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Abstract

Two glasses of the Si—-Ca—P—-Mg system with low SiGntent (25 and 29 mol%) and high MgO contents (31 and 36 mol%, respectively) have

been immersed in a Kokubo's synthetic physiological solution for different times up to 30 days. The surface modifications of the glasses were
observed by SEM and the changes in the surface composition followed by EDS. ICP was used to assess the evolution of ionic concentrations
in the solution, namely Ca and P.

It was observed that both glasses induced the precipitation of Ca—P rich layers on their surfaces, although these were poorly attached to the
glass substrate. Ca and P ions required for the apatite formation were mainly provided by the composition of the glass, which was severely
dissolved in the solution.

The observed apatite-forming ability of these glasses, notwithstanding their high MgO content, suggests that further improvements at the
surface and in the glasses can lead to attractive potentially bioactive materials.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction anisms give additional explanations for specific details
concerning the apatite layer formation.

The discovery of Bioglassand of a new concept— Due to ethic constrains related to the performing of in vivo

bioactivity—opened a novel research area on glasses andests, an extensive appeal to in vitro tests, either in cellular

glass-ceramics for bone repair and substitutichDiffer- or in acellular medium, has been made, aiming to under-

ent types of bioactive materials are still under development stand the bioactive behaviour of materials. Factors such as
and a great effort is being put in the understanding of the chemical composition, surface topography and glass struc-
mechanisms and factors governing bioactivity. ture are believed to play an important role in the surface in-
The bioactive behaviour of glasses and glass-ceramics,teraction of glasses and glass-ceramics with the surrounding
identified as their capability for bone-bonding, is attributed medium2>27
to the formation of an apatite-like layer on their surface, with  Most of the typical compositions of glasses and glass-
composition and structure equivalent to the mineral phase ceramics for biomedical applications belong to quite com-
of bone? plex systems. Thus, the understanding of the individual
A number of mechanisms have been proposed to ex-function of each component in the system is not always
plain the bioactive behaviour of glasses and glass-ceramicsstraightforward, although new advances are occurring due
The most widely accepted mechanisms are associated withto the most recent sophisticated experimental techniques.

the researchers Hench and coworkérd? Kokubo and The importance for bioactivity of the presence of Si and P
coworkerst* 17 Andersson and coworkéf5?° and Liand  in the glass composition has been widely discug8é&?2°

coworkers?t™24 Rather than distinct, these different mech- The effect of particular oxides, such as 0g%%3! MgO,°
B203,3031 Al,03,39732 Fe,0332 and F3031 on the surface
* Corresponding author. Tekt 351-234-370-240: rgactmty of glasses has also been studied, mostly for the
fax: +351-234-425-300. Si0,—CaO system, although references to other systems are
E-mail address: helena@cv.ua.pt (M.H.V. Fernandes). also found in the literaturé*3>

0955-2219/$% — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2004.02.006
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The role of MgO on the surface behaviour of bioglasses Table 1 N
has led to contradictory explanations, in part because it ap-/nvestigated glass compositions (mol%)

pears in the glass structure either as a modifier or as a net-sample SiG (%) CaO (%) BOs (%) MgO (%)
vvprk fotmer. 'Sorlne0|26vnro results indicate tha_t MgO in- Mg31 25,37 32.62 1087 3114
hibits mineralizatioA®6 and others suggest that it does not Mg36 29.37 25.96 8.65 36.02

affect the apatite formatio?’. However, significant amounts

of MgO are present in some Bioverit glass-ceramics, whose
bioactivity has been clinically confirmed for yeafs3® Most bers refer to the approximate MgO molar percent in the
recent investigations on the SiI@CaO-MgO-POs system, glass.

by one of the authors of the present paper, also showed that The raw materials were mixed in ethanol for 45 min and
high MgO contents can promote in vitro apatite formatién.  dried at 60°C during 24 h.

