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P(EMA-co-HEA)/SiO, nanocomposites with silica contents in the range of 0-30 wt% were prepared by co-
polymerization of the organic monomers during the simultaneous sol-gel polymerization of the silica
precursor. The ability of the hybrids to form hydroxyapatite (HAp) on their surfaces was tested in vitro by
soaking the samples in a simulated body fluid (SBF) solution for different times up to 35 days. On the one
hand, the composition and morphology of the HAp layer formed were characterized by SEM, EDS, FTIR
and XRD; on the other, the exchange of soluble silicates and calcium and phosphate ions, and the
Keywords: structural changes taking place in the nanohybrids when immersed in SBF were analyzed by SEM/EDS.
Nanocomposite This is, up to our knowledge, the first time the HAp nucleation mechanism has been proposed for
Silica organic-silica nanohybrids and correlated with their respective nanostructures. The results revealed that
the formation of a HAp coating was in all cases limited by the nucleation induction time, but the
mechanism and rate of HAp nucleation were found to be different depending on the nanostructure of the
samples, which differs, in turn, with the silica content as a consequence of the differing connectivity of
the silica network. The nanohybrids with silica contents in the range of 10-20 wt% proved to be the most

Hydroxyapatite (HAp)

suitable for the development of bioactive synthetic scaffolds for bone or other mineralized tissues.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Biomaterials for hard tissue repair need to be biocompatible,
osteoconductive, preferably osteoinductive, and have to exhibit
mechanical characteristics close to those of bone or teeth. Since the
discovery of 45S5 Bioglass® by Hench in 1971 [1], various kinds of
ceramics such as Na;0-CaO-SiO,-P,05 glasses, sintered hydroxy-
apatite (HAp) and glass-ceramics containing apatite or wollastonite
are known to bond to living bone [2-6]. The bone-bonding materials,
so-called bioactive or surface-active biomaterials, are biocompatible
materials that form on their surface a layer of a carbonate-containing
hydroxyapatite similar to the bone apatite when implanted in the
body, and thus bond to the living bone through this apatite layer. This
apatite is a low-crystalline calcium-deficient HAp containing sodium,
magnesium, chlorine and carbonate [1,2,6-8].

In 1991, Kokubo [7] developed a simple biomimetic test to repro-
duce the formation of an apatite layer ex vivo and thereby evaluate the
bioactivity of a given material. This test has been widely used since
then for the study of biomineralization on different types of materials
[5,7-14] and their ability to form apatite on their surfaces has been
correlated with their in vivo bioactivities. This means that the in vivo
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bone-bonding ability of a given material can be predicted from the
apatite formation on its surface when subjected to this test. An acel-
lular protein-free simulated body fluid (SBF) with ion concentrations,
pH and temperature nearly equal to those of the human blood plasma
is employed as the medium for apatite nucleation.

Two important surface chemical changes are involved in the
apatite deposition mechanism on bioactive glasses [7,9-12,15-17]:
(1) preferential diffusion-controlled extraction of Na* and/or Ca%*
ions out of the glass by exchange with protons from the solution,
and (2) hydration and dissolution of the silica network itself, which
is rather slow at physiological pH [18]:

2(=Si—07)Ca%* + 2H* — 2(=Si—OH) + Ca’*

=Si—0—Si= + H,0 — 2=Si—OH

The ions exchange results in a pH raise and an increase of the ionic
activity product of the apatite in the SBF, which was already satu-
rated with respect to HAp. Degradation of the silica network leads to
the formation of =Si—OH groups at the glass-solution interface and
release of soluble Si(OH), into the medium. These =Si-OH groups
provide favourable sites for nucleation of the apatite, while the
increasing number of Ca** jons accelerates the apatite precipitation
from the SBF, which is already saturated with respect to HAp. How
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the formed silanols induce the apatite formation is not totally clear
yet, but it has been speculated that it does not occur directly but
through electrostatic interactions leading to the formation of
a calciumssilicate [15,19]. The pH of the SBF (7.4) is much greater than
the isoelectric point of the silica (approximately 2). The formed Si-
OH groups at the interface reveal negative charge by dissociation or
local distribution of electron density. The glass thereby acquires
a negative charge that enhances electrostatic interaction with the
positively charged calcium ions in the fluid. This reaction results in
the formation of an amorphous calcium silicate comprising a neutral
or positive charge [14]. The surface thereby acquires a positive charge
by accumulation of calcium ions, and interacts electrostatically with
the negatively charged phosphate ions in the SBF, leading to the
formation of an amorphous calcium phosphate. Once the apatite
nuclei are formed [12,15,16,20], they grow spontaneously by
consuming the calcium and phosphate ions from the surrounding
body fluid. During this process, the amorphous calcium phosphate
incorporates OH™ and CO3~, Nat, K* and Mg?* ions from the solution
and finally crystallizes into HAp, which is the most stable calcium
phosphate in aqueous media.

