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Abstract: Pseudowollastonite ceramics (B-CaSiO;) from
synthetic and natural sources were assessed with regard to
their properties relevant to biomedical applications. Syn-
thetic and natural CaSiO; powders, with average particle
size of 1.6 and 13.2 pm, respectively, were first employed.
Powders were pressed and sintered at 1400°C for 2 h. Pseu-
dowollastonite was the only crystalline phase in sintered
materials. Glassy phase, eight times more abundant in sin-
tered natural wollastonite (SNW) than in the synthetic one
(SSW), was observed in grain boundaries and in triple
points. Larger grains and bigger and more abundant pores
were present in SNW, resulting in lower diametral tensile
strength (26 MPa), than in SSW (42 MPa). However, by mill-
ing the natural wollastonite starting powder to a particle
size of 2.0 um and sintering (SNW-M), the microstructure
became finer and less porous, and diametral tensile strength
increased (48 MPa). Weibull modulus of SNW and SNW-M

samples was twice that of the SSW. All the samples released
Si and Ca ions, and removed phosphate ions from simulated
body fluid in similar amounts and were completely coated
by apatite-like spherules after soaking in simulated body
fluid for 3 wk. The aqueous extracts from all samples stud-
ied were not cytotoxic in a culture of human fibroblastic
cells. No differences in fibroblast-like human cells adhesion
and proliferation were observed between samples. Accord-
ing to the obtained results, properly processed pseudowol-
lastonite bioceramics, obtained from the natural source, ex-
hibit the same in vitro behavior and better performance in
terms of strength and reliability than do the more expensive
synthetic materials. © 2007 Wiley Periodicals, Inc. ] Biomed
Mater Res 83A: 484-495, 2007
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INTRODUCTION

Glasses composed of S5iO,, Na,O, CaO, and P,0s,
which were developed by Hench et al., were the first
materials where in vitro bioactivity and tight bond to
living bone were observed.! After this, several phos-
phorus-containing materials have also been de-
scribed as bioactive, which exhibit quite different na-
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ture. Apatite-wollastonite glass-ceramics from the
system MgO—CaO—SiOz—PzO5—Can2 and some calcium
phosphate ceramics were soon established as bioac-
tive materials, and they are currently used in clinical
practice as fillers for bone defects, middle ear, verte-
bral, and dental implants.3

However, phosphorus-containing ceramics, bio-
glasses, and glass-ceramics are not the only bioactive
materials. Ohura et al. also observed the formation
of an apatite layer on the surface of glasses of the
system CaO-5iO, exposed to a simulated body fluid
(SBF).* More recently, synthetic crystalline com-
pounds in the systems CaO-MgO-5iO, and CaO-
5i0,, for example, diopside (CaMgSi,Og) and pseu-
dowollastonite (B-CaSiOs), have also been found to
be bioactive.”® Pseudowollastonite ceramics quickly
react in SBF. Calcium ions from the pseudowollas-
tonite network are exchanged for H" from the SBF
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Figure 1. X-ray diffraction patterns of synthetic and natu-
ral wollastonite powders. (a) Synthetic; (b) Natural.

medium and an amorphous silica layer is formed.
Because of this exchange, the pH, just at the interface
pseudowollastonite/SBF, increases up to 10.5 and
partial dissolution of the amorphous silica and pre-
cipitation on the pseudowollastonite surface of an
apatite-like phase take place.” In vivo test in rat tibia
showed that osteoblasts migrate to the surface of
pseudowollastonite implants and deposit new wo-
ven bone directly onto their surface, which gradually
transforms into mature bone.'”!" Synthetic pseudo-
wollastonite ceramic was not cytotoxic,l2 and on the
contrary, dissolution products from pseudowollas-
tonite ceramics induced calcification in osteoblast
cultures in vitro.">'> In spite of the availability of
high purity and cheap commercial natural wollas-
tonite,'® only synthetic pseudowollastonites have
been studied and evaluated as precursors for prepar-
ing bioactive pseudowollastonite ceramics.

Thus, the present research is aimed to compare
pseudowolllastonite ceramics from synthetic and
natural sources with regard to their properties rele-
vant to biomedical applications.

