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bstract

olyacrylate salts and polyacrylamide have been extensively used for absorbing and/or retaining large amounts of water and/or ionic species.
erein, we propose the use of this polymers’ swelling capability as a new way to obtain porous spheres of nanocrystalline hydroxyapatite (HA).
acroporous nanostructured HA with a pore size between 1 and 500 �m is obtained when using the hydrogel as template. The removal of the

rganic template gives rise to the material in the form of a sphere which size and shape can be determined by the template contour. The use of
his type of polymer constitutes not only an easy way to obtain HA beads but it would be also possible to form scaffolds with different shapes and
izes due to the versatility of the polymer. Degradation and bioactivity tests of the ceramic material have been performed showing an enhanced

ioactivity and a suitable degradation rate to be applied in bone tissue engineering.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

It has been widely discussed the importance of a hierarchi-
al porosity in an implantable material for bone regeneration
rocesses. This property is important to enhance the function-
bility of the material for tissue regeneration, allowing from fluid
xchange up to cell permeability along the surfaces.1

Synthetic calcium phosphates, in particular hydroxyapatite
HA), are the most commonly used ceramics in dentistry and
one repair applications since they show a very good perfor-
ance due to its similarity with the inorganic component of

he bone.2–4 Nowadays materials structure, as well as biologi-

al performance, can be controlled by means of modulating the
ynthesis conditions. One of the aims in bone tissue engineer-
ng is to produce HA with nanometer size crystals that mimic
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he reactivity of natural bone. But it is also true that there is
till a big challenge in how to obtain, in an easy and afford-
ble way, implantable scaffolds with the right porosity, size and
omplicated shapes.

On the other hand, polymer science and its development pro-
ide affordable solutions in the biomaterials field.5 For instance,
he layer-by-layer (LbL) assembly technique has been used
o produce polymer hydrogel capsules as therapeutic carriers
or controlled drug delivery. The LbL-assembled material is
sually formed by deposition of interacting polymers onto a
acrificial colloidal template that is finally removed by dissolu-
ion or chemical processes.6,7 Another approach makes use of
lose-packed polymer spheres that act as template for three-
imensionally ordered macroporous materials. In this line, a
ol–gel derived hydroxyapatite-containing calcium phosphate
as been obtained after filling the interstitial spaces of the col-
oidal crystal with a precursor solution and, subsequently, the

emoval of the polymer template is performed by calcinations.8

inally, the synthesis of porous ceramic beads or ceramic pieces
f complex shapes for use as materials for tissue regeneration
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Fig. 1. Digital photography of (a) dry polymer beads, (b) sol swelled polymer beads and (c) final porous HA bead. Inset: chemical structure of sodium
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polymer constitutes not only an easy way to obtain beads
crylate–acrylamide copolymer. Down: scheme of the synthetic procedure follo

s of great interest.9 Hierarchically three-dimensional porous
ioactive glass ceramic beads have been fabricated by the tri-
lock copolymer self-assembly and sol–gel techniques.10,11

In addition, the use of hydrogels for different biomedical pur-
oses is extensive and diverse. Hydrogels such as acrylate and
crylamide based polymers have been investigated as poten-
ial carriers for drug12,13 and antibiotic local delivery,14 field of
rowing interest, as well as cartilage substitutes.15 Polyacrylate
alts and polyacrylamide have been extensively used for retain-
ng or absorbing large amounts of water or ionic species.16–18

his type of hydrogel swelling capacity is exhibited when it
s immersed in aqueous media, which as has a high dielec-
ric constant. The mechanism for the swelling behaviour can
e explained by the repulsion created between the polymer car-

oxylate groups. There is an ionic environment created when
he carboxylic groups of the polymer are dissociated in the
queous medium. These groups are capable of generate ionic
harges along the polymeric chain which provokes electrostatic

b
d
m

or the templated ceramic sphere.

epulsion between them and, therefore, the subsequently expan-
ion. This situation also causes the absorption of external ionic
pecies, which compensates the osmotic pressure in order to
et electroneutrality.19 The interesting behaviour of this type
f polymeric substances attracted our attention as a possible
emplate for our ceramic materials.

In the present work, we propose a new method to obtain
anocrystalline hydroxyapatite scaffolds in the form of beads
ithout any central cavity and with a porosity ranging between

 and 500 �m, using a hydrogel as the sphere template.
he removal of the template gives rise to the macrop-
rous nanostructured HA formed sphere and the size and
hape of such material can be determined by the template
hape. It must be highlighted that the use of this kind of
ut, moreover, it is also possible to get scaffolds with
ifferent shapes and sizes due to the versatility of the poly-
er.
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Fig. 2. (a) Thermogravimetric and differential thermal analyses of HA spheres.
Inset: TGA and DTA curves of sodium acrylate–acrylamide copolymer. (b)
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Fig. 3. (a) SEM micrograph of a cross section of the ceramic spheres. Inset:
ceramic bead. (b) TEM image of HA spheres and (c) high resolution TEM of a
HA crystallite.
owder X-ray diffraction pattern of the ceramic bead.

