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Nesse trabalho, compdsitos de matriz polimérica foram projetados para reproduzir duas
importantes caracteristicas dos vidros bioativos, que sao responsaveis por capacitar a tais materiais
se ligarem rapidamente ao tecido 6sseo: (1) capacidade de prover ions, como os de célcio e fosfato,
ao ambiente vizinho; e (2) possuir uma estrutura de superficie ideal que favoreca uma rapida
precipitagéo heterogénea de hidroxiapatita carbonatada (HCA). Este novo compésito foi preparado
através da incorporacao de particulas de vidro bioativo numa matriz polimérica. O teste in vitro de
bioatividade foi realizado através da introdugcdo das amostras em solugdes-tampéo, assim como em
solucdes simuladoras dos fluidos organicos. Espectroscopia no infravermelho foi usada para avaliar
a cinética de precipitacdo da HCA. Os resultados mostraram que os compdsitos desenvolvidos
podem suprir ions em taxas e concentra¢cdes comparaveis ou superiores as de vidros bioativos
puros. Além disso, a quimica de superficie dos compdsitos foi alterada para reproduzir o tipo de
superficie presente em vidros bioativos. Os resultados demonstraram que a bioatividade in vitro de
compositos pode ser ampliada através da modificacdo quimica das superficies do polimero via
introdugé&o de grupos alcoxissilanos especiais.

Composites that can mimic the in vitro bioactive behavior of bioactive glasses were designed to
fulfill two main features of bioactive glasses that are responsible for their high bond-to-bone rates:
(1) capability of providing ions such as calcium and phosphate to the nearby environment and (2)
ideal surface structure that allows fast heterogeneous precipitation of hydroxy-carbonate-apatite
(HCA). The novel composites were prepared by incorporating bioactive glass particles into polymer
matrices. The in vitro bioactivity test was performed by introducing samples into a buffered
solution as well as into a simulated body fluid solution. FTIR was used to evaluate the kinetics of
HCA (hydroxy-carbonate-apatite) precipitation. The results showed that the obtained composites
can supply ions, such as silicates and phosphates in rates and concentrations comparable or
superior than bulk bioactive glasses. Moreover, the surface chemistry of the composites was
altered to mimic the surface of bioactive glasses. It was demonstrated that the in vitro bioactivity
of the composites was enhanced by chemically modifying polymer surfaces through the introduction
of special alkoxysilane groups.

Keywords: bioactive polymer composites, biomaterials.

Introduction served that even the most "inert" material would provoke
some type of reaction from the body, expressed by the for-
The use of synthetic materials as a way to replace dammation of a thin non-adherent fibrous capsule that would
aged tissues has been studied and practiced for a long timgevent higher levels of interaction between tissue and bio-
The initial goal was focused on finding an ideal biomaterialmateriat. Nevertheless, fixation of the implant in place is
that would promote minimum response from the body. Thiglesired in many applications and then adhesion in the bioma-
initial idea of "bioinertness" was progressively realized notterial-tissue system needs to be achieved. Several ways to
to be enough for many applications. Moreover, it was obpromote adhesion were then investigatedch as use of
plates, pins and screws (mechanical interlock) growth of tis-
* e-mail: rorefice@demet.ufmg.br sue through a porous biomaterial (biological fixation) fixation
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due to a cementation or polymerization reaction and use of including rate of differentiation of osteoblasts, was shown
biodegradable pins or sutures. to be enhanced significantly by the bioactive glass sur-
Another way to promote fixation was demonstraied faced. In vivoand cell culture studies have shown that the
the late sixties. In this case, coupling between tissue and capability of increasing osteoblastic activity is not a char-
material was promoted by an integration process. This in- acteristic of all bioactive materials. While bioactive glasses
tegration process is based on the processing of a group ofcan enhance such activity, no great difference was noted
reactions on the material surface that will lead to the forma- between other bioactive materials, such as synthetic hy-
tion of a dynamic high-strength interphase. In this inter- droxyapatite, and inert materials in relation to this phenom-

phase, both inorganic and organic species are combinedenor$. Therefore, the division of bioactive materials in two

through physical-chemical and biochemical interactions.
Materials that promote this type of interaction with living
tissues by forming chemical linkages are called bioactive

materials. Bioactive glasses and hydroxyapatite are examples

of this type of material.

