commercials scaffolds or drug release systems. Many other applica-
tions can be cited for hydroxyapatite outside biomaterials field due
to discovery of new morphologies like microspheres, microcubes,
microrods, nested bundles [58]. One of the predictable applications
for hydroxyapatite synthesized in this work is nanofiltration. There
has been already reported the removal of Pb2+ and fluoride ions by
hydroxyapatite whose porous structure was  determined by organic
templates [59,60]. Therefore, other research directions may  happen
for a future application of hydroxyapatite described in this work.
This feature will be bound mainly to the increase of its surface area
after template removal.

4. Conclusion

Latex beads may  be a good method to alter the surface proper-
ties of hydroxyapatite without modifying its crystalline structure.
These beads change the distribution of hydroxyapatite particles by
adding huge spherical macropores into the bulk of the biomaterial,
which promotes an increase in surface area. The latex beads must
be removed at temperatures higher than 500 ◦C to avoid blocking
the hydroxyapatite pores because of the glass transition of the poly-
mer. This new porous hydroxyapatite structure can reach a surface
area higher than 200 m2 g−1 and a porosity degree close to 70%

after heat treatment at 600 ◦C/1 h. These features show that latex
beads template can be a viable route to synthesize not only scaf-
folds or drug release systems but also other functional devices like
nanofilters and catalyzers.
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ig. 12. Preparation steps and applications for macroporous hydroxyapatite: (I) – 

III)  – remotion of latex beads template; (IV) – macroporous hydroxyapatite for dru
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