The ability of a surface to precipitate calcium phosphate from SBF
depends on its ability to decrease the activation barriers of the
spontaneous precipitation [21,22], via homogeneous nucleation in
solution (calcium ion release), or via heterogeneous nucleation on
specific surface sites. This suggests that biomineralization can be
induced by specific surface functional groups acting as effective sites
for heterogeneous nucleation of apatite, even with Ca and P absent
from the composition. In fact, aside from Si—OH, different functional
groups able to develop negative charge at the blood plasma pH have
been found to be effective for calcium phosphate nucleation, e.g.,
phosphate, carboxy, hydroxy and amine groups [12-14,16,23,24].

In order to improve the mechanical properties of bioactive glasses,
several polymers have been combined with bioactive glasses or with
HAp in the form of particles or fibres to obtain bioactive composites
simulating the composition of natural bone [22,25-29], and porous
scaffolds of hybrid composites mimicking natural bone structures
have been proposed to serve as a support, reinforce and guide new
tissue in-growth and regeneration [30-37]. These bioactive hybrids
unite the easy processability, structural control and mechanical
properties of the polymers with the bioactive character of the glasses.

In recent years many studies have been devoted to the structure,
properties and possible applications of polymer/silica nanocomposites
obtained by the polymerization of the organic phase during the
simultaneous in situ sol-gel polymerization of a silica precursor [38-
57]. Nonetheless, the idea of hybridizing biocompatible polymers by
this procedure for applications in the mineralized tissue regeneration
is quite recent [58-61]. Silica is expected to reinforce mechanically the
organic matrix and at the same time confer bioactivity to the nano-
hybrids through the Si-OH groups available at the surface and those
likely formed by dissolution of the silica network.

In this work, a hydrophobic/hydrophilic copolymer of poly(ethyl
methacrylate-co-hydroxyethyl acrylate), P(EMA-co-HEA), in a 70/
30 wt%, was employed as organic matrix of silica-based nano-
composites, with silica contents in the range of 0-30 wt%. This
organic phase combines the good mechanical properties of the
EMA component and hydrophilicity of the HEA needed for a good
miscibility of the silica precursor mixture [49], for the transport of
oxygen and nutrients and for cells metabolism. The synthesis
procedure is described in detail in a previous work, and the
nanostructure of the obtained nanohybrids has been studied in
detail [62]. In [63], these materials have been characterized on the
basis of their physico-chemical, mechanical and surface properties.
Here, the apatite forming abilities of the nanohybrids have been
evaluated and correlated with their different morphologies, and
a hypothesis for the apatite nucleation mechanism is advanced.

2. Materials and methods
2.1. Preparation of samples

Nanocomposites of poly(ethyl methacrylate-co-hydroxyethyl
acrylate), p(EMA-co-HEA), with fixed EMA/HEA weight ratio of 70/
30 wt% and with varying proportions of silica, SiO;: 0, 5, 10, 15, 20
and 30 wt%, were obtained in the form of sheets of 0.8 mm in
thickness. Briefly, the procedure consisted in preparing an organic
solution of the organic monomers with a 0.5 wt¥% of ethylene glycol
dimethacrylate, EGDMA (98%, Aldrich), as crosslinking agent and
a 2 wt% of benzoyl peroxide, BPO (97%, Fluka), as thermal initiator,
and an inorganic solution of TEOS with distilled water and hydro-
chloric acid (37%, Aldrich) in the molar ratio 1:2:0.0185, respec-
tively. After 30 min of separate stirring, both solutions were mixed,
stirred for another 30 min and injected into glass moulds. The
monomeric mixture was polymerized in an oven at 60 °C for 21 h
and post-polymerized at 90 °C for 18 h, rinsed in boiling distilled
water/ethanol mixture 50/50 vol% for 24 h to eliminate monomer
residues and finally dried in a vacuum desiccator at 80 °C until
constant weight. Hereafter, the hybrids will be referred to as Hx, x
being the percentage of silica. Poly(ethyl methacrylate), PEMA, and
poly(hydroxyethyl acrylate), PHEA, homopolymer samples were
prepared following the same polymerization procedure as
comparison systems. The samples were cut into disk pieces of
8 mm diameter through which a cotton thread was inserted to
hang them immersed in vials for the SBF tests.

