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Coralina® HAP-200 (coralline hydroxyapatite obtained by hydrothermal treatment of marine corals) and
POVIAC® (polymeric matrix based on PVAc), commercial trade marks were mixed with a natural product from
the Cuban sea costs, i.e. calcium carbonate from Porites Porites coral, to obtain a novel bioactive composite with
potential use as bone restoration material. The samples were characterized by physical-chemical (FTIR, XRD,
SEM, EDS) and mechanical studies. It was shown that there is no chemical interaction between the inorganic filler
and the polymer matrix, each conserving the original properties of the raw materials. The studied formulation had
a compressive strength similar to that reported for trabecular bone. Scanning electron microscopy examination
revealed that the addition of CaCO, induces a change on the morphologic structure of the composite obtained after
30 days of SBF immersion. These composites generate novel biomaterials capable of promoting the deposition
of a new phase, a Ca-P layer due to the bioactivity of a Ca** precursors.
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1. Introduction

Over the past two decades many synthetic bone substitutes have
been made, almost all of them, based on calcium phosphate, due to
their excellent biocompatibility. Particularly, coralline hydroxyapatite
is currently used in clinical applications as a bone substitute
for medical applications, because its chemical composition and
tridimensional porous morphology is very similar to human bone'>.
The coralline hydroxyapatite particles tend to migrate under externally
applied forces during the healing period.

Numerous bioresorbable materials have been investigated for
tissue repair, including natural®*, and synthetic polymers>’. One of
the possible solutions to this problem is to combine the coralline
hydroxyapatite particles with collagen'’, chitosan'!, polylactic acid
(PLA)™3, polyglycolic acid (PLG)®, and polyvinyl acetate>'2.

Many practical advantages arise when using synthetic scaffolds,
because precise engineering of material composition and micro and
macrostructure is possible. This allows adequate control of scaffold
properties, thus creating optimal conditions for cell survival and
proliferation, after bone tissue formation®.

However, some problems have been encountered regarding the use
of these polymers in tissue engineering applications due to the release
of acidic degradation products leading to inflammatory responses®”.
Another limitation in the use of biodegradable polymers (i.e. PLG,
PLA and its combinations) is the lack of bioactivity, in particular for
bone tissue applications, if not used as composites'®.

If biodegradability and bioactivity are to be combined in
engineering an optimized tissue scaffold, then the composite design
offers an exceptional opportunity: the preparation of bioresorbable
and bioactive scaffolds with tailored physical and mechanical
properties'*. Moreover, composites can be engineered in such a way
that their resorption rate is similar to the new tissue formation rate.
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Various approaches to the development of bioresorbable and
bioactive composites for tissue engineering applications are being
investigated worldwide in different scaffold architectures!*!5.

Specifically, the bioactivity of “Poliapatita” has been investigated
as a resource for its best performance in bone tissue restoration.
“Poliapatita” samples immersed in SBF for regular times between
land 28 days, showed a good bioactivity. This capability was checked
by SEM + EDS and progressive decrease of calcium and phosphorus
concentration was observed, higher in case of phosphorus. In the
first 7 days in SBF the rate of ionic deposition is quite fast and in the
following days, as the Ca-P layers increase, the rate of ionic deposition
decreases with time'®.

Composites slightly different from the original PMMA cements
were evaluated for restoration of bone tissue. Modifications such
as addition of vinyl acetate and HAP-200 induced a decrease of
the mechanical properties of the classical PMMA bone acrylic
cements. These changes in the formulation increase the bioactivity
(subsequently, degradation, capability as drug delivery system, etc.),
but compromise the performance as material for bone restoration'”.

Several other reports about the influence of chemical composition,
morphology, particle size distribution and molecular weight on the
final properties of the bone cements were published. The addition
of calcium generators (HAP-200/HA 3 and/or CaCO,) reduces the
peak temperature and setting times, rising the bioactivity and the drug
delivery ability of materials'®!°.

The components used in the manufacturing of “Poliapatita”
leave many Ca* ions in the formulation., The biological activity
will increase, because calcium carbonate from coral is more
bioresorbable®, and in vivo bone reconstruction could be significantly
improved?®' 3.
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Recent studies showed that a composite formed by POVIAC®/
CaCO,/HAP-200 is a good candidate as bone restoration material
and can also be considered as a matrix for the delivery of drugs such
as acetylsalicylic acid and cephalexin®.

In the present work novel bioactive and bioresorbable composite
materials were prepared and characterized using polyvinyl acetate
(POVIAC®) impregnated with bioresorbable calcium carbonate
and bioactive coralline hydroxyapatite (HAP-200) particles. The
materials are intended as composites for bone tissue engineering
applications.