Bond formation between bioactive glasses and living
tissues is allowed basically due to the ability of those glasses
to corrode when exposed to distilled water or simulated
body fluids. When submitted to this type of environment
as well as body fluids, a series of reactions starts to de-

classes was proposed

(1) Class A includes bioactive materials, such as
bioactive glasses, that not only act as a matrix for
bone cell growth (osteoconductive process), but
also increase the rate of bone cell proliferation.

(2) Class B includes bioactive materials that are only
osteoconductive.

The ability of bioactive glasses to accelerate cell
growth has been studied and attributed to the release of

velop on the surface of bioactive glasses. These reactionssoluble silica from these glasses, that would affect intra-

involve: (1) the ion exchange process between the solution
and the glass surface, leading to the releaseQf®&*

and PQ3-ions and formation of silanol groups (SiOH);(2)
release of soluble silica from the glass surface due to the
breakage of Si-O-Si bonds; (3) polycondensation of silanol
groups and formation of a porous silica rich layer; (4) pre-
cipitation of a CaO-Os rich film on the glass surface; (5)
crystallization of a hydroxy-carbonate-apatite (HCA) layer
by incorporation of OHand CQ@2- anions from solution.

In vivostudies revealed that these reactions also occur
on the surface of bioactive glass impl&nfhose studies
showed that materials that cannot induce precipitation of a
HCA layerin vitrowill likely not be able to bind to bone.
Moreover, the sequence of events obseitvedro also
correlates tan vivoresult$. Thereforejn vitro experi-
ments that simulate the conditions observed in human bod-
ies can be used to qualitatively study the bond-to-bone
ability (bioactivity) of materials. The formation of silica rich
and HCA layers is used to define ftimevitro bioactive
behavior of the material.

A series of six more reactions is observed during a tis-
sue-bioactive material bond formatfoithey involve in-
teractions between biological species and the HCA-silica
rich layers, i. e. the adsorption of biological moieties in the
HCA-silica rich layer, attachment of cells, generation of bone
matrix and mineralization of bone matrix.

It was showndthat the rates of attachment and spread-
ing of certain types of fibroblasts, that are responsible for
the formation of the non-adherent fibrous capsule on the
surface of "biologically inert" implants were reduced on a
bioactive glass surface. On the other hand, cellular activity,

cellular mechanisnis

Class A bioactive materials show experimentally faster
rates ofn vitro hydroxy-carbonate-apatite layer precipita-
tion (within 20 hours) and higher rates of bond to bone
formation in contrast to class B bioactive matefidi$ass
A bioactive materials have also the capability of bonding
to soft tissues, while Class B can only bond to bone.

As commented before, most of the bioactive materials
are ceramic type materials, and thus they are commonly
namedioceramicsEven though the use of bioceramics
as implant has spread over the world, the mismatch be-
tween the mechanical properties of ceramics in relation to
the mechanical properties of natural tissue must be over-
come in order to enlarge the number of load bearing appli-
cations of bioceramics. Ceramics have typically a higher
elastic modulus and a lower fracture toughness than bone.
The special mechanical properties of bone and teeth are pro-
duced by the combination of a hydroxy-carbonate -apatite
phase in a collagen matrix. Therefore, the production of a
molecularly tailored composite that can mimic the structure
of bone is a potential path to solve the difference in mechani-
cal properties between bioceramics and living tissues.

Polymer composites, which include a bioactive phase,
represented by a bioactive glass, glass-ceramic or ceramic
introduced into a high mechanical performance polymeric
matrix, have potentially the capability of combining bioactive
behavior with adequate mechanical properties. These new
bioactive composites would then be potentially used in
load bearing applications.