2.2. Immersion in SBF

The ability of the different materials to form HAp on their
surfaces was tested in vitro. Samples of the different compositions
were immersed for different times up to 35 days in SBF. In order to
obtain the SBF, two solutions were prepared. Solution 1 consisted in
1.599 g of Nadl (Scharlau, 99% pure), 0.045 g of KCl (Scharlau, 99%
pure), 0.110 g of CaCl,-6H,0 (Fluka, 99% pure), and 0.061 g of
MgCl,-6H,0 (Fluka) in deionized ultra-pure water (Scharlau) up to
100 ml. Solution 2 was prepared by dissolving 0.032g of
NayS04-10H;0 (Fluka), 0.071 g of NaHCO3 (Fluka), and 0.046 g of
KyHPO4-3H,0 (Aldrich, 99% pure) in water up to 100 ml. Both
solutions were buffered at pH 7.4, by adding the necessary amounts
of aqueous 1 M tris-hydroxymethyl aminomethane, (CHOH)3CNH>
(Aldrich), and 1 M hydrochloric acid, HCI (Aldrich, 37% pure). Then,
both solutions were mixed to obtain SBF with the following molar
jon concentrations: 142 Na*, 5.0 K*, 1.5 Mg?*, 2.5 Ca®**, 148.8 CI,
4.2 HCO3, 1.0 HPO3™, 0.5 SO~ mM.

The disks were vertically suspended by a cotton thread in closed
glass vials filled with SBF. The ratio of geometric surface area of
sample to solution volume was 0.12 ml mm 2, slightly higher than
that proposed by Kokubo and Takadama [5]. The SBF solution was
not renewed during the first 7 days. Afterwards, solutions with
twice the ion concentrations of SBF were employed, and the solu-
tion was renewed each 2-3 days, so as to provide more favourable
conditions for apatite growth (increase in the ionic activity product
- IP - of the apatite while maintaining the pH and Ca/P molar ratio
[64-66]). Samples were withdrawn from the SBF after 1, 3, 5, 7, 14
and 35 days, gently washed with ultra-pure water, room condi-
tioned and finally dried in a vacuum desiccator at 80 °C.

2.3. Characterization

Scanning Electron Microscopy, SEM, images of the materials
surfaces were obtained in a Jeol JSM-6300 microscope, with the
samples previously sputter-coated under vacuum with gold, 15 kV of
acceleration voltage and 15 mm of distance working. Quantification
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of elements was achieved by Electron Dispersive X-ray Spectroscopy,
EDS, in the mentioned apparatus, with the samples previously
sputter-coated with carbon, 10 kV of acceleration voltage and 15 mm
of distance working. Silicon was employed as optimization standard.

Fourier-Transform Infrared FTIR spectra of the surfaces were
collected in the attenuated total reflection (ATR) mode between

SBF7

PEMA

PHEA

HOO

HO5

H15

H30

650 and 4000 cm~' with a Thermo Nicolet Nexus spectrometer
operating with a 4 cm™! resolution and averaging 128 scans.
Thin-film X-Ray Diffraction, XRD, spectra of the surfaces were
acquired in a Philips PW 1820 diffractometer with CuKe radiation of
1200 W (40 kV, 30 mA) and a scanning step of 1 s per step with an
increment of 0.01° over a 26 range between 10 and 40°.

SBF35

Fig. 1. SEM images of the surfaces of the PEMA, PHEA, H00, HO5, H15 and H30 samples after immersion in SBF for different times: 7 days in SBF (SBF7), 7 days in SBF + 7 days in

2 x SBF (SBF14), 7 days in SBF + 28 days in 2 x SBF (SBF35).
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Fig. 2. SEM images of: a) the surface of H10 after 14 days in SBF; b) the transversal fractured section of H15 after 35 days in SBF.

