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Abstract The aim of this study was to test the in vitro cyto-
toxicity of wood-based biomorphic Silicon Carbide (SiC)
ceramics coated with bioactive glass, using MG-63 hu-
man osteoblast-like cells, with a view to their application
in bone implantology. To better understand the scope of
this study, it should be taken into account that biomorphic
SiC ceramics have only recently been developed and this
innovative product has important properties such as inter-
connected porosity, high strength and toughness, and easy
shaping.

In the solvent extraction test, all the extracts had almost
no effect on cellular activity even at 100% concentration,
and cells incubated in the bioactive glass-coated SiC ce-
ramics extracts showed a proliferation rate similar to that
of the Thermanox control. There were no significant dif-
ferences when the cellular attachment response of the cells
on the wood-based biomorphic SiC ceramics, uncoated or
coated with bioactive glass, was compared to the one ex-
hibited by reference materials like Ti6Al4V and bulk bioac-
tive glass. This fact looks very promising for biomedical
applications.

1. Introduction

The main challenge of implant technology is to develop mate-
rials with enhanced mechanical properties, resistant to wear
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and with improved physiological response which could be
used for load bearing protheses. Today, metallic substrates
like titanium and its alloys coated with apatite are common
in clinical use [1-5]. In a previous work [6], biomorphic sil-
icon carbide ceramics coated with bioactive glass by Pulsed
Laser Deposition (PLD) were proposed as a very promising
device for dental and orthopaedic applications. This innova-
tive ceramic substrate is produced by molten-Si infiltration of
carbon templates obtained by controlled pyrolysis of wood.
Some benefits are expected from its use such as its versatil-
ity for the fabrication of complex shapes, its great strength,
toughness and intrinsic porosity due to the fibrous nature and
microstructure of wood. The biomorphic silicon carbide ce-
ramics retain the micro-structural details of the biostructure-
derived carbon preforms and allows the tailoring of a wide
range of silicon carbide ceramics with optimised microstruc-
ture and properties similar to those of the tissue to be
repaired.

Bioactive silica-based glasses are good candidates to be
applied as coatings, thereby improving the physiological re-
sponse of the ceramic substrate because they promote the
intimate bonding of living tissues through the formation of
a calcium phosphate layer similar to the apatite found in
bone [7-9], thus preventing the formation of a fibrous cap-
sule around the implant. Among other coating techniques,
i.e. plasma spraying, sputtering, or enamelling; Pulsed Laser
Deposition (PLD) has been proven a valid technique to de-
posit coatings of bioactive materials like hydroxylapatite
[10-13] or bioactive glasses [14-20].

According to Kokubo et al. [21, 22], the bioactivity of
an artificial material can be evaluated by examining the for-
mation, on its surface, of a calcium phosphate layer after
immersion in simulated body fluid (SBF), which is a protein-
free and acellular solution with ionic concentrations similar
to the human plasma. Thus, the bioactivity of silica-based

@ Springer



524

J Mater Sci: Mater Med (2006) 17: 523-529

glasses can be assessed by determining the thickness of
the silica rich and calcium phosphate layers formed on its
surface.

Testing for cytotoxicity is a good first step towards en-
suring the biocompatibility of a medical device. A negative
result indicates that a material is free of harmful extractables
or has a quantity of them insufficient to cause acute effects
with isolated cells under exaggerated conditions. However,
it is certainly not, on its own merit, evidence that a material
can be considered biocompatible - it is simply a first step. On
the other hand, a positive cytotoxicity test result can be taken
as an early warning sign that a material contains one or more
extractable substances that could be of clinical importance.
In such cases, further investigation is required to determine
the utility of the material.