MATERIALS AND METHODS

Materials

Synthetic polycrystalline pseudowollastonite powder was
prepared by solid state reaction between CaCO; (Probus
AG) and SiO, (washed Belgian sand) in a molar ratio equal
to 1, as elsewhere described, and grinded to an average par-
ticle size of 1.6 pm.!” Powdered natural wollastonite, Van-
sil®™ W40, was supplied by R.T. Vanderbilt, with an average
particle size of 13.2 um. Part of this material was milled in
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isopropanol by attrition milling to an average particle size of
2.0 pm. Qualitative X-ray diffraction analysis showed that
the major crystalline phase was B-CaSiO; (JCPDF 31-0300) in
the synthetic powder and «-CaSiO3, also called CaSiOs-Tc
(JCPDF 43-1460), in the natural one. Minor amounts of
prehnite (2Ca0O-Al,O3-35i0,-H,O, JCPDF 29-0290) and diop-
side (Ca(Mg,Al),(Si,Al),O6 JCPDF 41-1370) were also found
in the natural wollastonite (Fig. 1).

The results of chemical analysis by X-ray fluorescence,
for both materials, are shown in Table I.

Sintered ceramics were prepared by one of the following
procedures:

a. Powders were axially pressed in a stainless steel
mould at 500 MPa and sintered at 1400°C for 2 h,
with heating and cooling rates of 600°C/h. Sintered
cylinders were 4.0-5.0 mm in diameter and 3.2-3.6
mm in height.

b. Powders were isostatically pressed at 200 MPa and
sintered as described earlier. Discs of 10 mm diameter
and 1 mm thickness were cut with a diamond saw.

Hereafter, the terms SSW (sintered synthetic wollaston-
ite), SNW (sintered natural wollastonite), and SNW-M will
be employed to designate ceramics prepared from syn-
thetic pseudowollastonite and from not-milled and milled
natural wollastonite, respectively.

X-Ray diffraction

X-Ray diffraction analysis was performed on powdered
specimens in a diffractometer D5000 with a Kristalloflex go-
niometer (Siemens) and Cu-target. Diffractograms were
recorded employing Ni-filtered radiation (A = 1.5406 A), and
anodic voltage and current of 50 kV and 30 mA, respectively.
The step size was 0.05° and the time/step ratio was 1.5 s.

Microstructure characterization

The microstructure was studied on specimens polished
with diamond down to 1 pm and chemically etched, when

TABLE I
Chemical Composition of the Starting Materials (wt %)
Natural Synthetic
Component Wollastonite ~ Pseudowollastonite

CaO (%) 443 + 03 482 + 03
SiO, (%) 50.1 = 0.3 51.3 = 0.3
ALO; (%) 0.75 = 0.01 0.18 = 0.01
MgO (%) 1.99 = 0.01 0.13 = 0.01
Na,O (%) 0.24 + 0.002 0.019 = 0.002
K20 (%) 0.069 = 0.001 0.076 = 0.001
MnO (%) 0.026 + 0.003 0.029 = 0.003
Fe,05 (%) 0.14 + 0.004 0.042 = 0.004
TiO, (%) 0.019 + 0.002 n.d.
SrO (%) 0.041 = 0.002 0.013 = 0.002
BaO (%) 0.043 + 0.002 n.d.
Zn0O (%) 0.012 = 0.002 n.d.
P,0Os5 (%) 0.077 + 0.003 0.029 = 0.003
SO3 (%) 0.015 = 0.002 n.d.
L.O.I (%) 2.13 = 0.03 n.d.
Si0,/Ca0 (molar ratio)  1.056 * 0.001 0.994 *= 0.008
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required, with diluted acetic acid (1:5). Gold-coated samples
were examined in the scanning electron microscope (SEM).

Scanning electron microscopy and energy
dispersive spectroscopy

SEM analysis was performed using a field emission
scanning electron microscope Hitachi S-4700 (Hitachi, Ja-
pan). For elemental microanalysis and mapping, an X-Ray
energy dispersive spectroscopy (EDS) module was em-
ployed coupled to the microscope. Samples were gold
coated, except those intended to phosphorus microanalysis
or mapping, which were coated with graphite.

In vitro bioactivity

To assess in vitro bioactivity, discs, prepared by proce-
dure b, were immersed in Kokubo’s conventional Simu-
lated Body Fluid'® at 36.5°C using a ratio of volume of SBF
to area of ceramic of 0.5 cm®/mm?. SBF was replaced ev-
ery 2 days. Discs were removed at 1, 2, and 3 days, and 1,
2, and 3 wk of immersion, and rinsed with distilled water
and acetone and let dry in air.