In this work, we tested the hypothesis that bioactive
polymer composites can be designed to mimic the behavior



80 Oréfice et.al J. Braz. Chem. Soc
of bioactive glasses regarding the in vitro bioactivity. To (tetramethoxysilane) into a water/ethanol solution (pH =
accomplish this task, these novel composites will have to 1.5, regulated by adding HCI and molar ratios between wa-

furnish ions (such as calcium and phosphate) in rates andter/ethanol = 0.5 and water/TMOS = 20). The solution was

concentrations similar to bulk bioactive glasses, and also
they will need to have a surface structure that can allow
fast deposition of HCA layers. The ultimate goal is to for-
mulate a new biomaterial that would have tailorable bioactive
behavior and properties that could fit into the design of a
particular biomedical device.

Experimental

A soda-lime silicate bioactive glass (molar composition:
46.1% of SiQ, 24.4% of NaO, 26.9% of CaO and 2.6% of
P,0Os) was used as the bioactive phase of the composite,
being therefore the source of bioactivity and responsible for
reinforcing the polymer matrix. The glass was used in a par-
ticulate form (125-106 pm) and was prepared by ball milling a
quenched glass, melted at 1300°C. Particle sizes were class
fied with sieves and then measured by light scattering.

Potential candidates for the matrix of the composite are
poly(aryl sulfones), due to their high mechanical proper-
ties and great stability at body environnfe@lass par-
ticles were introduced into polymer matrices by using a
method that involved the dissolution and reprecipitation
of the polymer on particle surfaces. Poly(aryl sulfones) were
dissolved in chlorofom (100g/dn After complete disso-
lution, glass particles were introduced into the solution
and ethanol was added during vigorous stirring. Ethanol is
a poor solvent for poly(aryl sulfones) and forces the poly-
mer out of solution. Composites with 40% volume fraction
of particles were prepared, dried at 150°C for 24 h and then
hot pressed at 210°C.

Growth of silicate films on polymer substrates

In order to promote faster rates of HCA precipitation, sili-

cate species were inserted onto the surfaces of composites. A

series of reactions at the surface of poly(aryl sulfones) were
processed in order to incorporate silicate species onto it. The
heterogeneous modification of poly(aryl sulfones) included
the introduction of sulfonic acid groups onto the polymer,
through the reaction of the polymer surface with chlorosulfonic
acid. The introduced groups were then converted to
alkoxysilane groupsvia reaction with aminopropyl
triethoxysilane, or isocyanatopropy! triethoxysilane.

Silicate species were grown on the surface of silanated
PAS-40% bioactive glass composites, by dipping samples
into a sol containing silicate species and calcium nitrate for
15 min, followed by washing with ethanol. A solution con-
taining silicate species was prepared by introducing TMOS

stirred for 5 min and then Ca(NJ2 was added to the solu-
tion. The molar ratio between TMOS and Ca@g{ised

was calculated to yield a 60/40 ratio between silica and
calcium oxide. This silicate film can have ideal characteris-
tics for enhancing the deposition of HCA in body fluids,
i.e., high surface area, negative surface charge and high
silanol concentration. Furthermore, the presence of calcium
ions can also favor a local supersaturation in ions needed
for the HCA precipitation.

In vitro test

Polished composites (SiC sand paper # 600) were sub-
mitted toin vitro tests that include the following steps:
suspending the sample in simulated body fluids (SBF) or
Tris-buffer solution (ratio between sample surface area and

solution volume = 0.1 crf) at 37°C for a desired period of
time. After that, FTIR diffuse reflection spectroscopy was
performed on the sample surface to identify the formation
of hydroxy-carbonate-apatite (HCA) layer. The Tris-buffer
solution is a water solution buffered at pH = 7.3 with 50
mmol/dn® of trishydroxymethyl aminomethane and 45
mmol/dn® of hydrochloric acid. The SBF was prepared us-
ing the following reactants: NaCl, NaHGOKCI,
KoHPO,4.3H,0, MgCh.6H,0, HCI, CaCh, NapSOy,
NH>C(CH,OH)3 in proportions to yield the concentrations
revealed in Table 1. SBF's have ionic concentration close to
blood, while Tris-buffer solutions has no inorganic ion other
than chlorides. Table 1 compares the ionic concentration of
SBF with human blood and Tris-buffer solufon