The main aim of this work is to test the suitability of PLD
bioactive glass coated biomorphic SiC ceramics for support-
ing osteoblast growth and metabolism using the MG-63 cell
line model in vitro and its comparison with reference ma-
terials. The test on extracts was assessed by measuring the
cellular activity in response to different concentrations of
solvents extracted from the materials using the MTT assay.
As a direct contact test, the morphologic characteristics and
the attachment rate of MG-63 osteoblast-like cells on dif-
ferent bioactive glass-coated biomorphic SiC ceramics were
determined by Scanning Electron Microscopy (SEM) obser-
vations. A previous step to in vitro studies with MG-63 cells
was carried out to select the most bioactive coating obtained
by PLD from different glass compositions by means of im-
mersion in SBF.

2. Materials and methods
2.1. Specimen preparation

The biomorphic silicon carbide ceramics were prepared
from beech (Fagus sylvatica), eucalyptus (Eucalyptus globu-
lus) and sapelli (Entandrophragma cylindricum). The wood
pieces were dried in an oven and pyrolyzed in an alumina
furnace in argon flowing atmosphere at 1000°C with well-
controlled heating and cooling ramps. The carbonaceous
porous preforms were then shaped and infiltrated with pure
silicon at 1550°C in vacuum conditions for 30 min. The final
plates were cut to obtain pieces of 4.2 x 4.2 mm? and 2 mm
in thickness.

Those pieces of each biomorphic SiC ceramics obtained
from beech, eucalyptus and sapelli woods, and Ti6Al4V sub-
strates (discs with 5 mm in diameter and 1 mm thickness)
were coated with bioactive glass by Pulsed Laser Deposi-
tion. Three different glasses in the system SiO,-Na,0-K;,0-
Ca0-MgO-P,05-B,03 (Table 1) were used as targets in a
PLD system described elsewhere [ 16, 17]. The coatings were
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Table 1 Composition of the glasses (wt%)

Glass SiO, Na,O K,O CaO MgO P,05 B,O3
BG42 42 20 10 20 5 3 -
BGS50 50 15 15 15 2 - 3
BG55 55 21 9 8 2 4 1
BG59 59 10 5 15 5 3 3

grown in a high vacuum chamber by irradiation of the glass
targets with an ArF excimer laser (A = 193 nm). The laser
was operated at a repetition rate of 10 Hz providing an energy
density of 4.2 Jem~2. The substrates were kept at a constant
temperature of 200°C during the film growth. In order to
avoid drilling during the laser ablation, the targets have been
rotated at a frequency of 3 rpm.

2.2. Bioactivity studies

The bioactivity of the coatings was evaluated by soaking in
simulated body fluid. The containers with the samples were
kept in an incubator at 36.5 £ 0.5°C.

After 72 hrs of immersion in SBF, the formation and
the thickness of the silica-rich and calcium phosphate lay-
ers were evaluated and measured by Scanning Electron Mi-
croscopy (SEM) and Energy Dispersive X-ray Spectrometry
(EDS).

2.3. Biocompatibility studies
2.3.1. Cell culture

The MG-63 human osteoblast-like cell line (ATCC number
CRL 1427) was obtained from the European Collection of
Cell Cultures (ECACC, Salisbury, UK). The cells were reg-
ularly cultured in Earle’s modification of Eagle’s Medium
(EMEM) supplemented with 10% of foetal calf serum, 1%
antibiotics, L-glutamine and vitamin C, at 37°C and 5% of
CO; in a humidified atmosphere.

2.3.2. Solvent extraction test

Pieces of each biomorphic SiC type, and Ti6Al4V substrates,
all coated with bioactive glass, were extracted by rolling at
37°C for 90 hrs in EMEM culture medium supplemented
with 10% foetal calf serum. A surface area to volume ra-
tio of 3 cm?/ mL was used. Extracts obtained from Polyvinyl
chloride discs (Portex Ltd, UK) and Thermanox plastic cover
slips (Nalge Nunc International) were used as positive and
negative controls respectively. The extracts were diluted with
EMEM to give 10, 20, 30, 50 and 100% of the original
concentration. MG-63 osteoblast-like cells were seeded
at a concentration of 6 x 10° cells per mL, grown to
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confluent layers in 96-well tissue culture plates in a final vol-
ume of 0.1 mL of culture medium per well. The different
concentrations of the extracts were incubated with cells
for 24 hrs. Four wells per substrate and extract concentra-
tion were used. After incubation, the cellular activity was
quantified by using the MTT assay as previously described
[23].