Ion release

The calcium, silicon, and phosphorus ions release profiles
in SBF at 36.5°C were determined for SSW and SNW. Cylin-
ders prepared by uniaxial pressing and sintering were
immersed in Kokubo’s conventional SBF'® at 36.5°C, using a
ratio of volume of SBF to area of ceramic of 0.5 cm®/mm?®.
The SBF was removed and replaced with a fresh portion af-
ter several periods of immersion. Calcium, silicon, and phos-
phorus were determined in the removed SBF by inductively
coupled plasma atomic emission spectrometry.'>

Ceramic/SBF interfacial pH

An ion-sensitive field-effect transistor (ISFET-Meter) of
SizNy type9 (built at the Centro Nacional de Microelectréon-
ica CNM-CSIC, Universidad Autéonoma de Barcelona.
08193 Bellaterra, Barcelona, Spain) was used to measure
the pH exactly at the ceramic/SBF interface. A disc of the
SNW-M sample prepared by the procedure b was clamped
just onto the microelectrode and immersed in SBF solution
at 37°C (Fig. 2). The pH was continuously monitored by
means of a potentiometer, an X-Y recorder, and an Ag/
AgCl reference electrode.

Diametral compression strength

Disc specimens fabricated by uniaxial pressing and sin-
tering were used for strength determinations by Diametral
Compression (DCDT), also known as Brazilian or Brittle
Ring Test. This test was initially proposed for concretes'**
and has been proved to be a simple and practical method
for measuring the tensile strength of brittle materials even
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R - AglAgCl reference electrode

lg = ISFET microelectrode to measure pH at the bulk solution

kg = ISFET microelectrode to measure pH at the SBF/ceramic interface
S - Sample disk

W - ISFET sensible window

Figure 2. Scheme of the experimental device for interfa-
cial pH measurement.

with relatively large amounts of porosity (30-60 vol %).*!
Specimens were placed between two stainless steel loading
plates using carton pads to distribute load. Load was
applied using 5 mm/min rate for the displacement of the
loading frame in a universal testing machine (Microtest,
Spain). Fifteen specimens of each composition were tested
and the strengths were calculated using Eq. (1):

6 =2P/nDT (1)

where P is the applied load, and D and T are the diameter
and the thickness of the disc, respectively.

DCDT is based upon the state of stress developed when a
cylindrical specimen is compressed between two opposite
generators of its surface. Maximum tensile stresses, propor-
tional to the applied load, are developed normal to the load-
ing direction across the diametrical plane of the specimen
parallel to the loading direction. Fracture has to be initiated
by these tensile stresses for the test to yield useful results
and for Eq. (1) to be valid to calculate stress. Additional high
shear and compressive stresses develop close to the ends of
the specimen in contact with the loading plates, especially in
high Young’s modulus materials, that should be reduced if
failure is to initiate in tension. Therefore, all fractured sam-
ples were analyzed to ensure that fracture was not origi-
nated by extensive local crushing close to the loading points.

Weibull reliability analysis

The distribution of strength values of brittle materials is
well described by the Weakest Link Theory, which can be
acceptably represented by the Weibull function.”> The Wei-
bull parameters were determined by the procedure of
ENV-843-5. This standard implies the use of the simplest
form of the Weibull function,* Eq. (2), where P¢ (o) is the
probability of failure at the stress o, o; is a scaling con-
stant, also called characteristic strength, that corresponds
to the stress at which the probability of failure is 63.2 %,
and m is the Weibull modulus.

Pi(c) =1—exp [—z—;] (2)

According to this standard, the probabilities of failure
were calculated using Eq. (3):
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n—05
Pr=—% (3)

where N is the total number of specimens tested and n
is the specimen rank in ascending order of failure
stress. For this simple form of the Weibull function,
the threshold stress below which no failure occurs in
the material is taken as zero, as adequate for brittle
ceramics. This Weibull function has been proven to
describe adequately the strength distribution of po-
rous materials (16-60 vol %).2%-%

From a linear adjustment by the maximum likelihood
method of the plot In (In (1/(1—-Py)) versus In(oy), charac-
teristic strength and Weibull modulus were estimated for
each material. Upper and lower 90% confidence limits
were calculated for the Weibull modulus and the charac-
teristic strength to ensure significance of the results. The
fracture surfaces of tested specimens were observed by
SEM.

Indirect cytotoxicity by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide
(MTT) method

For indirect cytotoxicity assay (MTT method), discs of
each material (10 mm diameter x 1 mm thickness), fabri-
cated by isostatic pressing and sintering, were sterilized by
ethylene oxide and submitted to indirect cytotoxicity test by
the MTT method.?* Thermanox (TMX) discs were used as
negative control and a 0.5 wt/vol % solution of poly(ethyl-
eneglycol octylphenyl ether) (Triton X-100, TTN) in the cul-
ture medium was the positive control. The cells employed
were a primary cell culture of human fibroblasts. The culture
medium was minimal essential medium Eagle (MEM),
modified with HEPES, and supplemented with 10% of fetal
bovine serum, 0.5% of 200 mM tr-glutamine, and 1% of peni-
cillin/streptomycin solution 100 U/mL each.