2. Materials and Methods

2.1. Materials

Calcium carbonate (Aragonite) was obtained from marine corals
of the Cuban coralline barrier and poly (vinyl acetate) (POVIAC®)
(MW =24 400, < 2% residual monomer) was obtained in the National
Center Scientific Research (Cuba) by in house procedures?. The
HAP-200 coralline hydroxyapatite used in this study was prepared
in the National Center Scientific Research (Cuba), by hydrothermal
reaction?,

2.2. Preparation of the POVIAC®/CaCO,/
HAP-200 composite

POVIAC®/CaCO /HAP-200 composite scaffolds were prepared
using compression molding and thermal processing. Initially,
POVIAC® powders were dissolved in ethanol at room temperature,
then the requested fractions of CaCO, and HAP-200 particles were
gradually added to the POVIAC® solution and thoroughly mixed
for 1 hour (POVIAC®/ CaCO,/HAP-200 = 1/2/7; w/w/w). Later,
the mixture was dried at 90 °C under vacuum to remove residual
organic solvents. Finally, for in vitro experiments, the composite
was compacted using an axial compression mold at 10 MPa for
1 minute. The compact disks had dimensions of 13 mm in diameter
and 6,5 mm in thickness.

2.3. In vitro studies in SBF and physical-chemical
and mechanic characterization

POVIAC®/ CaCO,/HAP-200 composite samples were
characterized by Fourier-transform infrared (FT-IR) spectroscopy,
X-ray diffraction (XRD). Scanning electron microscopy (SEM)
equipped with an energy dispersive spectrometer (EDS), was
employed to examine the morphology, pore size and pore distribution
of the samples; they were gold-coated and observed at an accelerating
voltage of 20 kV.

The compressive strength (CS) testing was conducted on the
composite disks using a universal machine test (MTS 810 Material
Test System), at room temperature with a crosshead speed of
1 mm/min. The reported results are an average of the values from
five samples.

In vitro studies in simulated body fluid (SBF) were carried out
using the SBF composition and the standard procedures described by
Kokubo in 2006%. Composites were immersed in 10 mL of SBF for
30 days at 37 °C and, every 72 hours in the first 15 days and every
week in the last 15 days, the liquid phase was replaced with 10 mL
of fresh SBF. After immersion in SBF the samples were characterized
using XRD, FT-IR and SEM to verify whether HA was formed on
the surfaces of the composites.

Materials Research
3. Results and Discussion

3.1. Characterization of POVIAC®/CaCO,/
HAP-200 composite

The structures of the composite were analyzed using FT-IR
spectroscopy, as shown in Figure 1.

Characteristic structural bands of POVIAC®, CaCO3 and
HAP-200 were observed in the composite spectrum. The vibration
bands at ca. 2975 and 2852 cm' can be attributed to the asymmetric
(v*(CH,)) and symmetric (v*(CH,)) stretching of CH, respectively,
the band at 2927 cm corresponds to the CH, (v*(CH,)) asymmetric
stretching. The band at 1740 cm is due to the CO group stretching
(V(C=0)) and that at 1245 cm! corresponds to the stretching vibration
of the C-O-C group (v(C-O-C)), confirming the presenze of the typical
side chains of PVAc *. Phosphate characteristic bands where observed
at: 472 cm’'v, (PO,*), at 569 and 601 cm™ v, (PO,*), at 960 cm™ and
at 1088 and 1041 cm™'v, (PO,*), and v, (PO,*). These bands indicate
the classification of the polyhedrons of PO, * in the structure of the
hydroxyapatite®'. Besides, at 3570 cm™' the main v(OH") vibration is
observed together with the bands at 3450 due to hydrogen bonded
water molecules adsorbed during the preparation process. The band
at 633 cm! is attributed to the OH™ groups (8)*' and the band at ca.
854 cm™ may be attributed to the characteristic carbonate out-of-plane
bending (v, mode) vibrations of aragonite. The pair of bands at ca.
713 and 700 cm™ may be assigned to the in-plane bending modes
(v, mode) which are characteristic of the aragonite structure. The
band corresponding to the v, vibration mode is masked by the doublet
corresponding to v, (PO,*). No vibration bands characteristic of
Calcite and Vaterite were detected in the FTIR spectrum, further
demonstrating that the coral rods are pure aragonite®>.

Figure 2 shows the XRD patterns of the POVIAC®/CaCO,/
HAP-200 composite powder. By comparison with the JCPDS files
No.71-2396 and No.09-0432, the diffraction peaks can be well
identified as due to orthorhombic aragonite with lattice parameters
of a, = 4,961 A, bo =7,970 A, c, = 5,739 A, and space group Pmcen
and hexagonal syntetic hydroxyapatite with lattice parameters of
a,=b =9418 A, c,=6,884 A, and space group P63/m respectively.