Table 1 lonic concentrations (mmol/djnof SBF (simulated body
fluids), human blood plasma and Tris-buffer solution.

lon SBF Tris-buffer Blood plasma
Na 142.0 0.0 142.0
K+ 5.0 0.0 5.0
Mgz 1.5 0.0 1.5
Ca+ 2.5 0.0 2.5
Cl- 147.8 45.0 103.0
HCO; 4.2 0.0 27.0
HPOZ 1.0 0.0 1.0
SO 0.5 0.0 0.5

FTIRRS (FTIR Reflection Spectroscopy) can give in-
formation on the surface chemistry of powders and bulk
samples from a depth of 3 to 30 um. Thus, the reactions
undergone on the surface of bioactive materials can be
followed by this techniqu®. FTIR diffuse reflection was
performed using a Nicolet 20SXB spectrometer with a tri-
glyceride sulfate detector. A DRIFT (DRIFT: Diffuse
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Reflection FT-IR Spectroscopy) accessory from Tech, Inc. tures. Moreover, after the first 20 h of test, the concentration

was used to perform diffuse reflectance. of ions released from the composite reaches levels very close
Inductively Coupled Plasma (ICP) was used to analyze to pure bioactive glasses, even though they have a surface

the ionic concentration of elements leached from the mate- only 40% covered by a truly bioactive phase. This behavior

rials duringn vitrotest. can be explained by the fact that the overall ionic evolution
from the composite is actually formed by two different com-
Results and Discussion ponents: release of ions from the exposed particles and re-
lease of ions from interfaces between particles and polymer
lonic evolution from bioactive composites within the composite.

As commented before, the reactivity of bioactive mate-
rials, specially bioactive glasses, is related to the capability
of these materials to corrode and to furnish ions to the
nearby agqueous environment. The rates of surface disso- 6+
lution and network breakdown can be identified by moni-
toring the evolution of ions from the material into solution.
In order to study the bioactivity of composites, the ionic
evolution from these materials was determined and com-
pared to the same process in pure bioactive materials. 2 4

Poly(aryl sulfones) samples with 40% volume fraction of

[P043'] /ppm

—=—PAS40BG
—e—Bioactive glass

1 4 —A— Rule of mixtures
glass and pure bioactive glasses were dipped into a Tris-buffer
solution (pH = 7.3) at 37°C. The samples were kept in solution 0 10’00 20’00 30’00 oo
for the following periods of time: 0, 60 and 120 min, 6 and 20 h Time/min

and2,4and7 days. The SAV (sample surface area per VOIumq:igure 1. ICP data: ionic evolution of phosphate ions from bioactive
of solution) used was 0.1 ¢hmAfter the designated period of  glasses and PAS-40% bioactive glass composites.

time in solution, the samples were withdrawn and the solution
was collected for analysis by ICP. The surface of the collected
samples was studied using DRIFT.

In Figures 1 and 2, the solution concentration as a func-
tion of time for phosphate and silicate ions, respectively, is 501
displayed for both pure bioactive glasses and composites
with 40% volume fraction of glass. Both ions are present in
glass particles and are released due to surface dissolution of
the particles. The first and also the most simplistic approach
to predict the behavior of a composite composed of bioactive
glass particles within a polymer matrix would be to simply
apply the "rule of mixture". In this hypothesized case, the 0 ,
behavior of a composite regarding the evolution of ions from 0 1000 2000 3000 4000
the material would only be due to the portion of the surface Timemin
covered by the glass. In Figure 1, the data calculated usingFigure 2. ICP data: ionic_ evo_Iution of silicate i_ons from bioactive