The discs of the experimental materials and positive
control were incubated in 5 mL of culture medium at (37
+ 1)°C on a roller mixer. The culture medium, containing
the soluble extracts from the test materials, was removed
after 1 day and replaced by a fresh portion. The procedure
was repeated after 2 and 7 days from the starting of the
experiment. All the extracts were obtained under sterile
conditions and frozen. The cells suspended in culture me-
dium (1.1 x 10° cells/mL) were seeded in 96-well plates
(100 uL/well) and incubated for 24 h at (37 + 1)°C. Then,
the culture medium was removed and replaced with
100 pL of the soluble extract of each test material, THX,
and TTN, and incubated at (37 = 1)°C for 24 h. A control
test was run with 100 pL of culture medium. A stock solu-
tion (5 mg/mL) of MTT in warm phosphate-buffered sa-
line was prepared and diluted at 0.5 mg/mL with culture
medium. The extracts were removed from the wells and
100 pL of MTT diluted solution were added and incubated
at (37 = 1)°C for 3.5 h. MTT diluted solution was removed
and 100 pL of dimethyl sulfoxide was added and shaken
for 20 s, so as to breakdown the cell membrane and to dis-
solve the dark blue formazan crystals formed inside the
viable cells. As blank, a test without material extract or
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Figure 3. X-ray diffraction patterns of sintered wollaston-
ites. (a) SSW; (b) SNW.

seeded cells was run. The optical density (OD) was mea-
sured with a Biotek ELX808IU detector using a test wave-
length of 570 nm and a reference wavelength of 630 nm.
The values of OD were corrected for the mean absorbance
of blank. In all cases the number of replica was 16.

Direct cytotoxicity by the Alamar Blue method

For direct cytotoxicity assay (Alamar Blue method),
discs of each material (10 mm diameter x 1 mm thick-
ness), fabricated by isostatic pressing and sintering, were
sterilized by ethylene oxide and submitted to direct cyto-
toxicity test by the Alamar Blue method.” The sterile
materials and THX as negative control were placed in 24-
well plates (n = 4) and 1 mL of a cell suspension in com-
plete MEM (1.4 X 10° cells/mL), prepared from a primary
culture of human fibroblasts, was added to each well. Af-
ter incubating at 37 = 1°C for 1 day, the medium and su-
pernatant cells were removed. One milliliter of Alamar
Blue solution, prepared by 1:10 dilution of Alamar Blue so-
lution, Serotec, BUFO12A, with complete MEM without
phenol red, was added and plates were incubated for 4 h
at (37 = 1)°C. A blank test was run in the same way, but
without using any material and replacing cell suspension
by 1 mL of Alamar Blue solution. Four aliquots of 100 pL
were extracted from each well and trespassed to a 96-well
plate. In all cases, the final number of replica was 16. The
wells with the testing materials were washed with phos-
phate-buffered saline and 1 mL of fresh complete MEM
was added and incubation at (37 * 1)°C was continued to
the next reading time, and the procedure repeated. The
OD was measured as previously described for MTT assay.
Readings were taken at 1, 2, 4, 7, 14, and 21 days from the
seeding of cells. The values of absorbance were corrected
for the mean absorbance of blank.

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 4. SEM images of the polished surfaces of the sintered samples. (a,b) SSW etched with 1:5 HAc for 2 s; (c,d) SNW

no-etched; (e,f) SNW-M no-etched.

Statistics

The statistical analysis of the results was performed under
Statistica for Windows (StatSoft, 1999). In all statistical hy-
pothesis tests a confidence level of o = 0.05 was considered.

RESULTS

Phase composition and microstructure

Pseudowollastonite (B-CaSiO3, JCPDF 31-0300), the
high temperature form of wollastonite, was the only
crystalline phase detected by X-ray diffraction in
SSW as previously reported [Fig. 3(a)].?

The wollastonite-Tc, the main crystalline phase ini-
tially present in the natural powder, transformed

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

into pseudowollastonite during sintering, resulting
in the same crystalline phase composition in SNW
and SNW-M as in SSW [Fig. 3(b)].

However, polished sections of the sintered materi-
als exhibited significant microstructural differences,
mainly in pseudowollastonite crystal sizes and in the
amount and distribution of the glassy phase (Fig. 4).
SSW [Fig. 4(a,b)] presented smaller grain size, lesser
amount of intergranular glassy phase, and smaller
and more disperse pores than SNW [Fig. 4(c,d)]. By
grinding the starting natural powder to reduce its par-
ticle size from 13.2 to 2.0 um, reduction in pore and
grain size, the first more accented, were reached in the
SNW-M. A more homogeneous distribution of inter-
granular glassy phase was also observed [Fig. 4(e,f)].

