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There is a strong discrepancy in the literature regarding the effect of magnesium on bioactive glasses. Hence the
present study is focused on the physical and chemical behavior of the “golden standard” 45S5 glass and
magnesium-containing bioactive glasses developed here to evaluate their reactivity and in vitro bioactivity. The
aim of this study was to analyze the influence of CaO replacement by MgO, especially its effect on the rate of for-
mation of the apatite-like layer at the glass surface, the reaction kinetics between the glasses and simulated body
fluid (SBF-K9) and on the glass stability against devitrification during heating. Fivemelt-derived bioactive glasses
of the system 24.3Na2O–26.9(xCaO− (1− x)MgO)–46.3SiO2–2.5P2O5 (x= 1; 0.875; 0.75; 0.625 and 0.5) were
synthesized with CaO progressively replaced by MgO. Their thermal stability on heating was characterized by
DSC analysis. Their degradation and ability to form an apatite-like layer were evaluated through in vitro tests
by immersion in SBF-K9; FTIR, ion selective electrode analysis and by solid state nuclear magnetic resonance
(NMR) spectroscopy. Our results indicate that magnesium plays an important role in the stability of this glass
family, defined as the difference between the glass transition temperature Tg and crystallization temperature
Tx. The lower Tg observed in the MgO-rich glasses and insignificantly changed solubilities, as well as the 29Si
NMR results suggest that in this glass system MgO does not act as a network intermediate or former oxide, but
as networkmodifier, aswe expected. Dissolution kinetics, FTIR, and solid state 31P and 1HMAS-NMR consistently
indicate that partial replacement of CaO by MgO in the bioglass does not influence the rate at which the initial
amorphous calcium phosphate (ACP) layer is precipitatedwhen the glass is exposed to SBF. In contrast it greatly
reduces the rate of conversion of this precursor phase to the crystalline hydroxycarbonate apatite (HCA)-layer.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

In 1969, Hench et al. [1] found that certain glass compositions have
the ability to form a chemical bond with living tissues, including hard
tissues, such as bone and teeth. Since then, this class of glasses has
been classified as bioactive glasses [1]. The first developed and most
known bioactive glass is Bioglass® 45S5 [2]. This glass has an approxi-
mate composition of 46.3 SiO2, 24.3 Na2O, 26.9 CaO and 2.5 P2O5

(mol%). It has been tested and clinically used over several years demon-
strating very satisfying results as bone graft substitute due to its
osteoconductive and osteoinductive nature [3]. The bone-bonding abil-
ity of bioactive glasses is attributed to the formation of a biologically
active apatite-like layer at the glass surface (when in contact with
blood plasma or saliva), with composition and structure similar to that
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of the mineral phase of bone [1]. Several mechanisms have been pro-
posed to explain their bioactive behavior. Currently, the most accepted
one is associated with the proposals of Hench and Clark [1,4] and
Kokubo et al. [5–7], who developed an in vitro analysis based on an acel-
lular solution thatmimics the ionic content of the blood plasma, i.e. SBF-
K9 (Simulated Body Fluid). The interaction between the bioactive glass
surface and this solution initiates the formation of a silica hydrogel layer
and this layer allows the subsequent ionic precipitation and crystalliza-
tion of an apatite-like phase. Nonetheless, the dissolution kinetics and
the velocity of the apatite-like layer formation depend on many vari-
ables, such as glass chemical composition, surface topography, glass
structure and how it interacts with the surrounding medium [8–10].

The majority of bioactive glasses have quite complex multicompo-
nent compositions and many researchers worldwide are still aiming to
improve their chemical–physical and biological properties bymodifying
their formula (and hence their structure). Thus, reaching an under-
standing of the individual function of each component in these systems
is not a simple, but a truly important task. As there is some controversy
in the literature (discussed in the next session) regarding the effect of
Mg, the present study is thus focused on the physico-chemical behavior
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of pure 45S5 and magnesium-containing glasses to evaluate their reac-
tivity and in vitro bioactivity.

Magnesium has been reported to play a relevant role in human bone
growth, maintenance and repair by stimulating osteoblast proliferation
[11]. Additionally, this element is involved in over three hundred chem-
ical reactions in the human body, one of them being the regulation of
calcium transport [12]. However, its function in bioactive glass formula-
tions has been subject to conflicting explanations, mainly related to the
different roles that have been attributed to this element on the glass
structure. Several researchers claim that Mg is a modifier element
[13,14] whereas others affirm that it can appear partly as an intermedi-
ate oxide, entering the silicate network as MgO4 tetrahedral unit
[11,12].

