Biomed. Glasses 2015; 1:93–107

Research Article

Open Access

Max Blochberger, Leena Hupa, and Delia S. Brauer*

Influence of zinc and magnesium substitution on
ion release from Bioglass 45S5 at physiological
and acidic pH
DOI 10.1515/bglass-2015-0009
Received May 04, 2015; accepted Aug 14, 2015

1 Introduction

Abstract: Ion release of Mg- and Zn-substituted Bioglass
45S5 (46.1 SiO2 -2.6 P2 O5 -26.9 CaO-24.3 Na2 O; mol%; with 0,
25, 50, 75 or 100% of calcium replaced by magnesium/zinc)
was investigated at pH 7.4 (Tris buffer) and pH 4 (acetic
acid/sodium acetate buffer) in static and dynamic dissolution experiments. Despite Mg2+ and Zn2+ having the same
charge and comparable ionic radii, they influenced the
dissolution behaviour in very different ways. In Tris, Mgsubstituted glasses showed similar ion release as 45S5,
while Zn-substituted glasses showed negligible ion release. At low pH, however, release behaviour was similar,
with all glasses releasing large percentages of ions within
a few minutes. Precipitation of crystalline phases also varied, as Mg- and Zn-substitution inhibited apatite formation, and Zn-substitution resulted in formation of zinc
phosphate phases at low pH. These results are relevant
for glasses used in aluminium-free glass ionomer bone cements, as they show that Zn/Mg-substituted glasses release ions similarly fast as glasses containing no Zn/Mg,
suggesting that these ions are no prerequisite for ionomer
glasses. Zn-substituted glasses may potentially be used as
controlled-release materials, which release antibacterial
zinc ions when needed only, i.e. at low pH conditions (e.g.
bacterial infection), but not at normal physiological pH
conditions.

Glass ionomer cements (GIC), or glass polyalkenoate cements, have been used successfully in dentistry since
the 1980’s. They can form chemical bonds to hydroxyapatite [1], which is the mineral phase of teeth and bone, and
medical grade metal alloys. In addition, they have been
shown to release therapeutic ions [2, 3]. These two properties make them of interest for use as bone adhesives to repair fractures or as injectable bone fillers, e.g. in vertebroplasty or kyphoplasty. However, dental GIC contain and release large amounts of aluminium ions, which are neurotoxic and negatively affect bone mineralisation [4].
Finding a non-toxic substitute for aluminiumcontaining GIC has been challenging, as aluminium plays
an important role in both glass degradation (acid hydrolysis of Si—O—Al bonds) and in GIC stability (cross-linking
of polyalkenoate chains by Al3+ ). Most studies have focussed on glasses of low network connectivity, which
contain relatively large amounts of either zinc [5] or magnesium [3, 6]. Despite zinc and magnesium ions having
similar ionic radii and field strengths [7], the properties
of GIC have been shown to differ greatly depending on
whether they were prepared using zinc- or magnesiumcontaining bioactive glass [6]. These differences may be
caused by magnesium and zinc-containing glasses having
different solubility, particularly at low pH values relevant
for GIC setting reactions.
Zinc- [8] and magnesium-containing [9] bioactive
glasses have also attracted interest for other reasons. Zinc
plays a variety of roles in mammalian systems; it is known
for its antibacterial effects but is also essential for growth
and normal development [10]. It acts as a co-factor for
over 400 enzymes in the body, including alkaline phosphatase, an enzyme essential for normal bone mineralisation and formation. Zinc deficiency, which is common
in the elderly, has been associated with abnormal bone
growth [11, 12], poor rates of wound repair [13] and a range
of dermal, psychiatric and gastrointestinal disorders [14].
Zinc has also been shown to have a stimulatory action on
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Table 1: Nominal glass composition (mol%) and network connectivity calculated assuming Zn/Mg to be acting as a modifier (NC) or entering
the silicate network (NC* ).