.  Experimental

.1.  Reagents  and  equipment

Triethyl phosphite (TIP) and calcium nitrate tetrahydrate
ere purchased from Sigma–Aldrich. These compounds were
sed without further purification. Deionized water was further
urified by passage through a Milli-Q Advantage A-10 Purifi-
ation System (Millipore Corporation) to a final resistivity of
8.2 M�  cm. All other chemicals (absolute ethanol, sodium
hloride and the other reagents for the preparation of simulated
ody fluid (SBF) and Ringer’s solution) were of the best quality
ommercially available and used as received.

Insoluble high molecular weight sodium acrylate–acrylamide
opolymer, manufactured as 0.3 cm diameter beads, was used
s template. Characterization of the polymer beads to con-
rm structure and purity was performed by means of elemental
nalysis and 1H and 13C high resolution magic angle spinning
uclear magnetic resonance (HR-MAS NMR) and energy dis-
ersive X-ray (EDX) spectroscopies. A molar% composition of
CH2CHCOOH)27(CH2CHCOONa)34(CH2CHCONH2)39 was

btained.

HR-MAS NMR spectra were obtained on a Bruker
MX500MHz spectrometer equipped with a semisolid state
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Fig. 4. (a) SEM micrograph of the ceramic spheres. EDX analysis is displayed
as inset. (b) Pore size distribution of ceramic spheres obtained by Hg intru-
sion porosimetry. Inset: SEM micrograph of the ceramic spheres at different
magnification.
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ferent periods of time in SBF or Ringer’s solution (5 h, 25 h, 5
robe. Measurements were performed in the gel state, by
welling the polymers with D2O to a concentration of ca.
00 mg/mL.

X-ray powder diffraction (XRD) data were collected on
 Philips X’Pert Plus diffractometer (Philips Electronics NV,
indhoven, Netherlands) with Bragg–Brentano geometry, oper-
ting with CuK�  radiation (λ  = 1.5406 Å) at 40 kV and 20 mA.
he diffractograms were collected over the range between 20◦
nd 60◦ 2θ  with a step size of 0.02◦ and an acquisition time of
0 s per step.

Scanning electron microscopy (SEM) was performed using
 40 kV JEOL JSM 6400 with a 35 Å resolution and equipped
ith an Oxford Link EDX probe.
Surface area measurements of the ceramic materials were

arried out by nitrogen adsorption/desorption analyses per-
ormed at 77 K using an ASAP 2020 porosimeter (Micromeritics
o., Norcross, GA, USA). Prior to the analysis powdered
amples were degassed at 80 ◦C for 24 h under a vacuum
ower than 10−5 Torr. The surface area was determined by the
runauer–Emmett–Teller (BET) method.20 A mercury intrusion

d
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orosimetry study was carried out to determine the total poros-
ty and the pore size distribution of the spheric samples, using

 Micromeritics (Norcross, GA) AutoPore IV 9500 mercury
orosimeter.

Chemical microanalyses were performed with a Perkin Elmer
400 CHN thermo analyzer. Thermogravimetric analysis (TGA)
nd differential thermal analysis (DTA) were carried out in air
etween 30 and 1000 ◦C with a flow rate of 100 mL/min and a
eating rate of 5 ◦C/min using a Perkin Elmer Pyris Diamond
hermobalance.

Transmission electron microscopy (TEM) assays of ground
amples were carried out in a JEOL 3000 FEG microscope oper-
ting at 300 kV (Cs 0.6 mm, resolution 1.7 Å) and fitted with a
ouble tilting goniometer stage (±45◦) and an Oxford LINK
DX analyzer.

.2. Synthesis  of  the  ceramic  beads

The ceramic material was prepared via the sol–gel method.21

he phosphorous precursor, P(OCH2CH3)3, was hydrolyzed in
 molar ratio TIP/H2O of 1:4, under continuous stirring during
4 h and subsequently diluted in ethanol in a relation 1:5 (v/v)
nd stirred for 30 min. Then, a 4 M Ca(NO3)2·4H2O aqueous
olution was added in order to obtain the Ca/P molar ratio of
.67, which corresponds to the HA phase.22 After 15 min, the
ol was taken to 60 ◦C for aging during 6 h. Then, a second
ilution in ethanol, to double the sol volume, was performed. At
his time, the polymer beads were immersed in a surplus of sol
nd treated at 60 ◦C during 24 h resulting in an increase of the
phere’s volume to its maximum. Finally, ceramic spheres were
btained by means of an annealing process of the system in air
t 700 ◦C during 8 h, to remove all the organic compounds and
ynthesize the ceramic phase.