This study has been extended to other MgO-rich compo-  Batches of 80 g were melted in a platinum crucible in air
sitions in the same system and the present work reports theat 1500°C for 1 h, and then quenched in water in order to
behaviour in a simulated body fluid of two of those glass produce a glass frit.
compositions. The formation of a Ca—P rich layer on the  The glass frit was melted again at 15@ for 2h and
surface of both glasses has been discussed in terms of itgoured onto a brass mold. The obtained block was annealed
composition and the observed results have been explainedor 30 min at 730C, a temperature previously indicated by
on the basis of the ionic concentration and pH changes Differential Thermal Analysis (DTA) as being closeTg of
in the immersion liquid. In agreement with the previous both glasses, and then slowly cooled to room temperature.
findings, it is shown that the high MgO content of both To confirm the amorphous state of the samples, a portion of
glass compositions does not hinder their apatite-forming the obtained block was crushed and taken for powder X-ray
ability. diffraction (XRD) using Cu k radiation.

For the in vitro tests the parent glass block was cut with a
low-speed diamond disc to prismatic specimens of 10xnm

2. Materials and methods 10mmx 1 mm. These samples were polished with sand-
paper, alumina powder and washed sequentially with water
Two glass compositions of the MgO—CaQ€eR-SiO, and acetone for 15 min in an ultrasonic cleaner.
system Table 1) were prepared from batch mixtures of In vitro immersion tests were carried out, without stirring,

reagent grade Ca@gP(Qy)2, CaCQ, MgO and SiQ. These in polyethylene containers where the samples were soaked
compositions were chosen among several batches prepareébr different times (1, 2, 5, 7, 14, 21 and 30 days) in 10 ml of
from a line of constant Si@MgO = 55/45 (wt.%) in the a Kokubo’s simulated body fluid (SBF), with the composi-
equilibrium diagram represented kig. 1, and correspond  tion shown inTable 2 This solution was buffered at pH 7.4

to the higher MgO contents tested. These compositions arewith 50 mM tris(hydroxymethyl)aminomethane and 45 mM
identified in Table 1by Mg31 and Mg36, where the num- hydrochloric acid. The flasks with the solution and the

3Ca0.B O,

MgO SIO,

Fig. 1. Phase diagram of the 3C#205—MgO-SiQ system with indication of compositions Mg31 and Mg36 on the line,8U@0 = 55/45 (wt.%).
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Table 2
lon concentration (moH?!) of Kokubo’s Simulated Body Fluid (SBF) and human blood plasma

Nat K+ cat Mg?+ Cl- HCO;~ HPOy2~ SOu%-
Plasma 142.0 5.0 25 15 103.0 27.0 1.0 0.5
SBF 142.0 5.0 2.5 15 147.8 4.2 1.0 0.5
specimens were kept at 3C during the immersion exper- 8,2

iments. Aliquots of solution (2 ml) were taken at the same
test times from the containers to measure the ionic concen- I
trations of Ca, P, Si and Mg by induced coupled plasma 7.8
(ICP) emission spectroscopy using a Jobin-Yvon JY70 Plus
spectrometer. The pH of the solution was recorded along T I
the immersion tests. 74 9

Surface modifications of the materials were studied by
scanning electron microscopy (SEM) on a Hitachi S-4100
with associated energy dispersive spectroscopy (EDS). Spec- 7.0
imens were then removed from the SBF after the test times, 6.8 I
washed with acetone, dried and set up in a sample holder. All "o 5 10 15 20 25 30
specimens were carbon covered before observation in SEM. Immersion time (days)

8,0
7,6

72

Fig. 3. Time dependence of SBF pH with immersion of glasses Mg31
. . (M) and Mg36 @&).
3. Results and discussion

Both Mg31 and Mg36 showed to be amorphous materials, associated to the observed pH changes. Evident signs of
as confirmed by X-ray diffractograms kig. 2 detaching of the layers from both glasses are observed, soon

Soaking of these glasses in SBF causes the change in pHafter 1 day of immersionHigs. 4a—c and 5a}c
represented ifrig. 3. In both cases a considerable acidifi- Micrographs inFigs. 4d, g and 5d, f, ghow that, after
cation of the solution is produced as soon as immersion of about 1 week, consecutive layers precipitate on the glass
the glass samples takes place. The pH values increase agaisurface; as a freshly formed layer detach from the glass, a
after the first day of incubation, the initial values being re- new one immediately starts to build up below it, covering
covered between the first and the second week. At the endthe base glass (sé€g. 5f).
of the first month the pH of the solution containing Mg31 EDS measurements in SEM performed in Mg31 and
increased about 6% and the pH of Mg36 solution became Mg36 specimens, at the surface of the precipitated layer and
9% higher. on the uncovered glass indicated that the composition of