3. Results and discussion
3.1. Characterization of the HAp formed on the substrates in SBF

Fig. 1 shows SEM images of some samples after different times of
immersion in SBE. After 7 days (SBF7), the homopolymers PEMA and
PHEA did not efficiently induce any apatite growth, while the
copolymer did. The PEMA surface nucleates some HAp crystals and
precipitates salts from the SBF simultaneously, and the PHEA
surface exhibits plenty of precipitates, some of them square or
rectangular shaped. The copolymer surface is coated, though
imperfectly, with needle-shaped crystals intricately intertwined
forming the typical porous cauliflower HAp structures [5,14,64,67]

SBF1

HOO

H15

H30

SBF3

with an average diameter around 1 pm, which merge as they grow
to form a continuous uniform coating. The HO5 surface is completely
coated with these same structures, and the samples H10, H15 and
H20 even exhibit superposed scattered aggregates of what seems to
be an incipient second layer, and some plain structures anchored to
the first coating by needle-like formations. The composition of these
uppermost plain structures is the same as that of the cauliflowers
below (EDS results not shown). This indicates that the rate of
formation of the apatite layer on these hybrids depends on the
induction time, but once the apatite nuclei are formed, they grow
rapidly. The first apatite layer is composed of porous cauliflowers of
nanocrystals with needle or lamellar morphology similar to the
apatite structures found in physiological bone. This needle-like

SBF5
o)

Fig. 3. SEM images of the surfaces of the H00, H15 and H30 samples after immersion in SBF for short times: 1 day (SBF1), 3 days (SBF3), and 5 days (SBF5).
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Fig. 4. EDS spectrum of the H20 sample after 35 days in SBF.

morphology has been explained on the basis of the HAp lattice
parameters and its symmetry [68], which promote a preferred
oriented growth along the c-axis. Once apatite has nucleated in
a certain location, it grows outwards in a radial pattern [20], leading
to cauliflower or hemispherical structures that merge to form
a continuous layer. By contrast, only some dispersed smaller cauli-
flowers appeared on the H30 surface after 7 days, with lower
average diameters (around 500 nm), i.e., the copolymer induces the
nucleation of HAp crystals, more slowly than the hybrids with 5-
20 wt% silica, but faster than H30. This suggests that both polar
carboxy and hydroxy groups are effective apatite nucleators, but
textural and physical properties such as hydrophilicity and polarity
and mechanical modulus of the surface are also relevant.

The body fluid is already supersaturated with respect to the
apatite under normal conditions. Once apatite nuclei are formed,
they can grow spontaneously by consuming the calcium and phos-
phate ions from the surrounding body fluid. The 2 x SBF solution,
having ion concentrations twice as large as those of SBF, increases the
degree of supersaturation of apatite while maintaining the Ca/P
atomic ratio. In such a solution apatite is expected to grow more
rapidly. The soaking in 2 x SBF (SBF14) promoted the formation of
deposits on the surface of PEMA, in combination with typical cauli-
flower structures. The precipitates without needle-like conforma-
tion are salts coming from the SBF, basically NaCl (EDS spectra not
shown). PHEA exhibits deposits in several layers, some of them with
cauliflower structure, but the majority are rectangular shaped NaCl
crystals. As refers to the copolymer, a continuous HAp layer had
almost covered its surface after 14 days in SBF (SBF14), and did so
completely after 35 days (SBF35).

The HAp cauliflowers of HO5, H10, H15 and H20 increased their
diameters up to 1-2 pm during the soaking in 2 x SBF, while the flat
plates progressively adopted needle-like conformations (Fig. 2a for
H10, as an example) and more aggregates of cauliflowers precipi-
tated in successive layers, as shown in the transversal cut of H15
after 35 days in SBF as an example (Fig. 2b). The final thickness of
the apatite coating is larger than 10 um. These four samples display
at the end of the test plain areas of merged HAp cauliflowers in

combination with others with grape-like aggregates of cauliflowers
leading to very irregular topographies. They can be observed for
example in the H15 SBF35 image in Fig. 1. This indicates that apatite
molecules of the first layer provided secondary nucleation sites for
additional apatite formation, which interconnected successive
layers [69]. In this stage the amount of nucleating sites at the
surface seemed to decrease, and accordingly spherical formations
with needle-like nanocrystals grew perpendicularly to the surface
leading to the formation of clusters or grape-like structures. This
phenomenon has been observed by other authors on starch-based
materials [64]. The H30 surface was not completely coated after 14
days in SBF, and it only became completely covered by the end of
the test. There was no noticeable difference between the coated
hybrids after 35 days of test.