.3. In  vitro  assays

The stability tests were performed by soaking the spheres
n Ringer’s solution.23 To prepare the Ringer’s solution KCl
0.3 g), CaCl2 (0.2 g), NaCl (6 g) and sodium dl-lactate (3.1 g),
s buffer, were dissolved in 1 l of deionized water. Samples were
mmersed in 40 ml of the Ringer’s solution at 37 ◦C and placed
n an orbital shaker at 70 rpm.

The assessment of in  vitro  bioactivity assays of the samples
as carried out by soaking the spheres, held over platinum hold-

rs, in a volume of SBF determined by the equation Smonolith
cm2)/VSBF (cm3) = 0.075 cm−1, at 37 ◦C and at physiological
H of 7.4. SBF is an acellular aqueous solution proposed by
okubo et al.24–26 with inorganic ion composition almost equal

o that of human plasma.
To avoid microorganism contamination, the SBF and

inger’s solutions were previously filtered with a 0.22 �m Mil-
ipore System, and all manipulations of the pieces and solutions
ere done in a laminar flux cabinet Telstar AV-100. After dif-
ays, 14 days and 29 days), the samples were removed from the
uid, thoroughly rinsed with water and ethanol, and dried in air
t room temperature. The variations of Ca2+ concentration and
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Fig. 5. (a) TEM images of HA spheres before (t = 0) and (b) after immersion in Ringer’s solution for 29 days (t = 29 days).
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rial in the 1–300 nm range with a BET specific surface area
H in solution were determined with an ILyte Na+, K+, Ca2+,
H analyzer, and the variations in the sample were characterized
y TEM.

. Results  and  discussion

.1.  Preparation  and  characterization  of  the  ceramic
pheres

During the synthetic process (scheme in Fig. 1) the copoly-
er beads are immersed in the calcium phosphate precursor

olution, at the stage of sol. Then, a swelling process caused by
he repulsion created between the polymer carboxylate groups
nd the absorption of the sol, takes place in a few hours, result-
ng in an enlargement of the beads size although their geometry
s maintained, as it can be seen in Fig. 1a and b. Although the
omplete swelling of the polymer takes place in ca.  8 h, the
eads were soaked for 24 h in the sol, which is the complete
ol aging. With this experimental set up the entire swelling of
he polymer is therefore assured. The removal of the polymeric
emplate is subsequently performed by calcination methods giv-
ng rise to the shaped ceramic in the form of a sphere with a
iameter of ca.  1 cm with no internal cavity and a constant mor-
hology and structure along the sphere radius. The calcination
f the organic species provokes the production of gases in the
orm of bubbles and therefore forming the porous structure of
he inorganic bead. The shape of the material remains mimick-
ng the template contour but the diameter is increased in more
han 300% (see Fig. 1c). The ceramic beads presented good

echanical properties for easy-handling. The entire absence

f the copolymer template in the final ceramic spheres after
alcination was confirmed by chemical microanalysis as well
s thermogravimetric and differential thermal techniques. The
rganic residue was successfully removed, since there is no

o
r
r

eight loss neither exothermic process related to the polymer
n the TGA/DTA curves (Fig. 2a), and chemical analysis gave a
egligible carbon content. The ceramic phase was analyzed by
owder XRD, corresponding the XRD pattern of the ceramic
aterial to a pure HA nanocrystalline phase (Fig. 2b).
The surface morphology characterization of the spheres per-

ormed by SEM analysis (Figs. 3a and 4a) shows cancellous
tructured beads with well interconnected and hierarchically
rranged open macropore structures with pore sizes between 50
nd 500 �m. The standard less semi-quantitative results from
DX in the ceramic sphere reveal a Ca/P molar ratio of 1.8,
uggesting a slightly phosphorous deficient hydroxyapatite but
ery close to the stoichiometric ratio of 1.67. Crystalline grains
f ca.  100–150 nm are observed by TEM (Fig. 3b). Fig. 3c shows

 TEM image at a higher magnification evidencing the presence
f pure HA with a d-spacing at 0.68 nm which corresponds to
he 001 reflections of an apatite-like phase.