SEM micrographs of the specimens after different soaking the precipitated layers is rich in Ca and P, when compared
times Figs. 4a—g and 5a}glearly show the formation of  with the composition of the original glasses. These results
a layer precipitating on the glass surface, which should be appear quite intelligible ifrigs. 6a and pwhere the atomic

3
3 Mg36
=
(%2}
o
[l
E
Mg31
T T T T T T 1
10 20 30 40 50 60 70 80

26(%)

Fig. 2. XRD patterns of glasses Mg31 and Mg36.
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V41l_1D 25.BkV
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V4l_2D 25.8kV X1.58K 20.84sm

V41 _7D 25.0kV X1.58K 28.8sm

(d)

VY41_5D 25.8kV X2.80K
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VY4121D 25.0kV X3.806K 18.8rm

V4138D

Fig. 4. SEM micrographs of Mg31 samples after soaking in SBF for: (a) 1 day; (b) 2 days; (c) 5 days; (d) 7 days; (e) 14 days; (f) 21 days; (g) 30 days.
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Fig. 5. SEM micrographs of Mg36 samples after soaking in SBF for: (a) 1 day; (b) 2 days; (c) 5 days; (d) 7 days; (e) 14 days; (f) 21 days; (g) 30 days.
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% Mg36 Glass Fig. 7. Ca/P atomic ratio at the layers precipitated (a) on Mg31
) 04 4 glass (b) on Mg36 glass. (Dashed lines indicate the limits Ga/B
& for brushite, Ca(HP@)2(H,0), and Ca/P= 1.67 for hydroxyapatite,
& Cayo(POs)s(OH)2.)
0 02
0.0 ‘ — the layer thickness for the longer times was measured on the
0 5 10 15 20 25 30

micrographs by summing up the thicknesses of the different
superposed layers.
Fig. 6. Variation with immersion time in SBF of the atomic ratio Immersion of the materials in SBF causes a strong dis-
(Ca+P)/(Ca+ P+ Si+Mg): (a) at the surface layer and on the uncovered ~ solution of all the ions, Si, Mg, Ca and P, from the glasses.
Mg31 glass; (b) at the surface layer and on the uncovered Mg36 glass. Special attention will be given to Ca and P, since these are
most directly involved in the formation of the apatite layer.
Figs. 9a and brepresents the evolution with time of the
ratio (Ca+ P)/(Ca+ P+ Si+ Mg) in the surface layer and  elemental concentrations of Ca, P and Si in the synthetic fluid
in the uncovered glass is represented as a function of thefor both materials. Either for Mg31 or for Mg36 an intense
immersion time. leaching of Ca and P is observed during the first 1-2 days of
The above data undoubtedly show that the layer precip- incubation, followed by a significant consumption of these
itated on the surface of both compositions is a calcium- jons from the solution, clearly evident until the fifth day. It
phosphate film. The average Ca/P atomic ratio is around 1.5js also seen that Si is continuously dissolving from the glass.
in the layer covering Mg31 and ranges from 2.5 to 1.5 in The fall in Ca and P concentrations in the solution, starting
the layer covering Mg36, as shownfiig. 7a and b at the first day for Mg31 and at the second day for Mg36,

In stoichiometric hydroxyapatite, G&POs)s(OH)2, the leads to a higher relative increase in the amount of Si in the
Ca/P atomic ratio is 1.67, a value usually reported for natural

bones*! However, lower values can be found in Ca—P layers
when hydroxyapatite is carbonated or when there is precip- o5

Time (days)

itation of other stable calcium—phosphate phd3esjch as
brushite, Ca(HP@)2(H,0), where Ca/P= 1. This crystal 07 Mgss T
sometimes precedes the formation of hydroxyapatite. % 15

Due to the particular features of both deposits in the 3 Mg31 A
present study, it was not possible to determine whether the § 10 [ e
Ca—P layers were amorphous or crystalline. F sl S ‘\\\‘///

The observation of the micrographshigs. 4 and &can 7
give a rough indication of the film growing rate, by moni- 00 — 5 — ‘1‘0‘ = ‘1‘5‘ = ‘2‘0‘ — 25 0
toring the evolution of the thickness of layers with soaking Time (days)

time, without accounting for the detaching of individual lay-
ers from the substrate glass. This is showirig. 8 where Fig. 8. Thickness of Ca—P layers precipitated on glasses Mg31 and Mg36.
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(a) Mg31 compound was detected as a precipitate on the glass sur-
< 140 face, then a different P-compound has quite probably formed
somewhere, inside the fluid container.