Glass
Mg100
Mg75
Mg50
Mg25
45S5
(Mg0/Zn0)
Zn25
Zn50
Zn75
Zn100

SiO2
46.1
46.1
46.1
46.1

P2 O5
2.6
2.6
2.6
2.6

CaO
6.7
13.4
20.2

Na2 O
24.4
24.4
24.4
24.4

MgO
26.9
20.2
13.5
6.7

ZnO
-

NC
2.12
2.12
2.12
2.12

NC*
4.28
3.91
3.44
2.87

46.1

2.6

26.9

24.4

-

-

2.12

2.12

46.1
46.1
46.1
46.1

2.6
2.6
2.6
2.6

20.2
13.4
6.7
-

24.4
24.4
24.4
24.4

-

6.7
13.5
20.2
26.9

2.12
2.12
2.12
2.12

2.87
3.44
3.91
4.28

bone formation both in vitro and in vivo [15, 16] and is
also a potent inhibitor of osteoclastic bone resorption in
vitro [17]. Magnesium is an important element present in
bone apatite [18], and magnesium (in addition to calcium)
intake is considered necessary for preventing osteoporosis [19]. Magnesium also acts as a co-factor in about 300 enzymes, thus playing a key role in energy metabolism and
nucleic acid synthesis, and it is an essential element for
the nervous system, being involved in conduction mechanisms [20].
in vitro dissolution and cell culture experiments are
usually performed at normal physiological pH (i.e. around
pH 7.4) [21]; however, low pH conditions are relevant during a range of clinical conditions, e.g. during bacterial infections [22]. Therefore, a better understanding of bioactive glass dissolution in various pH environments can help
us to improve bioactive glass performance [23, 24]. Particularly if used in GIC the dissolution and ion release behaviour of bioactive glasses at acidic pH needs to be well
understood to enable optimisation of glass degradation,
GIC setting behaviour and, subsequently, GIC properties.
Bioglassr 45S5 has been successfully used to regenerate bone, owing to its ability to degrade, release ions
and precipitate apatite [25, 26]. While usually alkali oxidefree glasses are used in GIC (as the presence of low field
strength alkali ions may be expected to impair GIC mechanical properties), a recent patent describes the use of
45S5 in the preparation of GIC for use in human and veterinary medicine [27]. Here, we use Bioglassr 45S5 as a
model glass system to study the influence of zinc or magnesium substitution for calcium on ion release at low (pH 4)
and physiological pH.

2 Methods
2.1 Glass synthesis
Glasses in the system SiO2 -P2 O5 -Na2 O-CaO/MgO/ZnO
were prepared using a melt-quench route. CaO was replaced by MgO or ZnO in increasing amounts (0 to 100%;
Table 1) on a molar base to maintain a constant network
connectivity [28], assuming both act as modifiers. Mixtures
of SiO2 , CaCO3 , NaPO3 , MgCO3 and ZnO were sintered together in a platinum crucible inside an electric furnace at
1250∘ C for one hour and then melted for 1 hour at 1350∘ C. A
batch size of approximately 150 g was used. After melting,
the glasses were rapidly quenched into water to prevent
crystallisation. Glasses were crushed in a steel mortar and
sieved using analytical sieves.
Glass monoliths were prepared by re-melting the glass
frit at 1350∘ C, pouring into a brass mould, placing into a
pre-heated furnace set to 30 K below below glass transition
temperature and allowing to cool to room temperature in
the switched off furnace over night. The composition of selected glasses was analysed on polished monoliths using
energy-dispersive X-ray spectroscopy (EDX; Jeol JSM-7001F
scanning electron microscope equipped with an EDAX Trident analysing system).

2.2 Static dissolution experiments
Dissolution studies were performed at pH 7.4 (Tris buffer
solution) and pH 4 (acetic acid/sodium acetate buffer solution).
0.062 mol L−1 tris(hydroxymethyl)amino methane
(Tris) solution was prepared by dissolving 7.545 g of Tris in
800 mL of deionised water and adding 44.2 mL of 1 mol L−1
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Table 2: Analysed glass composition (mol%)

Glass
45S5
Mg50
Mg100
Zn50
Zn100

SiO2
45.9
± 1.8
45.6
± 1.8
45.7
± 1.8
47.7
± 2.3
45.3
± 1.8

P2 O5
2.4
± 0.2
2.4
± 0.2
2.3
± 0.2
2.5
± 0.2
2.4
± 0.2

CaO
27.9
± 1.2
16.2
± 0.8
1.1
± 0.3
12.1
± 0.5
0.0
± 0.0

Na2 O
24.3
± 1.5
23.7
± 1.5
25.0
± 1.9
21.1
± 2.4
26.3
± 3.5

MgO

ZnO

12.1
± 0.7
26.0
± 1.6
16.6
± 1.0
26.1
± 1.4

tions were analysed using inductively coupled plasma optical emission spectroscopy (ICP-OES, Varian Liberty 150,
Agilent Technologies, Böblingen, Germany). Experiments
were performed in triplicates, and results are presented
as percentage of ions present in solution relative to the
amount of the respective ion present in the untreated glass
(mean ± standard deviation, SD).