In order to point out the influence of the nature of the substrates
on the kinetics of deposition of HAp, the HOO, H15 and H30 samples
were soaked in SBF for shorter times: 1, 3 and 5 days. The SEM
images are shown in Fig. 3. After 1 day, HOO and more markedly
H15 presented some dotted zones and scattered salt deposits,
whereas H30 exhibited only scattered deposits. After 3 days, in HOO
the distribution of nuclei and precipitates was more uniform, the
H15 hybrid already showed some areas completely coated with
small HAp cauliflowers, whereas only scattered deposits had
precipitated on H30. After 5 days, the H15 surface was almost
coated with HAp cauliflowers, whereas the HOO presented nuclei
and deposits, and H30 revealed only some deposits on the surface,
i.e., H30 needed a longer incubation period than the copolymer.

From the EDS and FTIR results, the composition of the HAp
coatings was inferred. The results from the EDS spectra of the
homopolymers have not been tabulated because the coatings of
PHEA consist basically of NaCl, which is the main component of the
SBF solution, and the EDS spectra on PEMA differ considerably
depending on the analyzed zones, showing Ca and P of HAp in some
zones, while NaCl in others. Fig. 4 shows a typical EDS profile of the
HADp coating of a hybrid. The main elements are Ca and P, but other
elements from the SBF like Na, Mg, K and Cl are also present. The
chemical composition of biological apatite is not fixed due to the

Table 1
Ca/P, (Ca+ Na+ Mg + K)/P, Na/Ca, Mg/Ca atomic ratios of the apatites formed on the hybrids after different times in SBF.
SBF7 SBF14 SBF35
Ca/P (Ca+Na+ Na/Ca Mg/Ca Ca/P (Ca+Na+ Na/Ca Mg/Ca Ca/P (Ca+Na+ Na/Ca Mg/Ca
Mg + K)/P Mg -+ K)/P Mg + K)/P

HOO 1.34 1.85 0.31 0.07 138 1.68 0.16 0.04 148 173 0.12 0.04
HO5 147 1.62 0.07 0.04 1.35 148 0.05 0.05 144 1.61 0.07 0.04
H10 1.26 1.51 0.14 0.05 1.37 1.96 0.20 0.15 1.50 1.75 0.11 0.05
H15 148 1.80 0.11 0.07 133 1.96 0.34 0.08 1.49 1.68 0.07 0.05
H20 1.53 2.54 0.47 0.16 125 137 0.03 0.05 1.57 179 0.10 0.04
H30 1.58 1.94 0.06 0.00 1.39 1.60 0.11 0.04 1.65 1.87 0.05 0.04
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Fig. 5. FTIR spectra of H15 after different times in SBF, in the 600-1800 cm™' region.

different elements available in the body. Among the substituting ions
in bone and tooth minerals are Nat, K™, Fe>*, Mg?*, F~ and CI~, and
also complex ions such as CO3~ and HPOZ~ [65]. Silicon is observed in
the EDS spectra after 7 days of immersion in SBF in all nano-
composites, it appears in some spectra after 14 days, but it is not
detectable in any hybrid by EDS after 35 days in SBF, meaning that the
surfaces of the hybrids are completely coated with HAp and the
components of the substrates are not present on the uppermost
surfaces. From the EDS results, the Ca/P atomic ratio has been
calculated in each case for comparison with that of the stoichio-
metric HAp (Ca10(PO4)s(OH)3), Ca/P = 1.67, or physiological HAp, Ca/
P =1.65 [65], Table 1. In general, the Ca/P ratios are slightly lower
than the physiological HAp ratio, but in the range of other amor-
phous calcium phosphates produced in aqueous solution (1.33-1.5)
[20], not following any trend with the silica content. For short times,
the Ca/P values are quite heterogeneous, but they seem to increase in
all cases, approaching the ratio of physiological HAp with the
immersion time. Considering the possibility of Mg?*, Na* and K™,
substituting the Ca?* in the apatite [70], the (Ca + Na + Mg + K)/P
ratios have been calculated and are also listed in Table 1. Initially,
there is a considerable difference between Ca/P and
(Ca+Na+ Mg + K)/P,Na" and Mg ™" being the main contributors. The
fact that the Na/Ca and Mg/Ca atomic ratios are very low and do not
vary significantly may be attributed to the same Na/Ca and Mg/Ca
atomic ratios of the solutions. The Mg/Ca, and Na/Ca atomic ratios of
the bone apatite are 0.016, and 0.022, respectively [65]. Longer times
of immersion in SBF lead to more homogeneous (Ca + Na + Mg + K)/
P results, and closer to those of Ca/P.