The results of semiquantitative analysis of the
glassy phase in the sintered materials, performed by
EDS, are shown in Table II. The pseudowollastonite
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TABLE II
Results of the Semiquantitative Chemical
Analysis of the Glassy Phase

Element (wt %) SiO, CaO Al,O5; Fe,O3 MgO Na,O K,O Glass

SSW 52 32 8 2 4 1 1 =2
SNW 51 39 45 08 7 06 - 7
SNW-M 57 22 5 3 13 09 - =15

crystals did not show any evidence of solid solution
in any of the samples studied. Therefore, the minor
elements in the starting powders were concentrated
in the glass formed during sintering of the samples.
Consequently, the amount of glassy phase, in all the
samples, was roughly estimated from the Al,O; con-
tent in the glass, as determined by EDS, and from
the Al,O3 content in the starting materials, as deter-
mined by X-ray fluorescence, corrected for L.O.L
when required (Table I).
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Fracture behavior

In Figure 5, characteristic fracture surfaces of the sin-
tered materials are displayed. It was not possible to dis-
cern any large defect as obvious fracture origin. At low
magnification [Fig. 5(a,c)], fracture was much more tor-
tuous in SNW samples than in the other ones. In the for-
mer, large (section =~ 100 pm) zones surrounded by
cracks were observed. Fracture was mostly transgranu-
lar in SSW and SNW-M specimens [Fig. 5(d,f)] and
mixed transgranular/intergranular in SNW [Fig. 5(b,e)].
In all surfaces, distinguishable pores with sizes obeying
the order SNW > SNW-M > SSW were observed.

Characteristic diametral compression
strength and Weibull module

The Weibull parameters are summarized in Table III
and the diametral compression strength distributions

Figure 5. SEM images of the fracture surfaces of the sintered samples: (a,d) SSW; (b,e) SNW; (c,f) SNW-M.

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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TABLE III
Characteristic Diametral Compression Strength
and Weibull Modulus®

Characteristic
Weibull Diametral Tensile
Material Modulus, m Strength, o, (MPa)
SSW 3.52 +1.05 4217 +6.53
-1.27 —5.58
SNW 6.47 +1.93 25.55 +2.09
—2.34 -1.90
SNW-M 7.30 +2.18 48.00 +3.48
—2.60 -3.16

*Upper and lower limits are given for a confidence level
of 90%.

calculated from data in Table III are plotted in Fig-
ure 6, together with the experimental values for the
three studied materials.

Characteristic strength for SNW was, for a confi-
dence level of 90%, significantly lower than for the
other two materials, for which no significant differ-
ences were found. For Weibull modulus, only signif-
icant differences were found for SSW, which was
lower than for both SNW materials.

Ions release and interfacial pH

The release profiles of Si, Ca, and P ions in SBF at
36.5°C for SSW and SNW are displayed in Figure 7.
Both ceramic materials released Si and Ca ions, and
removed P ions from SBF in similar way and
amounts. The specific concentration of Ca in SBF
increased from 100 to 230 mg L™' cm™? when SSW
and SNW were incubated at 36.5°C for 504 h (21
days). In addition, SBF was enriched in Si up to a
value of 78 mg L' cm ? for the same incubation pe-
riod. However, P ions were removed from SBF by
both sintered materials, and its concentrations
decreased from 31 to 19 and 5 mg L' cm ™2 for SSW
and SNW, respectively.

The pH at the SBF/ceramic interface continuously
increased from a value of 7.4 to over 13.0 after moni-
toring for 20 h. However, the pH in the SBF bulk so-
lution remained almost steady during the monitor-
ing period (Fig. 8). Exactly the same behavior was
observed for SSW and SNW-M.

In vitro bioactivity

The SEM surface images of SSW and SNW after
immersion in SBF at 36.5°C for 1 and 3 wk are dis-
played in Figure 9. The surface of both ceramics
were eroded by the dissolution of the wollastonite
grains in the SBF during the first periods of immer-
sion and a porous structure, apparently composed
of the intergranular vitreous phase, was revealed

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Figure 6. Cumulative distribution for probability of fail-
ure versus diametral tensile strength. Symbols correspond
to experimental data and solid lines to the Weibull distri-
bution calculated using the values of m and o, of Table III.

[Fig. 9(a,c)]. The superficial erosion was quickly fol-
lowed for the precipitation of globular aggregates of
tiny apatite-like crystals that covered the surface of
the samples completely. The surface morphologies
observed were very similar for all samples and all
the immersion periods.