2.3 Powder analysis

Figure 1: XRD patterns of untreated glasses.

HCl solution. The solution was heated to 37∘ C, the pH adjusted to 7.4 (pH meter HI 8314 with pH electrode HI 1217
D, HANNA Instruments, Kehl am Rhein, Germany) using
1 mol L−1 HCl solution and the volume filled to 1000 mL.
0.1 mol L−1 acetic acid/sodium acetate (HAc/NaAc)
buffer was prepared by adding 6.005 mL of 100% acetic
acid (Rotipuranr , Carl Roth GmbH Co. KG, Karlsruhe, Germany) to 900 mL deionised water, adjusting the pH to
pH 4 ± 0.05 using 1 mol L−1 sodium hydroxide solution
(Carl Roth) and filling the volume to 1000 mL. Additional
HAc/NaAc buffer solution of pH 5 was prepared as a control.
75 mg glass (< 250 µm) was immersed in 50 mL Tris or
HAc/NaAc solution at 37∘ C for 3, 6, 24 and 72 hours with
additional time points of 15 min (HAc/NaAc only) and 168
hours (Tris only). After each time period, the pH was measured and samples were filtered through medium porosity
filter paper (5 µm particle retention, VWR International)
and acidified using nitric acid (65%). Elemental concentra-

The retained powders after treatment in Tris or HAc/NaAc
buffer were rinsed with acetone and dried. Treated and untreated glass powders were characterised by powder X-ray
diffraction (XRD; D5000, Siemens, Germany; CuKα; step
time 31 s; step width 0.02∘ ; data collected at room temperature) and Fourier transform infrared spectroscopy (FTIR;
Nicolet Avatar 370 DTGS, Thermo Electron Corporation,
Waltham, Massachusetts, USA).

2.4 Dynamic dissolution experiments
Ion release profiles for the glasses were measured using
a dynamic flow cell connected to an inductively coupled
plasma optical emission spectrometer (Optima 5300 DV,
Perkin Elmer) as described previously [29, 30].
The ion concentrations were measured on-line every
12 s (one replicate per measurement), and the experimental set-up is described in detail elsewhere [30, 31]. The
sample cell was filled with glass particles (225 ±5 mg;
< 212 µm), and random packing was assumed. A peristaltic pump fed the medium vertically upwards through
the bed of glass particles. The flow rate was adjusted to
0.2 mL min−1 to achieve laminar flow [31]. Temperature
was kept at 37 ± 2∘ C, and measurements were background
corrected [31]. Results are presented as concentrations in
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(a)

(b)

(c)

(d)

Figure 2: pH changes over time after immersion of Mg (a,b) and Zn-substituted glasses (c,d) in HAc/NaAc (a,c) and Tris buffer (b,d). (Lines
are visual guides only).

solution normalised to the molar amount of the respective
element in the glass.

3 Results
3.1 Glass formation
Glasses were obtained in an amorphous state as shown
by XRD (Figure 1). Analysed glass compositions are given
in Table 2.

3.2 Static dissolution experiments
When immersed in HAc/NaAc buffer, all glasses gave a pH
rise from pH 4 to pH 4.4 ± 0.1 (Figure 2a,c). In Tris buffer,