Despite the existence of calcium phosphates on the copolymer
and nanocomposites after 7 days in SBF demonstrated by EDS, FTIR
is not able to reveal the apatite peaks until 14 days of immersion,
when aregular spectrum appears. Thus, only the FTIR spectra of H15

after the different times of immersion in SBF have been represented
(Fig. 5). The well-defined strong peak at 1700 cm~! corresponding
to the C=0 bonds of the carboxy groups and the complex spectra
between 1500 and 650 cm~! of the copolymer disappear. In the
hybrids, the intensity of the peaks appearing at 1060-1100 cm™!
attributed to the Si-O-Si stretching vibration, and the peak at
950 cm ™! characteristic of the Si—-OH stretching vibration of the
silica phase [39,45,46,58,60,61,71] decrease with the immersion
time in SBF, until FTIR cannot detect the original surface.

After prolonged soaking, the apatite peaks become the only
components of the FTIR spectra, as the apatite grows in successive
layers and completely covers the surfaces of the samples. The new
common spectrum presents a well-pronounced peak at 1020 cm™,
a wide peak at 1430-1470 cm™~, and two minor peaks at 880 and
970 cm~ L. The peaks at 1020 and 970 cm™! are attributed to the PO3~
ion (asymmetric and symmetric stretching), and those at 1430-1470
and 875cm™! are ascribed to the CO3~ ion (out of plane and
stretching mode) [7,39,58,65,69,72,73], occupying PO3~ sites in the
apatite [65]. This confirms that the apatite formed on the substrates
is a carbonate ion-containing apatite. Bone and dentin apatite
contain approximately 7 wt% carbonate and tooth enamel about
3.5 wt% [68], but when the HAp is deposited from the SBF, there is
less substitution of PO3~ by CO%~ in the apatite lattice because the
concentration of HCO3 in the SBF is lower than that in the blood
plasma, and consequently the Ca/P ratio is lower. The incorporation
of HPO3~ groups to the apatite cannot be excluded, since its FTIR
characteristic absorption band at 868 cm™! is very close to the CO3~
band at 880 cm~! and they both could be overlapped. The concen-
tration of HPOZ~ ions increases appreciably with increasing IP [65],
soits presence in the apatite coatings seems to be quite probable. The
characteristic hydroxy band (3570 cm™!) [74] does not appear in any
spectra. This is why the spectra have been represented in the 1800-
600 cm~ ! range in Fig. 7. The absence of the OH characteristic band in
the FTIR spectra does not necessarily imply that the apatite formed
lacks of OH groups, and can be explained on the basis of the rigidity of
the dry samples and consequent imperfect contact with the device,
because the OH vibration band from the HEA or the silanol terminal
groups was not detected, neither. Besides, the lack of OH™ also could
be attributed to the demands of charge balance created by the
replacement of one PO3~ group by one CO3~ group [13,68,70,73].
Nevertheless, bone apatite does not seem to have a high concen-
tration of OH™ groups, if it contains any OH™ groups at all. Indeed,
there is growing evidence for the lack of OH™ in bone apatite [68]. For
the PEMA sample, the characteristic apatite spectrum does show up
only after 35 days of SBF immersion, and for the PHEA sample it
never happens to appear, the spectrum having always HAp absorp-
tion bands overlapped with polymeric bands.

Fig. 6 shows the X-ray diffraction patterns of samples H00, H15
and H30 before soaking in SBF and after 14 and 35 days in SBF. After
14 days in SBF, the peaks corresponding to the coatings are poorly
resolved and the broad band corresponding to the amorphous
hybrid predominates in the three spectra. This correlates well with
the Ca/P values. After 35 days, the broad peak at 32-34° and the
peak at around 26° attributed to XRD of HAp crystals [9,11,64-
66,72,75,76] are well defined. The intensity of these peaks decreases
in the order: H15 > H30 > HOO. The broad band corresponding to
the hybrid in H15 has completely vanished, it is slightly noticeable in
HOO, but in H30 it maintains the initial shape and overlaps with the
HAp peaks. Bone apatite also contains a high amorphous content.

It is well established that HAp formation from metastable
aqueous solutions is usually preceded by a precursor phase, most
commonly amorphous calcium phosphate (ACP) (Cay(PO4)3) or
octacalcium phosphate (OCP) (CagHz(POa4)s) [20]. The precursor
calcium phosphate then hydrolyzes into the more thermodynam-
ically stable HAp. HAp is the only thermodynamically stable
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Fig. 6. XRD spectra of H00, H15 and H30 and after 14 and 35 days in SBF.

calcium phosphate that exists in aqueous solution at a pH greater
than 4.2 [77].