The existence of porosity in the micrometer range was
nvestigated by mercury intrusion porosimetry (Fig. 4b). The
eramic material exhibited a bimodal pore size distribution
ith an intense and broad maximum centered at ca.  90 �m

nd a low intense maximum around 2 �m, therefore con-
rming the existence of porosity in the micrometer range
etween 1 and 300 �m (being 300 �m the maximum range
easured in the Hg porosimeter). Moreover, the calculated

otal porosity of ca.  79% is a relatively high value for con-
ormed calcium phosphates. Surface area measurements of
he ceramic spheres were made by means of N2 adsorp-
ion analyses. The ceramic matrixes exhibited N2 adsorption
sotherms corresponding to a practically non porous mate-
f ca. 20 m2/g. The N2 adsorption analyses of the materials
evealed that these materials do not present pores in the mesopore
ange.
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Fig. 6. (a) Variation of the pH and Ca2+ concentration in the SBF solution
during assay. Error bars represent the standard deviation for four measurements
(N = 4). (b) TEM images of HA spheres after immersion in SBF for 5 days. Inset:
cross-section of a sphere after assay. (c) Representative HRTEM of one of the
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Furthermore, the resulting porous hydroxyapatite materials,
ciculaes.

.2.  In  vitro  stability  and  bioactivity  evaluation

In order to mimic the behaviour of the ceramic spheres under
hysiological conditions and to prove their viability as bioma-
erial, in  vitro  test was performed by soaking them into Ringer
nd SBF solutions for different periods of time.

Immersion of the HA spheres into Ringer’s solution was used
o evaluate the stability of the ceramic material under physiolog-
cal conditions. At the end of the assay (t  = 29 days) it is observed
hat the morphological structure of the spheres undergoes in a
ower crystal size affecting the bulk of the sphere compared with
he initial morphology at t = 0, as observed by TEM (see Fig. 5).

hese facts suggest a sphere’s degradation due to a slow decrease
f the structural stability as a result of dissolution in the medium.

w
t

ramic Society 32 (2012) 2121–2127

The viability of the HA spheres as bioactive materials was
lso in  vitro  tested in SBF for different periods of time up to 29
ays. This test gives an idea of the ability of materials to form
ydroxycarbonated calcium deficient apatite on their surfaces
nd it has been widely used for the study of in  vitro  biominer-
lization of bioactive glasses, also correlated with their in  vivo
erformance.24–26 The pH value was constant at ca.  7.4 dur-
ng the whole assay, however, the Ca2+ concentration in the
edium decreased from the original value in SBF of 2.5 mM to

a. 1.4 mM after 5 days of assay, maintained stable in that value
or the rest of the assay (see Fig. 6a). This observation would
e in agreement with the possible hydroxyapatite precipitation
n the samples and, therefore, it was investigated by TEM. The
esults showed that after 5 days of immersion (Fig. 6b), the for-
ation of HA crystals on the inner and outer ceramic sphere

urfaces can be already detected. A high resolution TEM image
Fig. 6c) shows the structure of one of the aciculae, where the
-spacing of 0.81 and 0.34 nm relative to 1 1 0 and 0 0 2 reflec-
ions of the HA are detailed. The formation of hydroxyapatite
n such a short period of time indicates that this material is able
o promote very fast, the precipitation of HA from metastable
olutions. This event is probably due to the high porosity of these
aterials that implies a high exposure of the ceramic material to

he medium. HA is a Class B material,27,28 which are defined to
e only osteoconductive materials, allowing bone bonding and
rowth along their surface with slow kinetics, typical behaviour
f dense synthetic calcium phosphates. To the present, there have
een efforts to enhance biological response of HA, for example,
t has been reported the substitution of carbonate and silicate
ons in synthetic HA.29–31 In this case, the high surface area is
nhancing bioactivity response thus accelerating the process of
steoproduction on those surfaces by increasing the kinetics of
on dissolution and surface reactions.

. Conclusions

Hierarchical porous nanocrystalline hydroxyapatite spheres,
ith a pore range from 1 to 500 �m, have been obtained via

ol–gel by using a copolymer as shaping template. The removal
f the template by calcination gives rise to the macroporous
anostructured HA sphere. Moreover, the size and shape of
he formed ceramic material are determined by the copoly-

er outline since the sol-swelled beads retain their shape after
liminating the copolymer template.

It must be highlighted that the use of this type of polymer
onstitutes not only an easy way to obtain beads, but it would be
lso possible to form scaffolds of different sizes and shapes due
o the versatility of the polymer to be manufactured in different
hapes and sizes. Therefore, a reproducible and useful method
o perform porous calcium phosphate with a well-defined size
nd shape has been developed. The proposed method makes
se of a polymeric template that can be designed for every
pecific purpose, avoiding the limitations of ceramic scaffold
ith spherical shape in this case, show a good in  vitro  degrada-
ion performance and an enhanced in  vitro  bioactivity compare
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o synthetic hydroxyapatite, being expected a positive influence
n the cells response.
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