. . glasses and PAS-40% bioactive glass composites.
the rule of mixture were also included. These data would be
produced by a bioactive composite where only the exposed
particles would react. Therefore, by using this simple as- The usual trend in bioactive materials is that the con-
sumption (rule of mixture), it would be predicted thatthe centration of ions tends to become stable in solution from
kinetics of ionic evolution from a composite with 40% ofits ~ the point where the concentration limit of the solution has
area covered by a bioactive phase would follow the same been reached. A precipitation process may also resultin a
trend as in a pure bioactive glass but the concentration in decrease in the concentration of phosphate ions, since it
solution of leached ions would be 40% of that due to pure can lead to the formation of a precipitated layer that can
glass. From Figure 1, it is clear that ionic evolution from the  restrict further diffusion of ions from the composite (Figure
composite, although initially lower than from pure glass, is 1). In terms of phosphate concentration in solution, the
much higher than the rate calculated using the rule of mix- ionic concentration in solution for the composite is almost

70

40 +

30 +

[sio,*]/ppm

20 +

—m- PAS40BG
—8— Bioactive glass
—A— Rule of mixtures
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1.5 times the concentration in solution for a pure bioactive Table 2. EDS analysis on particles within a poly(aryl sulfones)-40
. vol.% bioactive glass composite submitted to ianvitro test

glas; at20 .h of reaction. After 20 h of.tesF, the concgr?tra— (mol% concentration).

tion in solution starts to drop as an indication of precipita-

. . . .. Samples Si Na,0 P,0 CaO
tion of a phosphate rich layer. The higher concentration in : © % e

olution before precipitation may actually be a result of a Reacted surface particle  64.2 12.3 2.7 208
solutl p Ipitat Yy ually su Bulk bioactive glass 46.1 24.4 2.6 26.9

higher SA/V (ratio between surface area and volume of
solution) than that initially set up for the test (surface area
associated with the particles within the composite was not gy g|ution of ions from the glass and presence of a very
counted in the calculation of the SA/V ratio). reactive surface area that provides sites for the nucleation
The evolution of silicate ions from bioactive COMpOS-  of HCA, The results obtained from ICP show that the first
ites in reference to pure bioactive glasses is also exhibited t5ctor related to the bioactivity of bioactive glasses (evolu-
in Figure 2. The trend in this curve is the same as above: tjo of jons from the material) is closely reproduced by

higher concentration of.silicate.i.ons iq solution than ex- glass-poly(aryl sulfones) composites having 40% volume
pected. The concentration of silicate ions also seems to 4 e glass phase. The rate of evolution, as well as the

approach a stable value after 20 h. This concentration, how- composition of solution after the first 20 h are higher for
ever, is greater than that obtained for pure bioactive glassescomposites with 40% of glass particles when compared

as a consequence of the evolution of ions from particles yyith pylk bioactive glasses. Therefore, at least in terms of
not exposed. The capability of bioactive composites of pro- gy |ution of ions from the material, composites are per-
viding silicate ions to the solution can be very importantin forming similarly to bulk bioactive glasses.

defining the type of bioactive behavior developed by the

material. As commented before, silicate ions can be respon- Effect of the surface chemistry on the bioactivity of composites
sible for elucidating intracellular mechanisms.