3.2. Structural changes of the nanohybrids in SBF

In agreement with recent works [13,20,24,64] our results
suggest that the carboxy and hydroxy groups of the surface of the
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Fig. 7. EDS spectra of different bands in the transversal fractured section of H15 after 35 days in SBF.
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Fig. 8. EDS spectra of different bands in the transversal fractured section of H30 after 35 days in SBF.

attributed it to the presence of functional groups able to chelate
Ca* ions, and to the swelling ability that facilitates the diffusion of
ions into the hydrogel.

Silanol groups have higher potential for induction of apatite
nucleation than carboxy or hydroxy groups [14]. However, this
potentiality does not increase monotonously with the silica content
in our samples, but achieves a maximum at an intermediate silica
concentration: the rate of apatite precipitation follows the
sequence H10, H15, H20 > HO5 > HOO > H30. In order to study the
structural changes taking place in the hybrids when immersed in
SBF and the influence of silica, H15 and H30 samples previously
soaked in SBF for 35 days were fractured, and EDS spectra were
taken for different successive in-depth bands of the fractured cross-
section, each band of approximately 8 pm of thickness, from the
HAp-nanohybrid interface towards the interior of the samples.
Figs. 7 and 8 display some of the EDS spectra of the fractured H15
SBF35 and H30 SBF35 samples, respectively.

In the H15 hybrids, silica is absent in the first 10 um-deep layer
closest to the surface, then the silica content increases linearly up to
48 um in depth, where it reaches a value of 14.92 wt%, similar to
that found in the middle of the cross-section (13.46 wt%), and those
found previously in the original H15 samples on the surface
(15.09 wt%) and in the interior (15.33 wt%) by EDS [62]. The
correlation of the silica contents calculated from the EDS silicon
content of each position relative to the surface has been repre-
sented in Fig. 9. Fig. 10 displays some of the EDS spectra obtained by
bands in a fractured H15 sample after 35 days in SBF but at higher
magnifications and closer to the surface. The spectra demonstrate
that silica is nearly absent in the interface (only traces of silica can
be detected in some spectra) and that the HAp grows continuously
within the material: Ca, P, but also Na, Mg and Cl ions diffuse to the
interior of the hybrid (Ca, P, Na, Mg and Cl elements can be detected
up to 3.5 um in depth, the Ca/P ratio being 1.36 up to 3 pm), giving
rise to a strongly adhered coating layer.

It seems that fairly strong bonds are formed between the polar
groups of the material and the calcium ions of the apatite layer. On the
contrary, in the H30 hybrids the silica network does not dissolve.
Fig. 9 shows that in the H30 sample after 35 days in SBF, the silica
content close to the surface (32.46 wt%) is similar to that in the
interior (33.41 wt%), and those found in the original H30 samples on
the surface (28.45 wt%) and in the interior (24.87 wt%) by EDS [62]. In
this sample the HAp coating is not adhered to the surface as
a continuous layer. This different behaviour of the silica networks in
the different hybrids affects the nature of the heterogeneous nucle-
ation which occurs during the formation of the first HAp layer, and
therefore this layer will be anchored differently to different hybrids.

The different growth modes of the apatite layer can be explained
on the basis of the different morphologies of the nanohybrids as
a function of the different structure of their silica network. As
demonstrated by our previous results [62] and by results on the
related PHEA/SiO, system [78], in the P(EMA-co-HEA)/SiO, hybrids
the degree of connectivity of the nanosilica network depends on the
amount of silica in the sample: for low silica contents the network
consists in disconnected nano-domains uniformly dispersed in the
organic polymer matrix. The network terminal groups at the surfaces
of these domains are noncondensed silanol groups. They increase the
polarity of the nanocomposite surface [63]. For higher silica
concentrations the inorganic network percolates and becomes
a continuous network, interpenetrated with the organic polymer
matrix. This percolation threshold seems to be a value around
a 15 wt% of silica. Percolation of the silica network is accompanied by
a decrease of the free, non-condensed silanol groups on a silica mass
unit (Fig. 11), which thus cease to be available at the hybrid surfaces.
According to this, the dissolution of the silica network in nano-
composites of subpercolating silica concentrations, such as the H15
sample, is facilitated by the presence of large numbers of silanol
terminal groups leading to low-molecular-weight silicates able to
diffuse from the hybrid. In this reaction zone of a few pm, calcium and
phosphate ions are adsorbed and interact with the polar groups to
form calcium phosphates. The apatite growth continues at the
interface hybrid-solution leading to a strongly adhered apatite layer.
For superpercolating silica concentrations, such as in the sample H30,
the continuous and more perfectly packed silica network has fewer
noncondensed surface silanol groups, and thus silica dissolution and
the Ca®* diffusion are decreased, and therefore the HAp nuclei can
only grow from the preexisting nucleating functional groups avail-
able at the surface. The bioactivity or HAp nucleating ability of the
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Fig. 9. Correlation of the silica content with the position relative to the surface in H15
and H30 samples after 35 days in SBF.
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H30 hybrid sample thus is even lower than that of the copolymer. This
can be explained as a consequence of a lower polarity in the case of
the H30 hybrid [63], and of a second factor, which would also explain
why the P(EMA-co-HEA) copolymer is more bioactive than the pure
PEMA homopolymer: the network expansion. The presence of HEA
monomer units in the P(EMA-co-HEA) copolymer lowers the glass
transition temperature and the modulus of the copolymer with