There are several models for the role of each element in the glass
structure. Zachariasen and Sun classified magnesium as a modifier ele-
ment. However, Dietzel, as early as in 1942, calculating the field
strength “F” (F= Zc/a2; being Zc the cation's valence and a the ionic
radii plus the oxygen ion in Å units) classified elements with 0.1 to 0.4
field strength as network modifiers and elements with 0.5 to 1.1 as
intermediates. Magnesium plays an interesting role in this classification
since its ionic field strength is 0.45 falling on the borderline between
network modifier and intermediate oxide [15].

A comprehensive reviewonmagnesium containing bioactive glasses
for biomedical applications has been given recently [16]. Some in vitro
studies have shown that MgO hinders mineralization of the apatite-
like layer [17–19]; for example by decreasing the thickness of the min-
eralized surface layers [19]. In contrast, others suggest that its presence
does not affect this layer formation and even promote its in vitro estab-
lishment by facilitating the early stages of mineralization [20–22].
Furthermore, some studies suggest that substitution of CaO by MgO in
the composition of silicate glasses would modify their stability against
crystallization and improve somemechanical properties of these glasses
[23]. Addition of an element such as magnesium, which has high phys-
iological interest in the biomedical field, may be used to tailor some
physico-chemical and physiological properties of bioactive glasses.
Also, its presence in the glass could allow the manufacture of different
products, such as scaffolds, fibers, 3D devices, etc., since its addition is
known to decrease the liquidus temperature, viscosity and sometimes
the crystallization rates in some silicate glasses [14,19]. Thus, the clear
establishment of the influence of Mg on the properties requires a sys-
tematic study of Mg-containing bioactive glasses.

Our findings show that the presence of magnesium decreased Tg
values, increased Tx and did not cause alterations on glasses solubility
and formation of an ACP layer, however, greatly delayed the crystalliza-
tion of HCA.

2. Experimental

2.1. Preparation of the glasses

The reference composition in this study is the golden standard 45S5
Bioglass® invented by Hench. Five different compositions in the system
24.3Na2O–26.9(xCaO− (1− x)MgO)–46.3SiO2–2.5P2O5 (x = 1; 0.875;
0.75; 0.625 and 0.5) were made with gradual replacement of calcium
oxide by magnesium oxide. The compositions of pure and Mg-doped
glasses are shown in Table 1. All the glasses were prepared using
Table 1
Glass compositions of the magnesium substituted glasses in mole %.

Glass ID SiO2 Na2O CaO MgO P2O5

45S5 (x = 1) 46.3 24.3 26.9 0 2.5
F1 (x= 0.875) 46.3 24.3 23.5 3.4 2.5
F2 (x= 0.75) 46.3 24.3 20.2 6.7 2.5
F3 (x= 0.625) 46.3 24.3 16.9 10 2.5
F4 (x= 0.5) 46.3 24.3 13.45 13.45 2.5
reagent grade chemicals (SiO2, Na2HPO4, CaCO3, Na2CO3, and MgO).
The compositions were melted in platinum crucibles at 1450 °C for
4 h; the melts were rapidly quenched by splat cooling, which was
carried out pouring the liquid between two metal plates kept at
room temperature. The melting/cooling procedure was repeated
for five times aiming at a more homogeneous glass. Cylindrical sam-
ples of 12 mm in diameter and 30 mm in height were cast by pouring
the melt into graphite molds. The samples were annealed for 6 h at
approximately 50 °C below the glass transition temperature of each
composition, in a muffle furnace programmed to cool down to
room temperature at 5 °C/min.

2.2. Differential scanning calorimetry (DSC)

The glasseswere characterized byDSCusing a NETZSCHDSC 404 ap-
paratus. Both reference and sample were contained within platinum
crucibles. Monolithic samples of approximately 1.5 × 1.5 × 1.5 mm
were prepared and then heated from room temperature to 1200 °C, at
a heating rate of 10 °C/min. The glass transition temperatures (Tg) and
onset crystallization temperatures (Tx) were then obtained from the
corresponding DSC traces.