The microanalysis and elemental mapping per-
formed on polished cross-sections of the studied
materials after immersion in SBF at 36.5°C for 3 wk
rendered the results shown in Figure 10. In both
materials an external Ca- and P-rich layer was
observed, followed by a Si-rich intermediate layer,
coating the pseudowollastonite inner bulk material.

M(mgL ".cm?)

D L] 1 I' L.I

0 100 200 300 400 500

Immersion time (h)

Figure 7. Si, Ca, and P ion release profiles in SBF at
36.5°C.
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Figure 8. pH evolution at the SBF/ceramic interface and
in the bulk solution.

Indirect cytotoxicity

MTT  [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide] assay, first described by Mos-
mann in 1983, is based on the ability of a mitochon-
drial dehydrogenase enzyme from viable cells to
cleave the tetrazolium rings of the pale yellow MTT
and form dark blue formazan crystals which are
largely impermeable to cell membranes, thus result-
ing in its accumulation within healthy cells. The
addition of dimethyl sulfoxide results in the disinte-
gration of the cell membrane and the liberation of
the crystals which are quickly dissolved. The num-
ber of surviving cells is directly proportional to the
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level of the formazan product created, and the OD
of its solution can be measured and related to the
amount of viable cells.

MTT assay results obtained for extracts from the
experimental materials, THX (noncytotoxic) and
TIN (cytotoxic), are displayed in Figure 11. The
result for a quality control test is also shown in the
figure. The value of O:D obtained for the positive
control, TTN, was normal. The OD of the quality
control test was also normal but slightly lower than
the values of THX for the periods of extraction of 1
and 2 days, according to the T-test for independent
samples. At 7 days of extraction there was no signifi-
cant difference between control and THX, which
supported the validity of the method. The ANOVA
and post hoc comparison, using the Tukey’s honest
significant difference test, revealed no significant dif-
ference between SNW and SSW for any period of
extraction; more else, the extracts from experimental
materials and negative control, THX, had no signifi-
cant difference for periods of extraction of 1 and 2
days, and were significantly less cytotoxic than THX
at 7 days of extraction.

Direct cytotoxicity

As employed in this work, Alamar Blue assay was
aimed to quantitatively measure cell proliferation,

Figure 9. SEM images of the samples surfaces after immersion in SBF at 36.5°C for different periods of time: (a,b) SSW, 1

and 3 wk; (c,d) SNW, 1 and 3 wk.

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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Si=19.51+0.17 Si=3317+0.22
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Figure 10. Element mapping and EDS microanalysis of cross-sections of the samples after 3 wk in SBF at 36.5°C. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

cytotoxicity, and viability, directly on the materials
under study. The method is based on the incorpora-
tion of resazurin and resarfurin as colorimetric redox
indicators. These indicators respond to chemical
reduction resulting from cell metabolism by chang-
ing color. This color change may be measured by
monitoring the absorbance of the reduced form of
the indicator (corrected for the background corre-
sponding to the oxidized form), which is propor-
tional to the amount of viable cells attached to the
surface of the tested material.

The results of the Alamar Blue assay performed
on the experimental materials and the negative con-
trol are represented in Figure 12. Thermanox, the
negative control, exhibited higher OD than the ex-
perimental materials for all times of culture. The OD
corresponding to the experimental materials always
reached 80 to 60% of the Thermanox. The ANOVA
pointed out significant effects of the material nature,
the culture time, and their interaction on OD. There
were no significant differences between the ODs of
SSW and SNW-M, but both were significantly lower
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Figure 11. Results of MTT indirect cytotoxicity test. Error
bars represent the mean confidence interval (n = 16, a =
0.05).
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than that of Thermanox for any culture time accord-
ing to the post hoc comparison of means using the
Tukey’s honest significant difference test.

DISCUSSION

According to the results of chemical analysis
(Table 1), both precursor powders had similar
amounts of major constituents. However, significant
differences were found in the amounts of minor con-
stituents, Al,O3, MgO, Na,O, and Fe,O;, which were
significantly higher in the natural precursor. They
should be related to the minor crystalline phases
detected in the natural powder as shown in the
X-ray diffractogram of Figure 1(b).

The observed SiO,/CaO molar ratio in natural
wollastonite is slightly grater than the theoretical
1.0 while in synthetic wollastonite is slightly lower
(Table I), indicating a slight silica deficiency.