respect to those of pure PEMA and, moreover, in an aqueous envi-
ronment facilitates the network swelling because of its hydrophilic
character. This swelling increases the number of polar groups avail-
able on a unit area basis by exposing them more efficiently, and
facilitates diffusion of the solution ions. This would explain the
greater bioactivity of P(EMA-co-HEA) 70/30 wt% with respect to
PEMA. In the case of the H30 hybrids, the density and tight continuity

Msio,1 < Msjo,2 < Msjo,3

Non,1 < Now2> Now,3

Fig. 11. Sketches of different silica network structures: (1) low concentration subpercolating silica, (2) higher concentration, about to percolate silica, and (3) high concentration

superpercolating silica msjoz1 < Msio2,2 < Msio2,3 Non,1 < MNoH,2 > NoH,3 Noy2=Max.
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of the silica network completely impedes the polymer network
swelling, which is an additional reason why this sample is less
bioactive than the copolymer.

4. Conclusions

The bioactivity of hybrids of P(EMA-co-HEA) with varying
proportions of silica (0-30 wt%) as well as the homopolymers PEMA
and PHEA has been investigated in a simulated body fluid with ion
concentrations, pH and temperature nearly equal to those of human
blood plasma. PEMA and PHEA did not induce the apatite growth
efficiently. The copolymer induced the nucleation of apatite crystals,
more slowly than the hybrids with 5-20 wt% silica, but faster than
that with 30 wt%. This demonstrates that the presence of the car-
boxy and hydroxy groups has a synergy effect for inducing the
apatite nucleation and growth, probably in that it facilitates the
network expansion in the aqueous medium leading to an exposure
of alarger number of nucleating sites and to enhanced intrapolymer
diffusion. Concerning the hybrids, the heterogeneous nucleation to
form the first apatite layer depends on the amount of silica and the
topology of the silica network. In nanohybrids with intermediate
silica contents (10-20 wt%), the dissolution of silica at the surface is
facilitated by the presence of large numbers of non-condensed
silanol terminal groups in the network and by the disconnected
topology of the silica phase; the solution process releases soluble
silicates and renders an interface layer rich in silanol groups. In this
reaction zone of a few um calcium and phosphate ions are adsorbed
and interact with the polar groups of soluble and hydrated silica to
form calcium phosphates. The apatite growth continues at the
interface hybrid-solution leading to a strongly adhered apatite layer.
After 7 days, the surfaces are completely coated, and even provide
secondary nucleation sites for the precipitation of spherical struc-
tures with the same needle-like morphology. Above a silica
concentration threshold of approximately 20 wt%, the dense and
continuously extended silica network hinders the organic polymer
network expansion and the diffusion of Ca®>* ions, and has a lower
density of non-reacted surface silanols, leading to a lesser dissolu-
tion of the silica network at the interface, and thus the nucleation of
apatite occurs even more slowly than on the copolymer.

Once apatite nuclei have been formed, the growth of the apatite
layer and formation of successive layers by homogeneous nucleation
occurs very rapidly in all cases, consuming calcium and phosphate
ions from the SBF. The initially amorphous calcium phosphate, con-
taining other ions such as CO3~, Nat, K* or Mg?™, stabilizes leading to
low-crystalline nanocrystallites of calcium-deficient carbonated-
hydroxyapatite, with Ca/P ratios near the physiological HAp ratio.
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