2.3. Nuclear magnetic resonance (NMR)

The 29Si MAS-NMR spectra were recorded on a Bruker Avance 300
spectrometer at 59.595 MHz with a 7 mm rotor at a spinning speed of
4.0 kHz. 56 scans were accumulated with 90° pulses of 8.5 μs length
and a relaxation delay of 3000 s. Such long relaxation delays were
found to be essential for ensuring quantitative detection of all the silicon
species present. Chemical shifts are reported relative to tetramethylsilane
used as an external reference standard.

The 31P MAS-NMR spectra of the glasses were recorded on a Bruker
CXP-200 spectrometer at 80.961 MHz with a 4 mm rotor operated at a
spinning speed of 10 kHz, 592 scans were accumulated with 90° pulses
of 4.8 μs length and a relaxation delay of 180 s. For the samples 45S5, F2
and F4, additional NMR studies were taken on the biomineralized
layers, which were removed with a razor blade after 16 h and 8 days
exposure to the SBF. 31P MAS-NMR measurements on those samples
were conducted on a Bruker DSX-500 spectrometer at 202.49 MHz,
using a 2.5 mm MAS-NMR probe operated at a 25.0 kHz spinning
speed. 60 scans were accumulated at a recycle delay of 200 s. Chemical
shifts are reported relative to 85% H3PO4 used as an external reference
standard. 1HMAS-NMR spectra on the biomineralized layers weremea-
sured at 500.13 MHz, using a Bruker DSX-500 spectrometer equipped
with a 2.5 mm probe, which was operated at a spinning frequency of
25.0 kHz. 64–128 rotor synchronized Hahn spin echoes were accumu-
lated at a recycle delay of 2 s. Chemical shifts are reported relative to
tetramethylsilane used as an external reference standard.

2.4. In vitro tests

The in vitro tests were conducted according to Kokubo's method
[24], using SBF-K9 solution.

Samples were cut into cylinders of approximately 7 mm height and
12 mm diameter and then polished with a 400-grit silicon carbide
paper. All samples were rinsed and cleanedwith isopropyl alcohol solu-
tion in an ultrasonic cleaner for 20 min. Then, the samples were im-
mersed in SBF-K9 solution and placed into a sealed polyethylene
bottle with a glass surface area to volume ratio of 0.1 cm−1 [25]. They
were maintained at 37 °C during 4, 8, 16 h and 1, 2, 4, 8 and 16 days.

The in vitro bioactivity and chemical durability were evaluated by
studying ionic exchanges between the glass samples and the solution.
The elemental concentrations of Na, Ca, Mg and P in the SBF-K9 solution
after soaking the pure and doped glasses were determined by an ion
selective electrode (Cobas, b121 System — Roche) using ion-selective



Table 2
Tg, Tx, and K2 of the 5 glasses (with an uncertainty of about 2–3 °C).

Glass ID Tg Tx K2

Bioglass 45S5 520 °C 700 °C 180 °C
F1 505 °C 710 °C 205 °C
F2 485 °C 735 °C 250 °C
F3 480 °C 785 °C 305 °C
F4 475 °C 945 °C 470 °C
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electrodes sensitive to each species of interest, for times ranging from 4
to 16 days.

2.5. FTIR spectroscopy

The chemical changes on the glass surfaceswere followed by Fourier
Transform Infrared Spectroscopy (FTIR) (Perkin Elmer, Spectrum GX,
DE). Spectra were obtained between 1500 and 400 cm−1 wave number
for all samples.

2.6. Scanning electron microscope (SEM)

SEM (FEG, Phillips/FEI Company, Phenom) analyses to evaluate the
bioactive glass surface degradation and formation of apatite after 24-h
exposure to SBF-K9 solution were conducted for all samples.

3. Results and discussion

3.1. Differential Scanning Calorimetry (DSC)

The obtained DSC curves are shown in Fig. 1. It is possible to observe
heat capacity changes associated with the glass transition at around
500–560 °C and exothermic processes associated with crystallization
between 690 and 1000 °C.

The values presented in Table 2 indicate that the gradual substitution
of CaO for MgO results in a decrease in the glass transition temperatures
(Tg). This phenomenon may be attributed to the mixed cation effect,
which is known to significantly reduce viscosity especially at low tem-
peratures [14,19,26,27].