The hypothesis that particles within the composite Were inetics of in vitro precipitation of HCA on bioactive
participating in the ion exchange process was confirmed
by checking the composition of particles on the fractured
surface of composites submitted tammitrotest using One characteristic of bioactive glasses that enables their
electron microprobe (SEM-EDS). Table 2 reveals the results in vitro bioactive behavior is the presence of a very reactive
of a semi-quantitative computer routine applied to the EDS surface area, with large number of sites and specific features
results. The composition of pure bioactive glasses is also for the nucleation of a HCA layer. The surface area of
shown in this table. From these results, it is clear that sur- bioactive composites has both non-bioactive and bioactive
face reactions, such as ion exchange, occurred on the surportions. The process of deposition of HCA layers on both
face of particles inside the composite. The sodium concen- non-bioactive and bioactive portions of composites was fur-
tration, which is the most mobile ion within the glass struc- ther investigated by analyzing their behavior when exposed
ture, was reduced and the formation of a silica rich layer to solutions with neither calcium nor phosphate ions.
was observed. The concentration of calcium was alsono- ~ Composites (poly(aryl sulfones) 40% glass) were intro-
ticed to decrease when the composition of the reacted lay-duced into Tris-buffer solutions at pH = 7.3 and 37°C. Dif-
ers is compared to bulk bioactive glasses. The concentra-fuse reflection FTIR (DRIFT) was then performed on samples
tion of phosphorous was close to the detection limit for withdrawn from the solutions after certain periods of time.
EDS and semi-quantitative analysis can produce signifi- Spectra collected after 1 h (Figure 3-b) and 20 h (Figure 3-c)
cant errors. Nevertheless, no variation of the phosphorous are shown in Figure 3. The spectrum collected before the test
concentration was identified for bulk bioactive glasses and is also shown to enable comparisons (Figure 3-a). In this
reacted layers. The presence of high concentrations of cal-spectrum peaks associated with the glass can be seen among
cium and phosphate ions within the silica rich layer may be others due to the polymer. The characteristic frequencies
related to the deposition of calcium-phosphate precipitates and assignments of IR absorption are shown in Table 3 for
within this layer, as a result of local supersaturation in cal- poly(aryl sulfones), bioactive glasses and also hydroxy-car-
cium and phosphate ions in the voids presented in de- bonate-apatite (HCA). The most important features in the
graded interfaces of composites. Therefore, it was clear spectra of reacted samples (Figures 3-b and 3-c) are observed
that the interface between particles and matrix was acting in the vibrational frequency range associated with the glass.
as a pathway for the infusion of water. These regions are mainly located between 1100-960 cm

As commented before, threvitrobioactive behavior and 500-400 crih. After 1 h of exposure to the buffered solu-
of bioactive glasses can be attributed to two major factors: tion (Figure 3-b), a peak around 900-&rabserved in the

polymer composites
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unreacted composite, had disappeared. This region is assoat 1100 cni to lower frequencies. This same trend is ob-
ciated with the non-bridging oxygen bonds within the glass served in pure bioactive glasses due to the formation of
network. A reduction in this peak is often seen in bioactive HCA layer on the surface of the sample. The new peak seen
glasses due to the progressing of the ion exchange processat 1070 cni is related to the vibrational modes of P-O bonds
and polymerization of silanol groups that result in the forma- in the HCA layer. Other peaks associated with the HCA are
tion of a silica rich layer. Thus, the result exhibited in Figure usually located around 600 chibut they cannot be easily
3-b reveals the development of the ion exchange processseen in the spectrum of the reacted composite because
and formation of a silica-rich layer on the surface of exposed they overlap with polymer peaks. Although not shown in
glass particles. Figure 3, the spectrum of the sample submitted to a 7 day-
test in Tris-buffer is very similar to the spectrum exhibited

in Figure 3-c, proving that no major changes on the surface
Tris Buffer of the composites were noted between 20 h and 7 days.
Therefore, the presence of polymer peaks in the spectrum
of Figure 3-c suggests that even after 20 h and 7 days in
Tris-buffer solution, a HCA layer is not present on the whole
®)1h surface of the composite, but possibly only on the glass

() 20 particles. The deposition of the HCA layer only on the
surface of the exposed glass particles was confirmed by

(d) Particle after 20 h FTIR microscopy FTIR microscopy (Figure 3-d). In this case, an optical mi-
M croscope was used to identify microscopic features (par-
ticles) and to focus the IR beam on them. The spectrum of

SBF

Reflectance/relative

() Composite after 20 h glass particles on the surface of the composite after 20 h in
: : : : ] ; Tris-buffer is shown in Figure 3-d. The peak around 1070
1800 1600 1400 1200 1000 800 ~ 600 400 cnrlclearly demonstrates the presence of a HCA layer on

1

Wavenumber/cm ° the surface of the glass particles. Otherwise, no HCA was

Figure 3. DRIFT (Diffuse Reflection FTIR Spectroscopy) spectra of ~ Observed in the area covered by the polymer in the com-
PAS-40% glass composites submitted tdedént in vitro tests: (a) posite surface evenin7 days.