The results of the present work have shown that high
MgO contents in the glass compositions do not inhibit their
apatite-forming ability. The obtained Ca-P films were not
satisfactorily attached to the substrate glass, but nothing
seems to indicate that such fact should be directly at-
tributed to the presence of Mg. Experimental evidences in
a previous work with compositions of the same sygtem
strongly support the idea that glass-ceramics, rather than
glasses, promote a better adhesion of the film to the base

Concentration (mg.|

- 1;8 3 material. Additional processing work with the glasses of
g 100 & the present study is under way, namely the performing of
S g | controlled thermal treatments, aiming the production of
E 60 | glass-ceramics with appropriate crystalline phases and ad-
§ a0 [ equate surface topography for the anchorage of the Ca—P
S 20 I/ P layer.
S e e rararararara—— The feeble bonding of the Ca—P layer to the base glasses
0 5 10 15 20 25 30 represents a drawback to their application as monolithic
Time (days) bodies. However, following a procedure adopted for other

_ _ _ _ _ glasses, the powdering of these glasses and their use as
Fig. 9. Ca, P, and Si concentrations by ICP of SBF after immersion of

(a) Mg31 and (b) Mg36. (Dashed lines refer to Ca and P concentrations pOIyme”C'based comp_osne fillers is hlg.hly pro”?'smgn
in the virgin SBF.) most of these composites the polymer is non-bioactive and

the glass furnishes the initiator sites for the apatite deposi-
tion on the surface composite.
solution. These facts, promoting a gradual acidification of  Another well known effect of the presence of Mg dur-
the fluid, can explain the decrease of pH values at short timesing the precipitation of the apatite films is its tendency to
(Fig. 3). A similar acidification phenomenon, due to excess induce the formation of amorphous structures, rather than
of silica, is well known in the glass industry. It usually takes crystalline precipitate$>*’
place at the end of the glass melting reactions, during the A great discussion on the effects of Mg on mineralization
digestion of the residual batch sili¢a. is still running. The most recent developments on the inter-

Fig. 9 also shows that along the whole immersion time pretation of surface reactivity of bioglasses suggest that it is
Ca concentration keeps higher than its initial value in the not the composition of the glass by itself, but the structural
virgin solution, represented by the upper dashed line. The arrangement of the ions within the glass network, that gov-
same behaviour is found for P up to 5 days incubation, after erns the type of interaction with the surroundings, either in
which the concentration in the solution slightly decays when in vitro or in in vivo situationg?840.48.49
compared with its value for zero time, represented by the
lower dashed line.

SEM micrographs and EDS analysis clearly showed tha
the layers on the glass surfaces are apatite-like precipitates,
being Ca and P obviously provided by the solution. Since
up to about 5 days both Ca and P concentrations in the

solution keep higher than the values for zero time, it becomes!n @ Simulated body fluid. These apatite layers, with Ca/P
evident that the build up of the apatite film during the first 5 _atomic ratios tending to 1.5 with increasing immersion times,

days results from these ions coming from the glass samplesVére mainly built up from Ca and P dissolved from the

severely attacked by the fluid, and then reprecipitated on thedlasses and then reprecipitated on their su.rfaC(_as. Both films
glass surface. were loosely bound to the base glasses, a situation not conve-

P concentration values decrease below the reference foflientif the glasses are to be used as monolithic bodies. Pow-
the virgin solution only after 5 days incubation. A simple 9€ring of these glasses to use as polymer-based composite

exercise combining informations frofigs. 7 and 9ndi- fillers is under study and it seems highly recommended.

cates that, to obtain Ca—P films with the Ca/P ratios shown

in Fig. 7, from Ca and P in the solution, there is no need t0 References

consume the amounts of P suggested by the trenéigir®,
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t 4, Conclusion

Two silica—calcium—phosphate glasses with high MgO
content have shown apatite-forming ability after immersion
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