Table 2 also shows that the glass stability defined as [28]:

K2 ¼ Th
x−Tg ð1Þ

where Tx
h the onset crystallization temperature on heating increases

with increasing extent of Ca/Mg substitution.
Fig. 1. DSC traces for the magnesium substituted series of glasses with increasing magne-
sium content from F1 to F4. Monolithic pieces of about 20 mg.
Also according to Fig. 1, the onset crystallization temperature (Tx)
increases linearly and the peaks are less pronounced with increasing
Mg content. This could be attributed to stronger Si–O–Mg compared
to the Si–O–Ca bonding interaction [14], attributable to the higher ion
potential (charge/radius ratio) of the Mg2+ ions.

Most authors affirm that combeite (Na2Ca2Si3O9)would result as the
main crystalline phase after heat treatment of Bioglass 45S5 [25,29,30].
Recently, Lefebvre et al. [31] and Fagerlund and Hupa [32] suggested
that Na2CaSi2O6 would be the major crystalline phase instead of
Na2Ca2Si3O9, but this discrepancy can be partially explained by the
solid solubility of the three oxides [33]. However, regardless of the
real stoichiometry of the crystals formed during heat-treatment of
Bioglass 45S5, magnesium addition probably hinders the formation
of this calcium sodium silicate phase.

The overall crystallization process is affected by the CaO/MgO re-
placement since the latter promotes mixed cation effects, which may
decrease the diffusion coefficients of the different ions present in the
glass structure [14].

3.2. In vitro tests — changes in the SBF composition

Immersion of any bioactive glass in SBF-K9 solution leads to dissolu-
tion of all the ions present in these materials, mainly Si, Na, Ca and P. In
this study Mg was also analyzed. Therefore, understanding the kinetic
reactions of these elements with this synthetic fluid calls for special at-
tention, since they are directly involved in the formation of the apatite-
like layer.

The cumulative variation of Na, Ca, Mg, and P ionic concentrations
with soaking time in SBF is shown on Fig. 2. The quantity of Mg rises
with time in all cases; and as the Mg content in the glass composition
is increased, a greater amount of Mg is released into the solution.

The P concentration in the solution decreases continuously with
time, which may be attributed to the concomitant development of the
Ca–P rich layer.

The Ca concentration reaches a minimum after the first hours of
immersion and then gradually increases up to 16 days. As can be ob-
served, the lower the Ca content in the glass compositions, the lower
is the increase of Ca in the SBF solution, except for 45S5, for which
the Ca concentration does not change significantly until the end of
the test. The increase of Ca concentration after 24 h may be attribut-
ed to the depletion of P in the solution, as can be observed in Fig. 2b,
hence the Ca leached to the solution would react only with a small
quantity of P also leached from the glass. Thus, the majority of the
Ca ions are not able to precipitate and form more of the amorphous
calcium phosphate (ACP) layer. Also for 45S5 samples the formation
of a hydroxy carbonate apatite (HCA) layer leads to stabilization of
the Ca quantity present in the SBF-K9 solution, while for the other
compositions the formation of HCA is delayed and thus rising Ca con-
centrations are observed with time.

The Na concentration increases with time for all compositions. The
magnesium doped glass series (F1 to F4) demonstrate the highest
values for this element in thefinal periods of analysis. Based on previous
studies [22,34], this fact could be attributed to the faster rate of silica-gel
layer formation for compositions containing magnesium.

Several studies affirm that the silica gel thickness increases with
increasing Mg content in the glass [22,23,34,35]. This indicates that



Fig. 2. Elemental concentrations in SBF solution after immersion of glass specimens with different MgO content for times between 4 and 384 h.
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the reactions involved in the Stages I and II, proposed by Hench [1],
are accelerated in the compositions with higher Mg content, conse-
quently, a faster leaching of Na is expected.

The pH of the SBF solutions increases with time and with increasing
magnesium content in the glass for each soaking time (Fig. 3). This in-
crease can be attributed to the increase of Ca andMg levels that are con-
tinuously leached into the solution and are not yet incorporated in the
precipitated apatite layer.

It is important to observe that for this glass series the amount of
Ca +Mg %-mol was kept constant, as well as Si and P.