before the test; (b) after 1 h in a Tris-buffer solution; (c) after 20 h in . . .
a Tris-buffer solution. The spectrum of a particle on the composite In Figure 3-e, the DRIFT spectrum of a composite with

surface after 20 h in a Tris-buffer solution is shown in (d) and was 40% volume fraction of glass, submitted tarewitrotest in

obtained by using FTIR microscopy. In (e), the DRIFT spectrum of ; ‘e rinh i ; ;

the composite after 20 h in SBF (simulated body fluid) is shown. ,SBF (SOlUtI(?I’l that is rICh,m F:almum and phosphate ions)
instead of tris-buffer solutidhis shown. The peaks shown

Table 3. FTIR frequencies of poly(aryl sulfones), bioactive glasses inthis flgl_'lre (peaks around 1070, 600 and 55€)@re typi-

and hydroxy-carbonate-apatite. cal HCA infrared peaks. Moreover, peaks due to the polymer

and glass are barely seen in this spectrum, denoting that the

characteristic signals of those materials were reduced by the

presence of a HCA layer covering the whole surface of the

Wavenumbers (crf) Peak Assignment

Poly(Aryl Sulfones): reference peaks
3050-2750 V(C-H)

1600-1500 v(C=C) composite. FTIR microscopy and SEM images were used to

1376-1300 v,{C-SQ-C) prove that a HCA layer was actually covering the entire sur-

" ;5_5100 00 ' ("C(ng)c) face of the composite reacted for 20 h in SBF. Figure 4 shows
740-690 ° v(C-S) a SEM (Scanning Electron Microscopy) micrograph of the

surface of a composite with 40% volume fraction of particles

Bioactive glasses: reference peaks : o el
after 20 h in SBF. This micrograph revels the characteristic

1100-1000 V(Si-O-Si) . .

980-850 V(Si-OH) acicular texture of a HCA layer covering the whole surface.
540-415 r(Si-O-Si) Figures 3-c to 3-e allow an important conclusion to be
Hydroxy-carbonate-apatite: reference peaks made, that is related to the behavior of the composites in
1070-1020 v(P=0) vitro when immersed in Tris-buffer compared to compos-
610-550 r(P-O) ites immersed in a SBF solution. After 20 h in SBF, a fully

developed HCA layer that covers the whole composite
By comparing the spectrum of a sample reacted for 1 h

(Figu.re S-b) with that re‘_"lcj[ecj for20h (Figure S'C)’ itis *SBF has an ionic concentration close to blood while in Tris-buffer
possible to observe a shift in the wavenumber of the peak there are no inorganic ions, but-.Cl
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In vitro test on silicated poly(aryl sulfones)-bioactive
glass composites

Surface silicated poly(aryl sulfones)-40 vol.% bioactive
glass composites were submitted to a 20 Witro test
in Tris-buffer at pH 7.3. A DRIFT spectrum of a silicated
composite before the vitrotest is reproduced in Figure
5-b, while the spectrum of a non-modified PAS-glass com-
posite is exhibited in Figure 5-a . Siloxane peaks at 1100-
ok 1000 cmt can be seen in Figure 5-b, while polymer peaks
Figure 4. SEM micrograph of the surface of a PAS-40% glass were not present, indicating the presence of a thick silicate
composites after 20 h in a SBF solution. On the top: higher 1y covering the majority of the composite surface. Peaks
magnification of the same surface to reveal HCA texture. .
between 700-640 ciare usually assigned to hydrates and
can be due to the presence of calcium hydrates. It was then

surface can be noted, while only the particles are covered 4o nstrated the success of the procedure developed to
with HCA after the first 20 h in Tris-buffer. Since SBF is a grow silicate species on poly(aryl sulfones) surfaces.