2.3.3. Attachment and proliferation of cells

The samples were placed, under sterile conditions, in 24-
well TCP plates. The sterilisation procedure of the discs was
performed by dipping the specimens in a 70% ethanol so-
Iution and further air drying. This procedure allowed cell
growth without detectable contamination signs throughout
the experiments. Three replicas from biomorphic SiC ce-
ramics obtained from beech, eucalyptus and sapelli woods
coated with bioactive glass, uncoated samples from the same
woods, Ti6Al4V and bulk bioactive glass were used to grow
MG-63 osteoblast-like cells and were compared at different
times after seeding using SEM. After each incubation pe-
riod (1, 6 and 24 hrs), the pieces were rinsed three times
with phosphate-buffered saline (PBS) and fixed with 2,5%
glutaraldehyde in 0.1 M cacodylate buffer for 2 hrs. After
fixation, the pieces were washed three times with PBS and
sequentially dipped in 30, 50, 70, 80 and 95% ethanol for
30 min each and in 100% ethanol for 1 hr. The pieces were
submitted to critical point-drying in an increasing ethanol-
amylacetate mixture (3:1, 1:1, 1:3, 15 min each) and in
pure amylacetate for 15 min, twice, and finally vacuum-
dried. A thin layer of gold was sputter-coated onto the pieces
prior to examination under a Philips XL.30 scanning electron
microscope.

3. Results
3.1. Bioactivity studies

A previous bioactivity study of glass coatings grown by PLD
from bioactive glasses with different compositions (Table 1)
is shown in Fig. 1. After immersion in SBF for 72 hrs, the
samples were examined in cross-section by SEM and the
thickness of the bioactive layers developed in the physiolog-
ical fluid was measured.

It can be observed that the higher thickness of the silica-
rich and pure calcium phosphate layers is obtained for the
coating produced from glass BG42. For glass BG50, a thin
pure CaP film appeared on the coating surface followed by a
mixed CaP-SiO, layer, indicating a lower bioactivity grade.
The thickness of the silica-rich layer decreases from BG50
to BG5S and the pure CaP layer was not detected for BG55.
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Fig.1 Thickness of the CaP, CaP-SiO,, and SiO,-rich layers originated
by the immersion of the bioactive glass coatings in SBF for 72 h.

Finally, for the glass BG59 coating (not shown), no bioac-
tive products were observed. Thus, it can be concluded that
the PLD bioactive glass coating with an optimal grade of
bioactivity should be grown from glass BG42.

This behaviour is due to the open amorphous structure
of the silica-based glasses which enables the accommo-
dation of alkali and alkali-earth cations. These modifiers
provoke the disruption of the continuity of the glassy net-
work due to the creation of local defects leading to the
formation of non-bridging oxygen groups (Si-O-NBO’s). It
has been demonstrated [24, 25] that the concentration of
NBO’s groups is a key factor that determines the bioac-
tivity grade of the silica-based glasses because it controls
the dissolution rate of the glass, when immersed in phys-
iological fluids, through the formation of silanol groups
at the glass surface. The most bioactive coatings, showing
the thickest CaP and silica-rich layers, were grown from
glass BG42 which exhibits the higher concentration of net-
work modifiers and, consequently, higher amount of NBO’s
groups.

3.2. Biocompatibility studies
3.2.1. Solvent extraction test

To assess the cytotoxicity of this innovative product, beech,
eucalyptus and sapelli-based biomorphic SiC ceramics have
been coated by PLD with the previously selected bioactive
glass BG42.