Fig. 4 shows the sumof these two elements [Ca +Mg] leached to the
solution during the in vitro tests.
Fig. 3. pH of SBF solution after immersion of glass specimens with different MgO content
for times between 4 and 384 h.
In the first periods of analysis all glasses show a very similar trend.
There is an increase of leaching for these two elements followed by a
decrease in the 24 h analysis. However, after 48 h the value for Bioglass
45S5 [Ca +Mg] does not change significantly with time, whereas for
the other glasses these [Ca +Mg] concentrations tend to increase fur-
ther. However, it is possible to observe that the amount obtained for
this sum decreased with the increase of magnesium content in the
glass, even though these glasses presentmuch higher valueswhen com-
pared to Bioglass 45S5.

The stability obtained for Bioglass 45S5may be attributed to the con-
tinued formation and crystallization of the apatite-layer, whereas for the
other glasses the presence of magnesium inhibits the transformation
Fig. 4. (Ca +Mg) concentrations in SBF solution after immersion of glass specimens with
different MgO content for times between 4 and 384 h.



Fig. 5. FTIR spectra of 45S5 and F1 to F4 for immersion times between 4 and 384 h; (*) hydroxycarbonate apatite.
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Fig. 7. 29Si MAS NMR spectra of 45S5, F2 and F4 glasses. Spinning sidebands are indicated
by asterisks.
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of ACP into HCA. In these glasses the presence of a more open amor-
phous structure allows a further leaching of the ions from the glass.

Kibalcyc et al. [36] affirm that the presence of magnesium in a solu-
tiondoes not change the solubility of phases such as amorphous calcium
phosphate (ACP) and octacalcium phosphate (OCP); instead it only de-
lays the transformation of the ACP phase to a crystalline material and
inhibits growth of OCP, but not the nucleation of this phase.

Several authors claim that when the amorphous phosphate phase
precipitates it incorporates some magnesium, whose quantity is related
to its concentration in the SBF solution [37–39]. Depending on the
amount incorporated, a structural mismatch occurs in the pre-nucleated
structures of hydroxyapatite (HA), and thus this phase cannot properly
develop.

Another mechanism proposed for this delay of HA formation is the
poisoning of the surface of HA nuclei bymagnesium or some of its com-
plexes. This poisoning supposedly occurs when themagnesium ions are
adsorbed into the active growth sites, retarding or inhibiting the crystal
growth of HA [37,38,40].

Shimabayashi et al. [41] showed that the cation binding affinity to
HA follows the order Ca2+ N Ba2+ NMg2+; dislocations on HA and Ca
defects being their binding sites. They also affirm that this cation ad-
sorption to HA can increase the positive charge on the surface influenc-
ing the dispersion properties of HA, such as sedimentation volume and
mean diameter of the HA particles.

Abbona and Baronnet [42] also affirmed that magnesium additions
cause strong effects on apatite nucleation, crystal morphology, crystal
perfection and growth kinetics. Its presence reduces the size and struc-
ture of the amorphous calciumphosphate particles and generates parti-
cles smaller and more irregular in shape and richer in defects.
3.3. Apatite-like layer formation (FTIR)

Fig. 5 shows the infrared spectra of the precipitates formed on the
glass surfaces after 4, 8, 16 h and 1, 2, 4, 8 and 16 days in SBF. Bands
were assigned on the basis of published data according to Peitl et al.
[43].

The presence of two peaks approximately at 610 and 560 cm−1 indi-
cates that the apatite-layer (HCA) is well formed and crystallized after
8 h for 45S5 Bioglass. The soaking time required until this phase is ob-
served increases as calcium is successively substituted by magnesium.
F4 samples only present these two peaks after 96 h (4 days) of im-
mersion in SBF solution. After 48 h, peaks between 540 cm−1 and
415 cm−1 (Si–O–Si) are not detected, indicating that at this stage
the silica-rich layer is covered by an ACP layer.

Vallet-Regí et al. [23] affirm that this delay on the formation of the
apatite-like layer in glasses of the CaO–MgO–SiO2–P2O5 system may
Fig. 6. Time required for the ACP and the apatite-like layer formation for different glass
compositions.
be attributed to two main effects. The first one involves the decrease
of the solubility of the glass, since Mg-O chemical bonds are stronger
than Ca–O bonds [14]. The second one refers to the influence of the
Mg on the rate of precipitation of the amorphous calcium phosphate
layer in SBF. This element, when leached to the SBF solution, decreases
the rate of formation of a more stable apatite phase [11,23].

It is also known that, in most cases, the leaching rate of alkaline-
earth ions from a silicate glass decreases with decreasing ionic radius
[22]. Hence a reduction of the rate of apatite-like layer formation is ex-
pected as the Mg content is increased.