Both in the FT-IR spectra and in the XRD patterns, no significant
changes or shifts in the characteristic bands and in the diffraction
peaks were observed in the composite biomaterial with respect to the
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Figure 1. FT-IR spectra of the POVIAC®/CaCO,/HAP-200 composite.
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starting components (POVIAC®, CaCO, and HAP-200), suggesting
that no chemical reactions occurred between the mixed components,
which conserve the original properties of the raw materials. The
compact structure of the POVIAC®/CaCO /HAP-200 composite is
reflected in the mechanical properties of the obtained composite. This
composite present a value of CS = 20 + 2 MPa, a value in the range
observed for trabecular bone (3-20 MPa)*-34. According to recent
reports, the percentage of diminution of mechanical properties by
immersion in biological fluids of similar materials was 25%!"®!. Then
we can evaluate that the CS of our formulation after inmersion would
be 15 MPa approximately.

3.2. In vitro study

The microscopic observation of the external surfaces showed that
the particles of HAP-200 and CaCO, are agglutinated by the POVIAC®,
and a compact block structure is formed (Figure 3a and 3b). It can
also be seen that the composites have a low porosity and the structure
of the material is rather dense.

Figures 3c and 3d show that after 30 days in SBF the quantity
of pores and the external morphology of the biomaterial composite

Figure 3. Surface morphology of the composite by SEM analysis: before immersion in SBF at different magnifications: a) 75x; b) 500x; after soaking in SBF

for 30 days at different magnifications: ¢) 75%; and d) 500x.



28 Aragén et al.

is significantly different, because of the partial degradation of the
calcium carbonate. At the surface of this formulation an erosion
phenomenon takes place, causing an increase in the porosity of the
biomaterial. This increment could be very advantageous, since it
would facilitate the growth of new bone tissue into the implanted
material, favoring the process of bone integration.

Moreover, after 30 days of SBF immersion, it can be seen how
on the surface of the whole formulation cavities (Figure 3d) were
opened, limited by calcium phosphate and carbonate particles. EDX
analysis inside one of the above cavities proved that their surface is
rich in polymer phase (Figure 4a), as indicated by the low calcium
and phosphorus content and the high carbon and oxygen content.
Instead, the areas near these caves are rich in the inorganic phase, as
shown by the significant increase in phosphorus and calcium content
(Figure 4b).

The inorganic phase rich in calcium and phosphorus can be seen at
higher magnification (10000x) in Figure 5a. In this case it can be seen
that, after 30 days of SBF immersion, the surface of the composite
biomaterial is completely covered by a continuous layer. This layer
is formed by the deposition of a new, calcium phosphate phase,
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Figure 4. EDS spectrum of the composite after soaking in SBF for 30 days;
a) inside the cavity; and b) near the cavity.

Materials Research

characterized by arrangements of nanometric crystallites, typical of
the formation of nanodispersed hydroxyapatite. Furthermore, in the
region rich in POVIAC®, agglomerates of nanometric hydroxyapatite
crystals firmly attached to the polymer (Figure 5b) can be seen.
This result is very important because so far there are no reports in
the literature demonstrating the deposition of an apatite layer on
polyvinyl acetate. It has been recently reported that the incorporation
of vinyl acetate in PMMA containing composites increases the
probability of apatite layer formation in acrylic bone cements'’.
The samples described in this work do not contain PMMA and the
formation mechanism of those layers in the two cases is different. In
PMMA-PVAc composites the presence of PVAc just increases the
hydrophilic character of the acrylic bone cement, while the POVIAC®/
CaCO,/HAP formulation is designed from the very beginning as a
hydrophilic composite.

The erosion phenomenon is due to the degradation of calcium
carbonate particles present in the biomaterial composite as shown
in Figure 6.

The analysis of the composites after immersion in SBF by FT-IR
spectroscopy and X-ray diffraction, shows how the intensity of the

10 pm
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Figure 5. Surface morphology of POVIAC®/CaCO,/HAP-200 composite
after immersion in SBF at higher magnification: a) near the cavity; and
b) inside the cavity.
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Figure 6. Physicochemical characterizations of POVIAC®/CaCO,/HAP-200 composite, before and after soaking in SBF for 30 days: a) FT-IR analyses; and
b) X-ray diffraction patterns.

calcium carbonate characteristic structural bands is considerably able to favor the formation and the deposition over the inorganic filler
reduced (Figure 6a), and the intensity of the typical CaCO, reflexions and the polymeric matrix of a new calcium phosphate phase, with
in the XRD patterns is lowered in a similar way (Figure 6b). the typical features of nanometric hydroxyapatite.
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