Fig. 2 summarises the MG-63 osteoblast-like cell ac-
tivity after incubation with different concentrations of the
extracts obtained from coated biomorphic SiC ceramics,
Thermanox plastic cover slips used as negative control and
PVC used as positive toxic control. The mitochondrial en-
zyme succinate dehydrogenase, only present in viable cells,
converts the MTT molecules into purple coloured formazan
crystals. The amount of colour is measured by means of
its corrected absorbance value at 570 nm (As70—A7g9) and
is proportional to the number of viable cells. The mean
corrected absorbance values obtained are represented. The
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Fig. 2 Relative cellular activity from the solvent extraction test. Ther-
manox: negative control; PVC: positive toxic control; Ti/BG: Ti6Al4V
substrate coated with bioactive glass; Be/BG, Eu/BG, Sa/BG: beech,
eucalyptus and sapelli-based SiC ceramics coated with bioactive glass,
respectively.

representation shows that the PVC extract was cytotoxic
for the MG-63 monolayer at all the concentrations tested,
thus validating the extraction procedure. The bioactive glass
coating extract did not affect cellular activity at any of the
concentrations tested, their values being similar to the ones
obtained for the Thermanox cytotoxic negative control. A
slight decrease in cellular activity could be observed for the
100% concentration of the bioactive glass-coated eucalyptus
SiC ceramic extract, which was not over the significant lim-
its. In the case of the extracts obtained from the other two
wood-based biomorphic bioactive glass-coated SiC ceram-
ics (beech and sapelli), no detrimental effect could be seen
at any of the concentrations tested.

3.2.2. Time course of monolayer formation

Fig. 3 offers, at a 1000x magnification, scanning electron
microscopy images showing the MG-63 osteoblast-like cell
monolayer time course formation. A, 1 hr; B, 6 hrs and C,
24 hrs after seeding on a representative beech-based SiC ce-
ramic coated with bioactive glass. One hour after seeding
(A), rounded cells involved in cellular division events can
be seen attached to the outer surface inside the pores. Cells
begin to penetrate and colonise the inner surface of the exist-
ing pores. At 6 hrs after seeding (B), cells are attached and
have spread out, displaying a flat configuration and a normal
morphology. Neighbouring cells maintained physical con-
tact with one another through extensions of the cytoplasm.
At 24 hrs (C), the bioactive glass coated surface was al-
most completely covered by the MG-63 cells. No evidence of
major deleterious or cytotoxic responses was observed. The
biomorphic beech-based SiC ceramics coated with bioac-
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tive glass supports the cellular monolayer formation and the
colonisation of the surface of the material. The same results
were obtained for the eucalyptus and the sapelli-based coated
ceramics.

Magn
00x

Fig. 3 Scanning electron microscopy images showing the MG-63
osteoblast-like cell monolayer time course formation. A, 1 hour; B,
6 hrs and C, 24 hrs after seeding on a representative beech-based SiC
ceramic coated with bioactive glass. All magnifications are 1000x.
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Fig. 4 Scanning electron microscopy images showing the compara- eucalyptus (B, F) and sapelli (C, G) - based biomorphic SiC ceramics,
tive attachment of MG-63 osteoblast-like cells 6 hrs after seeding on and on two reference materials, Ti6Al4V (D) and bioactive glass (H).
uncoated (A, B, C) or bioactive glass-coated (E, F, G) beech (A, E), Magnifications in all cases are 1000x.
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3.2.3. Cell attachment and material surface
comparisons