In Fig. 6 it is possible to compare the onset time for the ACP layer and
the apatite-like layer (HCA) formation on the sample surfaces. Although
the time range between measurements was large, the higher the mag-
nesium content, the higher is the time needed to the formation and
crystallization of the apatite-layer, while the time required for ACP for-
mation for all samples was practically the same. This finding indicates
that the (probably) reduced glass solubility has no significant influence
on the formation of this amorphous layer (ACP).
3.4. Nuclear magnetic resonance (NMR) of the bulk samples

Fig. 7 shows 29Si MAS-NMR spectra of 45S5, F2 and F4 glasses. With
increasingMg content, the curve shapes become slightly more asym-
metric, indicating an increasing contribution from a low-frequency
Fig. 8. 31P MAS NMR spectra of 45S5, F2 and F4 glasses.



Fig. 10. 1HMAS-NMR spectra obtained on the 45S5 and F4 samples after different times of
exposure to SBF.

Fig. 9. 31P MAS-NMR spectra of samples 45S5 and F4 after different exposure times. Red
curves depict a simulation based on the two individual components (dashed curves)
assigned to ACP (broad component) and HCA (sharp component).

Table 3
Quantitative deconvolution analysis of the 31P MAS NMR spectra in terms of the ACP and
the HCA contributions.

Sample 45S5 16 h 45S5 8 days F2 16 h F2 8 days F4 16 h F4 8 days

δ(31P)/ppm 3.1 3.0 3.0 2.9 2.7 2.8
FWHH/ppm ACP 5.4 5.4 6.5 5.4 5.6 5.6
FWHH/ppmHCA 1.8 1.8 – 1.9 – 1.8
% ACP/HCA 93/7 80/20 100/0 83/17 100/0 89/11

63M.T. Souza et al. / Journal of Non-Crystalline Solids 382 (2013) 57–65
shoulder, presumably arising from Si-atoms in the vicinity of Mg2+

ions. However, the spectroscopic resolution is insufficient for at-
tempting a reliable deconvolution of these lineshapes. The rather
subtle changes of the center of gravity from −80.7 ppm in 45S5 to
−82.0 ppm in F4 observed in the present study are somewhat in
contrast to those of Oliveira et al. [13] who suggest that Mg acts in
the role of a network former species, resulting in the formation of
tetrahedral MgO4/2

2− units, which redirect the network modifier cat-
ions such as Na+ and thereby promote a re-polymerization of the sil-
icate network. The spectra of the present materials do not give
evidence of such a mechanism.

Fig. 8 shows the corresponding 31P MAS-NMR spectra. Aside from
slight variations in the line positions and widths, which are, however,
close to the experimental error limits, the spectra in Fig. 8 suggest that
the species giving rise to this signal near 8.2 ppm are essentially identi-
cal. They indicate that phosphate is exclusively present in the form of
Q(0) orthophosphate units in an amorphous environment. The increase
in line width from 590 Hz in 45S5 to 660 Hz in F4 suggests a wider iso-
tropic chemical shift distribution in the latter sample, arising frommul-
tiple phosphate environments with different numbers of Ca2+ and
Mg2+ ions. No reliable statement can be made, however, regarding
the Ca/Mg distribution in the vicinity of the orthophosphate species.

3.5. Solid state NMR spectra of biomineralized samples

Fig. 9 shows the 31P MAS-NMR spectra of the biomineralized layers
recovered from samples 45S5, F2 and F4 as described in the
Experimental section. The 31P MAS-NMR spectra show subtle but con-
sistent trends as a function of composition and exposure time. They
can be interpreted in conjunction with previous results from Edén and
coworkers, [44–46] who followed the biomineralization of glasses
with composition “S85” (10 CaO–85SiO2–5 P2O5 — mol%) in SBF
[44–46].