The main crystalline phases in the powders were
B-CaSiO;, also called pseudowollastonite, in the syn-
thetic powder and «-CaSiO3 or wollastonite-Tc in the

@ SSW
B SNWM
BTHY)

Relative 0D, %

1 4 7 14 |
Exposure time, days

Figure 12. Results of the Alamar Blue test. Error bars rep-
resent the mean confidence interval (n = 16, a = 0.05).
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TABLE IV
Young’s Modules and Thermal Expansion
Coefficients of the Different Phases

Young's Coefficient of
Modulus Expansion
Material (E) (GPa) (x107° C7h
Pseudowollastonite
sintered at 1400°C/2 h*’ 94 7.0
Glass in sample SSW 84° 6.1°
Glass in sample SNW 867 6.3°
Glass in sample SNW-M 81° 4.5°

“Calculated according to Navarro®™ and Appen et al.*
using the glass composition in Table II.

PCalculated assuming ternargz 5i0,-Ca0-NayO glasses,
according to Miller and White.”

natural one. By heating, over 1125°C, during the sin-
tering, the low temperature form of wollastonite (-
CaSiO;3), initially present in the natural powder,
transformed reconstructively into p-CaSiOs.*° At the
cooling rate employed in this work, the B—o rever-
sion expected at 1125°C did not take place and the
high temperature form was retained at room temper-
ature in both SSW and SNW (Fig. 3).

According to the phase equilibrium diagram of the
system CaO-SiO,,*” no liquid should exist at the sin-
tering temperature of 1400°C; however, a glassy phase
was observed at the grain boundaries in SNW and
SNW-M samples and mostly in triple points in SSW
as shown in the micrographs of Figure 4. The amount
of glassy phase developed in SNW and SNW-M sam-
ples was about eight times greater that in SSW (Table
II), and it was directly related to the content of impur-
ities in the starting powder (Tables I). The grain size
depended on the particle size of the starting powder.
The large grains observed in SNW considerably
diminished in SNW-M [Fig. 4(e,f)]. A wide grain size
distribution was observed in SNW [Fig. 4(c,d)].

In any of the fracture surfaces analyzed there were
no large singular defects. The main defects observed
in the microstructure of the materials were pores,
and sizes were the smallest for material SSW [2-
10 um, Fig. 5(a,d)], intermediate for material SNW-M
[20-40 pm, Fig. 5(c,f)], and the largest for material
SNW [30-110 um, Fig. 5(b,e)]. Therefore, large pores
should act as critical flaws in the studied materials,
and this would explain the lowest values of charac-
teristic strength found for material SNW (Table III),
with the largest pore size [Fig. 5(b,e)].

Applying the same approach to SSW and SNW-M,
the greatest strength values should be expected for
SSW, with the smallest pores [Fig. 5(a—cf)]. How-
ever, the strength values of SSW specimens were
similar or even lower than those of SNW-M (Fig. 6)
and there were no significant differences between
the characteristic strengths of both materials for 90%
confidence limits (Table III).
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The three studied materials were constituted by a
single crystalline phase, pseudowollastonite, and
glass. The chemical compositions of the glasses pres-
ent in the materials (Table II) were close to that of
wollastonite. Moreover, negligible residual stresses,
due to thermal expansion mismatch, will develop at
the boundaries of the two phases (pseudowollas-
tonite and glass), both low Young’s modulus®* and
thermal coefficients being® very similar. (Table IV).
Therefore, strong boundaries between the two phases
would be expected from a physicochemical stand-
point. In fact, fracture was mostly transgranular in
specimens SSW and SNW-M [Fig. 5(a,c,d,f)]. In mate-
rial SNW fracture was mixed trans/intergranular,
probably owing to the large glass areas found sur-
rounding some crystalline zones [Fig. 4(c,d)].

The characteristic of the grain boundaries can
explain the fact that material SSW, with the finest
microstructure [Fig. 4(a,b)], presented lower charac-
teristic strength than did SNW (Fig. 6, Table III).
According to Table II, the amount of glassy phase
(15 wt %) in SNW-M was considerably larger than
in SSW (2 wt %), but it was homogeneously distrib-
uted surrounding wollastonite grains [Fig. 4(f)].
Therefore, the higher strength values of SNW-M
specimens will be due to the role of the glass acting
as effective cement between them. The lowest value
of Weibull modulus (Table III) and the bimodal
shape of the probability of failure curve observed for
SSW (Fig. 6) can be attributed to the small amount
of vitreous phase, unevenly distributed in triple
points, as well as to a broad distribution of grain
sizes [Table II, Fig. 4(b)].

From data in Table III, the best mechanical per-
formance, not only in terms of strength levels but
also in terms of reliability, corresponded to the mate-
rial prepared from natural wollastonite previously
milled to a particle size of 2.0 pum (SNW-M).