The attachment of MG-63 osteoblast-like cells on beech, eu-
calyptus and sapelli-based biomorphic SiC ceramics coated
with bioactive glass was compared by means of SEM, 6 hrs
after seeding and the results are shown in Fig. 4. Uncoated
samples were examined for comparison as well. Provided that
the same number of cells have been seeded, the attachment
of the cells occurs in the same way in all tested samples.
None of the wood-based SiC ceramics coated or uncoated
exhibited a higher rate of cell attachment and growth. The
cells attached in the same efficient manner to all parts of the
ceramic pieces, including naturally occurring pores and chan-
nels present on axial (A and C, upper right angles) and longi-
tudinal (B, F) sections of uncoated (A, B, C) or coated (E, F,
G) samples. At this magnification (1000x), where cell details
become more conspicuous, flattened and spread osteoblast-
like cells were observed. Expansion of the cytoplasm was
already visible and completely spread with, in many cases,
the bulge of the nucleus and surface microvilli very apparent,
with profusion of filopodia, as well as larger cytoplasm exten-
sions (lamellipodia). Neighbouring cells maintained physical
contact with one another through cytoplasm extensions. No
evidence of any major deleterious or cytotoxic responses was
observed. The appearance of the MG-63 cells was the same
as the one observed on two reference materials like Ti6A14V
(D) and bulk bioactive glass (H).

4. Discussion

The main objective of this study was to test the in vitro cy-
totoxicity of biomorphic SiC ceramics coated with bioac-
tive glass towards their application in bone implantology by
determining the biological response of the MG-63 human
osteoblast-like cell line. With its osteoblast-like phenotype,
the MG-63 cell line has served as a useful model to test the
biological performance of various materials [23, 26], has al-
lowed the study of cell-surface interactions [27] and further-
more has proved its ability to proliferate on bioactive glass
[28, 29].

The behaviour of foetal rat osteoblast cultured upon bioac-
tive glass cultures has shown compact cells with dorsal ruffles
and filopodia resulting in the formation of a denser cell layer
[30], better osteoblast-like morphology and a higher prolif-
eration rate, leading to confluent cultures with higher cell
density and a generally better expression of the osteoblast
phenotype in comparison with substrates like hydroxylap-
atite, a titanium alloy and stainless steel [31].

Bioactive glass also promoted neonate rat calvaria to col-
onize samples in multilayers and produce abundant extracel-
lular matrix developing collagen and non-collagen bonding
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with the rich calcium phosphate-rich glass [32], representing
a material that optimally combines the requirements of the
ideal template for in vitro synthesis of bone tissue [33].

The biocompatibility of bioactive glass coatings as well as
their osteoconductive properties have been also assessed by
employing primary cultures of human osteoblasts, resulting
effective in stimulating osteoblast growth and differentiation
[34]. Using cDNA microarray analysis, the gene-expression
profiling of human osteoblasts, following treatment with the
ionic products of bioactive glass dissolution, has been in-
vestigated, resulting in an increase of the expression level
of many different genes, markedly cell cycle regulators such
as cyclin D1 and apoptosis regulators, including calpain and
DADI as well as cell surface receptors like CD44 and inte-
grin 81 and various extracellular matrix regulators, including
metalloproteinases and other osteoproductive-related genes
[35].

There are few studies using human osteoblast-like cells
MG-63, but those existing support the hypothesis that bioac-
tive glass provides a favourable environment for human os-
teoblast proliferation and function [28].

In this investigation, none of the bioactive glass coated SiC
ceramics extracts showed significant cytotoxic reaction using
the MTT test to compare the cellular activity of the MG-63
cells when challenged even at the highest concentration.

Time course experiments were performed to verify cel-
lular behaviour with respect to cell attachment and growth
on these coated surfaces. All the wood-based SiC ceram-
ics coated with bioactive glass supported the growth of the
osteoblast-like cells in a 24 hrs time course in the same
way.

Comparison of the cellular attachment and morphology
6 hrs after seeding on the different uncoated or coated ce-
ramics with two reference materials like Ti6Al4V and bulk
bioactive glass led to the conclusion that all the materials
behaved in the same non cytotoxic way and exhibited at-
tachment and growth rates similar to those of the reference
materials.