These authors showed that the 31P MAS NMR spectra can be
deconvoluted in terms of two distinct lineshape components [44],
which can be assigned to ACP and HCA, respectively. While these
two components are spectroscopically too close to be resolved on
the basis of their chemical shifts, they possess quite different line
widths (5.4 and 1.8 ppm, respectively). Following the procedure
of these authors we simulate our spectra as superpositions of two
lineshape components having the same chemical shift (near 3.0 ppm),
but different line widths to estimate the percentages of ACP and HCA
formed after 16 h and 8d, respectively. Table 3 summarizes the relevant
fit parameters. These results clearly confirm the conclusion from the
FTIR spectra that HCA formation is considerably delayed in the Mg-
containing samples. For example no HCA is detected after 16 h in either
F2 or F4, and the amount of HCA formed after 8 days is only half as large
in F4 as it is in 45S5. Finally, the spectra give no evidence for the forma-
tion of OCP, which would give rise to four distinct peaks in the shift
range between −1 and +4 ppm [47,48]. Still, as discussed below, the
1H MAS-NMR spectra suggest the presence of some OCP, possibly in a
disordered form. Furthermore, as the broad peak of ACP observed
here encompasses the overall shift range of the 31P resonances in OCP,
we cannot exclude a structural relationship between ACP and OCP on
the basis of our 31P MAS-NMR results.

The 1H MAS-NMR spectra (see Fig. 10) are dominated by surface
adsorbed water on the ACP/HCA phases (broad peak near 5.0 ppm). In
addition, four distinct resonances near 1.2, 1.1, 0.8 and 0.1 ppm are
observed. Contrary to the suggestion made in Ref. [48], in the present
samples, these resonances cannot be attributed to organic residues, as
the present materials were never exposed to organics, aside from TRIS
buffer, whose resonances would occur at rather different chemical
shifts. Rather, we assign these signals, which were previously observed
in various octacalcium phosphate samples [48–50], as well as in nano-
crystalline hydroxyapatite [51] to highly mobile water species within
differently layered precursor structures preceding the formation of
hydroxyapatite.We attribute these highly characteristic lines to protons
in the acid phosphate/water layer of a disordered form of OCP that is
forming as a precursor structure to hydroxyapatite in these samples.
The disordered state of this OCP phase may be the reason that its 31P
MAS-NMR signals cannot be resolved in the present samples.

We further note, that in all the 16 h-samples, 1HMAS-NMR features
pertaining to the OCP phase are considerably less-well developed, indi-
cating more disorder and less mobility of these water pools in the ACP
phase, which is dominant at that stage of crystallization. Moreover,
sample F4 shows a signal near 2.0 ppm, which can be assigned to the



Fig. 11. SEM micrographs (×2.500) of 45S5 (a), F1 (b), F2 (c), F3 (d) and F4 (e) after a 24 h immersion in SBF-K9 solution.
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silanol species of the partially hydrated silicate layer. The appearance of
this peak suggests that the isolation procedure applied for the removal
of the calcium phosphate containing phase was not entirely successful
and part of the hydrated silicate layer was also recovered. Finally, the
spectra show only a minor contribution from the OH groups of the
hydroxyapatite phase (spectral intensity near 0 ppm [50]). As previous-
ly noted [44–46], the difficulty in detecting the structural hydroxyl
groups in biomineralized samples via single-pulse 1H MAS NMR must
be attributed to the dominance of the surface-adsorbed water in these
samples.

3.6. Scanning electron microscopy (SEM)

All other results obtained in this study and the SEM images of the
specimens after 1 day soaking time (Fig. 11) allow us to affirm that for-
mation of an apatite-layer indeed occurred on glasses 45S5 and F1 to F2.
But, the globular shape pattern commonly found for apatite is not seen
for F3 and F4 samples, indicating the formation of an amorphous calci-
um phosphate layer on their surfaces. These results indicate once
more that magnesium does not affect the glass solubility, but only the
crystallization of the apatite-layer in SBF.
4. Conclusions

Gradual replacement of CaO byMgO in 45S5 leads to lower values of
Tg, higher Tx, and almost no change in solubility and formation of anACP
layer. However, it greatly delayed the crystallization of HA in SBF-K9 in
our in vitro tests. The lower Tg and insignificantly changed solubilities, as
well as the 29Si NMR results suggest that in this glass systemMgO does
not act as a network intermediate oxide or former, but as a network
modifier. The substantially longer time to crystallizeHCA is not an effect
of lower solubility, as the time for the formation of the ACP layer is inde-
pendent of MgO content, but a side effect of theMg concentration in the
solution. The presence of this element in the glass or dissolved in the
solution, possibly changes thermodynamic variables leading to lower
nucleation and crystal growth rates of HCA from its precursor, the amor-
phous calcium phosphate layer.
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