metastable solution with respect to the precipitation of HCA,
the solubility limit for a heterogeneous precipitation of HCA

or even homogeneous precipitation can be easily reached.
Thus, calcium and phosphate ions migrating from exposed
and internal glass particles of the composite can cause a
local solution saturation that would force the heterogeneous
precipitation of HCA on exposed glass particles and also
homogeneous HCA precipitation on the rest of the com-
posite surface. In Tris-buffer, ions migrating from particles
of the composite can locally saturate the solution near the
surface. However, the levels of saturation reached are not
enough to induce homogeneous precipitation of HCA and @
only heterogeneous precipitation on the surface of exposed q\
glass particles will occur within short periods of time (up to : : : :

seven days for PAS-40 vol.% glass composite). 1200 1000 800 600 400
Wavenumbers/cm

HCA
(©

(b)

Reflectance/relative

Growth of silicate films on polymer substrates as a method Figure 5. DRIFT spectra of a series of PAS-40% glass composites

to enhance bioactivity of polymer composites with modified surfaces: (a) untreated surface befareitro test; (b)
silicated surface before vitro test; (c) silicated surface after 20 h in

As discussed before, PAS-40 vol.% bioactive glass a Tris-buffer solution.
composites can provide the ionic evolution typical of
bioactive glasses but the percent of the surface covered by = The DRIFT spectrum of the silicated composite after 20
the polymer does not have the characteristics that can leadh in Tris-buffer is revealed in Figure 5-c. The peaks due to
to heterogeneous precipitation of HCA (such as silanol the deposition of a thick HCA layer covering the whole
groups, high surface area and negative surface charge). Ascomposite surface were observed in this spectrum (600-550
a consequence of this fact, HCA deposition only occurs cnrl), while no polymer peaks are detectable.
on the surface of exposed particles in 7 days, for bioactive ~ Since an untreated poly(aryl sulfones)-40% bioactive
composites tested in solutions with low concentration of glass composite does not develop a HCA layer covering
calcium and phosphate ions. the whole surface of the sample within 7 days, the growth
In this work, the hypothesis that surfaces of bioactive of silicate species from the poly(aryl sulfones) fraction of
composites can also be designed to promote enhanced ratethe composite surface shifted the onset of HCA precipita-
of HCA precipitation was tested. This improved bioactive tion to shorter times. This new composite with silicated
composite would then possibly be classified as "Type A" surfaces is then following tfie vitro behavior of class A
bioactive materi@l The surface modification of the composite  bioactive material, and therefore can potentially bend to
consisted on the incorporation alkoxysilane species on the both soft and hard tissues as well as induce intracellular
polymeric fraction of the surface of a bioactive composite. = mechanisms such as to enhance osteoblastic activity.
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Conclusion in vitro requirements previously defined for this
N _ _ classification, such as: high rates of calcium, phosphate
Summarizing the overall phenomenomaditrobioac- and silicate ions evolution from the material similar or higher

tivity of the investigated composites, itis possible to say than the ones reported for bioactive materials Class A;
that composites with 40 % volume fraction of glass behave capability of promoting fast deposition of HCA layers when
similarly to highly bioactive glasses in terms of ionic evolu- exposed to solutions with metastable concentrations of
tion from the material. Extensive and fast release of silicate -gicjum and phosphate ions: capability of promoting fast
and phosphate ions from materials when exposed to body yeposition of HCA layers when exposed to solutions with
fluids are particular characteristics of highly bioactive | concentrations of calcium and phosphate ions. A type
materials. The similar or higher rates of ionic evolution from  a pioactive materi@ican bind to both soft and hard tissues

composites, when compared to bulk bioactive glasses, weress well as induce intracellular mechanisms such as to
explained by the fact that particles within the composite are gnhance osteoblastic activity.

participating in the overall dissolution process.

It was noted that precipitation of HCA on the whole
composite surface, within periods of time similar to
bioactive glasses, can occur if the solution used is already

saturated in calcium and phosphate. Otherwise, if the solu- | ) )
pHiosp assistance of CNPq (Conselho Nacional de Desenvolvimento

tion used for the vitrotest is not saturated, only precipi- o T .
. . Cientifico e Tecnolégico) of the Brazilian Government.
tation at the exposed glass surfaces occurs in seven days.

In this work, a contribution of both (1) heterogeneous nucle-
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