5. Conclusions

The biocompatibility of this innovative product based on
biomorphic SiC ceramics has been demonstrated. SiC ce-
ramics coated with bioactive glass showed the same biolog-
ical response as the reference materials Ti6Al4V and bulk
bioactive glass. The biomorphic SiC ceramics coated with
bioactive glass by PLD did not produce a cytotoxic response
on the MG-63 osteoblast-like cells. The same behaviour
was observed for uncoated ceramics. The cellular activity
on coated and uncoated SiC ceramics was similar to well
known implant materials like Ti6Al4V and bulk bioactive
glass.



J Mater Sci: Mater Med (2006) 17: 523-529

529

Acknowledgments This research was supported by grants from
the Ministerio de Educacion y Ciencia of Spain (MAT2001-
3434, MAT2004-02791), Xunta de Galicia (PGIDT99PXI32101B,
PGIDTO3TMT30101PR) and University of Vigo (645021908,
64521106). The authors thank Profs. J. Martinez and A. Ramirez for
providing the SiC ceramics.

References

10.

11.

12.

13.

14.

15.

16.

.A. E. PORTER, P. TAAK, L. W. HOBBS, M. J.
COATHUP, G. W. BLOOM and M. SPECTOR, Biomaterials
25 (2004) 5199.

.M. S. CUNE, I. P. VAN ROSSEN, C. DE PUTTER and
R. P. J. WILS, Clin. Oral Implants Res. 7 (1996) 345.

.P. GRANT, B. ROGAARD and L. NORDSLETTEN, J.
Arthroplasty 19 (2004) 274.

.G. Y. LEE, A. SRIVASTAVA, D. D. D’LIMA, P.
PULIDO and C. W. COLWELL JR, Key Eng Mater 284-286
(2005) 1069.

. S. L. WHEELER, Int. J. Oral Maxillofac Implants 11 (1996) 340.

.P. GONZALEZ, J. SERRA, S. LISTE, S. CHIUSSI, B.
LEON, M. PEREZ-AMOR, J. MARTINEZ-FERNANDEZ,
A. R. DE RELLANO-LOPEZandF. M. VARELA-FERIA,
Biomaterials 24 (2003) 4827.

. W. CAOandL. L. HENCH, Ceram Int. 22 (1996) 493.

. S. FUIIBAYASHI, M. NEO, H-M KIM, T. KOKUBO and
T. NAKAMURA, Biomaterials 24 (2003) 1349.

.L. L. HENCH and O. H. ANDERSSON, edited by L. L.

HENCH and J. WILSON, (World Scientific, Singapore) (1993)

p-41.

C. M. COTELL, D. B. CHRISEY, K. S. GRABOWSKI,

J. A. SPRAGUE and C. R. GOSSET, J. Appl. Biomater. 3

(1992) 87.

F. J. GARCfA—SANZ, M. B. MAYOR, J. L. ARIAS, J.

POU, B. LEON and M. PEREZ-AMOR, J. Mater. Sci: Mater.

Med. 8 (1997) 861.

B. MAYOR, J. ARIAS, S. CHIUSSI, F. GARCIA, J.

POU, B. LEON FONG and M. PEREZ-MOR, Thin Solid Films

317 (1998) 363.

H. ZENG, W. R. LACEFIELD and S. MIROV, J. Biomed.

Mater. Res. 50 (2000) 248.

L. D’ALESSIO, R. TEGHIL, M. ZACCAGNINO, I.

ZACCARDO, D. FERROand V. MAROTTA, Appl. Surf Sci.

138-139 (1999) 527.

L. D’ALESSIO, D. FERRO, V. MAROTTA, A.

SANTAGATA, R. TEGHIL and M. ZACCAGNINO, Appl.

Surf Sci. 183 (2001) 10.