In the triclinic p-CaSiO; network, the Ca*" ions
are disposed in columns between chains of SiO;
tetrahedrons. This special disposition of atoms pro-
vides the crystalline network with lability and capa-
bility to exchange Ca®" for H;O" ions.” No differ-
ences were noticed in the ion release profiles and
interfacial pH (Figs. 7 and 8) for SSW and SNW sam-
ples. All materials reacted in the same way and at
the same rate when were immersed in SBF at 36.5°C,
simulating the body environment. In previous
reports, the maximum interfacial pH observed after
20 days in SBF for a synthetic pseudowollastonite ce-
ramic was 10.5.° However, in this work, pH values
over 13.0 were obtained after 20 h in SBF. The values
of pH obtained, apparently unusual, can be due to
the lower liquid to area ratio (0.5 cm®/mm?) and the
experimental assembly here employed.

During the reaction of the ceramics in SBF a fast
surface dissolution of pseudowollatonite grains took
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place during the first week. The result of the attack
was a very porous surface structure constituted by
the remainder glassy phase, mainly located at triple
points in sample SSW and grain boundaries in SNW
[Fig. 9(a,c)]. As the dissolution progressed, the Ca*",
OH, and PO;  activities overcame the solubility
product of apatite and this starts to precipitate with
the typical morphology of globules constituted by
aggregates of very fine acicular crystals [Fig. 9(b,d)].

The mechanism of the formation of the apatite
layer on pseudowollatonite was previously described
by some of the present authors®®’ and can be sum-
marize in the following steps:

1. Exchange of Ca®", from the pseudowollastonite
network, by H;O", from the SBF, and pH in-
creasing at the pseudowollastonite/SBF interface;

2. Formation of a surface layer of hydrated silica
gel, which partially dissolves at the high inter-
facial pH;

3. Increasing of Ca2+, OH, HPOZ* ionic activities at
the neighborhood of the reacting surface until they
overcome the solubility product of the apatite;

4. Nucleation of apatite on the remainder hydrated
silica gel layer; and

5. Growing of the apatite nuclei and growing of
the apatite layer as well.

This mechanism is common to most of bioactive
silicon-containing materials"*” and was confirmed
for SSW and SNW by the results of the elemental
mapping and microanalysis performed on polished
cross sections of these materials submitted to immer-
sion in SBF for 3 wk (Fig. 10).

In previous reports it has been clearly established
that synthetic pseudowollastonite is not cytotoxic, bio-
compatible, and osteogenic.'>"> However, no study
on the cytotoxicity of pseudowollastonite ceramic
obtained from natural precursors has been performed.
SNW contain certain impurities that are absent in SSW
and could induce a different response on in vitro cell
cultures. However, the results of the MTT test dis-
played in Figure 11 demonstrated that the soluble
extracts from SNW and SSW exerted the same effect
on the culture of human fibroblasts, and both were
completely innocuous as evidenced by comparison
with the results for the negative control, Thermanox.

From the results of the Alamar Blue test displayed
in Figure 12, SNW and SSW exhibited the same
behavior again. However, the cell adhesion on SSW
and SNW were significantly lower than on the nega-
tive control, Thermanox. This situation may be a con-
sequence of the fast surface remodeling that takes
place when the materials are immersed in MEM.
MEM has an ionic composition and pH similar to
SBF; thus, the same surface reactions observed in SBF
should occur when the ceramics are immersed in
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MEM. The fast dissolution of the surface and the
local pH increasing prior to the formation of the sta-
ble apatite layer could hinder cell adhesion during
the first periods of immersion. The formation of the
stable apatite layer should provide a more “comforta-
ble” bed to cell adhesion. According to this hypothe-
sis, direct cell adhesion tests on bioactive materials
that suffer a fast surface remodeling by immersion in
the body environment, as pseudowollastonite, should
be better carried out after a previous immersion pe-
riod in the culture medium to stabilize their surface.
The favorable results of in vivo tests conducted on
synthetic pseudowollastonite ceramics and previ-
ously reported'”!! show that the material is perfectly
biocompatible, bioactive, and osteoconductive, in
spite of the apparently negative results obtained in
the Alamar Blue test conducted in this work.

CONCLUSIONS

According to the obtained results, polycrystalline
psedowollastonite ceramics properly processed, from
pure powder precursors of natural origin, exhibited
chemical and phase compositions, in vitro reactivity,
bioactivity, and cytotoxicity very similar to those of
pseudowollastonite ceramic obtained by the syn-
thetic route, and even better performance, in terms
of strength and reliability, than the more expensive
synthetic material.

The results support the safe and successful use, in
biomedical applications, of pseudowollastonite bio-
ceramics obtained from pure natural precursors.
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