J. SERRA, P. GONZALEZ, S. CHIUSSI, B. LEON and M.

PEREZ-AMOR, Key Eng. Mater. 192-195 (2001) 635.

17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

. P. GONZALEZ, J. SERRA, S. LISTE, S. HHIUSSI, B.
LEON and M. PEREZ-AMOR, Vacuum 67 (2002) 647.

J. SERRA, S. LISTE, P. GONZALEZ, C. SERRA, J. P.
BORRAJO, S. CHIUSSI, B. LEON and M. PEREZ-AMOR,
Appl. Phys. A-Mater. 79 (2004) 983.

S. LISTE, J. SERRA, P. GONZALEZ, J. P. BORRAJO,
S. CHIUSSI, B. LEON and M. PéREZ-AMOR, Thin Solid
Films 453-454 (2004) 224.

S. LISTE, P. GONZALEZ, J. SERRA, J. P. BORRAIJO,
S. CHIUSSI, B. LEON, M. PEREZ-AMOR, J. G. LOPEZ,
F. J. FERRER, Y. MORILLA and M. A. RESPALDIZA,
Thin Solid Films 453-454 (2004) 219.

H. M. KIM, T. MIYAZAKI, T. KOKUBO and T.
NAKAMURA, Key Eng. Mater. 192-195 (2001) 47.

T. KOKUBO, H. M. KIM and M. KAWASHITA, Biomate-
rials 24 (2003) 2161.

F. LUSQUINOS, A. DE CARLOS, J. POU, J. L. ARIAS,
M. BOUTINGUIZA, B. LE6N, M. PEREZ-AMOR, F.
C. M. DRIESSENS, K. HING, I. GIBSON, S. BEST
and W. BONFIELD, J. Biomed. Mater. Res. 64A (2003)
630.

J. SERRA, P. GONZALEZ, S. LISTE, S. CHIUSSI, B.
LEPN, M. PEREZ-AMOR, H. O. YLANEN and M. HUPA,
J. Mater. Sci.: Mater. Med. 13 (2002) 1221.

J. P. BORRAJO, S. LISTE, J. SERRA, P. GONZALEZ,
S. CHIUSSI, B. LEON, M. PEREZ-AMOR, H. O.
YLANEN and M. HUPA , Key Eng. Mater. 254-256 (2004)
23.

M. AMARAL, M. A. COSTA, M. A. LOPES, R. F.
SILVA, J. D. SANTOS and M. H. FERNANDES, Biomate-
rials 23 (2002) 4897.

T. V. KUMARI, U. VASUDEV, A. KUMAR and B.
MENON, Trends Biomater Artif Organs 15 (2002) 37.

N. PRICE, S. P. BENDALL, C. FRONDOZA, R. H.
JINNAH and D. S. HUNGERFORD, J. Biomed. Mater. Res.
37 (1997) 394.

M. P. FERRAZ, J. C. KNOWLES, I. OLSEN, F. J.
MONTEIRO andJ. D. SANTOS, Biomaterials 21 (2000) 813.
W. C. A. VROUWENVELDER, C. G. GROOT and K.
GROOT, Biomaterials 13 (1992) 382.

W. C. A. VROUWENVELDER, C. G. GROOT and K.
GROOT, J. Biomed. Mater. Res. 27 (1993) 465.

T. MATSUDA andJ. E. DAVIES, Biomaterials 8 (1987) 275.
P. DUCHEYNE, A. EL-GHANNAM and I. SHAPIRO, J.
Cell Biochem. 56 (1994) 162.

A. OLIVA, A. SALERNO, B. LOCARDI, V. RICCIO,
F. DELLA RAGIONE, P. IARDINO and V. ZAPPIA, Bio-
materials 19 (1998) 1019.

I. D. XYNOS, A. J. EDGAR, L. D. K. BUTTERY, L.
L. HENCHandJ. M. POLAK,J. Biomed. Mater. Res. 55 (2001)
151.

@ Springer