by contrast, only 45S5 and Mg-substituted glasses caused
a noticeable pH rise (from pH 7.4 to pH 7.9 ± 0.1; Figure 2b),
while pH remained relatively constant (not rising above
pH 7.5) when Zn-substituted glasses were immersed (Figure 2d).
In HAc/NaAc buffer, all glasses (shown for 45S5, Mg50
and Zn50 in Figure 3a,c,e) showed fast ion release, with
up to 60% of ions being released within the first 3 hours
of the experiment. In Tris buffer, 45S5 and Mg-substituted
glasses (Figure 3b,d) showed the same trend; however,
the overall ion release was significantly slower, with only
up to about 30% of ions being released at 3 hours. Znsubstituted glasses (shown for Zn50 in Figure 3f), by contrast, showed very low ionic concentrations in Tris buffer,
with no significant variation over time.
Ionic concentrations vs. substitution in the glass are
presented at 3 days in Figure 4. While concentrations in
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Figure 3: Results from static dissolution experiments on glasses 45S5 (a,b), Mg50 (c,d) and Zn50 (e,f) immersed in HAc/NaAc (a,c,e) and
Tris buffer (b,d,f) showing percentages of ions present in solution (relative to the molar amount of ions present in the untreated glass) vs.
time. (Lines are visual guides only).

Tris buffer were higher at 7 days (not shown), the trends
observed were essentially the same as at 3 days. Figure 4a
shows that ionic concentrations in HaAc/NaAc buffer did
not change significantly with Mg for Ca substitution. About
85 to 100% of calcium, magnesium and phosphate ions

were present in solution at this time point. In Tris buffer
(Figure 4b), concentrations of calcium, magnesium and
sodium (about 40 to 65% present in solution) did not
change dramatically with Mg substitution in the glass;
however, phosphate concentrations in solution increased
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(a)

(b)

(c)

(d)

Figure 4: Results from static dissolution experiments on Mg (a,b) and Zn-substituted glasses (c,d) at 3 days immersion in HAc/NaAc (a,c)
and Tris buffer (b,d) showing percentage of ions present in solution (relative to the molar amount of ions present in the untreated glass) vs.
Mg/Zn for Ca substitution in the glass. (Lines are visual guides only).

from 0 to 55% with increasing Mg for Ca substitution. In
HAc/NaAc buffer, about 10% of silicon ions were found in
solution compared to 15 to 20% in Tris (Figs. 4a and b).
For Zn-substituted glasses, calcium and silicon concentrations in HAc/NaAc buffer remained constant at
about 95 and 13%, respectively, while zinc and phosphate concentrations decreased with increasing substitution from 95% to 72 and 50%, respectively (Figure 4c). In
Tris buffer, however, concentrations for all Zn-substituted
compositions were very low compared to 45S5 (Figure 4d),
with about 2% of phosphate, 3% of silicon, 1% of zinc and
5 to 12% of calcium and 4 to 10% of sodium present in solution.

3.3 Powder analysis
FTIR spectra allow for detection of certain crystalline
phases, including phosphates such as apatite (e.g. the

phosphate (P-O) bending bands at 560 and 600 cm−1 and
the P-O stretch band 1020 cm−1 [32]), but they can also
give information on ion release and glass dissolution, e.g.
by disappearance of the non-bridging oxygen (NBO; Si—
O− M+ , where M+ is a modifier ion) bands at about 900 and
850 cm−1 .
FTIR spectra after immersion of Mg-substituted
glasses in HAc/NaAc buffer (of initial pH of 4) showed
no pronounced differences with glass composition (Figure
5a), except for a weakly pronounced split band at 560 and
600 cm−1 for 45S5, corresponding to calcium orthophosphates and indicating beginning apatite precipitation [32].
In control experiments in HAc/NaAc buffer of a starting pH
of 5 (Figure 5e) these bands were much more strongly developed for 45S5 but were still absent for Mg50 and Mg100.
In all cases, however, spectra showed only a low intensity
band in the range for non-bridging oxygens (now at about
960 cm−1 ), suggesting that a significant amount of ion ex-
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(e)
Figure 5: FTIR spectra of Mg (a,b) and Zn-substituted glasses (c,d) at 3 days immersion in HAc/NaAc (a,c) and Tris buffer (b,d). (e) Control
samples treated in HAc/NaAc buffer of initial pH of 5 rather than 4.

change (between modifier ions in the glass and protons
from the solution) had occurred.

In Tris buffer (Figure 5b), by contrast, sharp phosphate
bands at about 560, 600 and 1020 cm−1 indicated that ap-
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(a)

(b)

(c)

(d)

Figure 6: XRD patterns of Mg (a,b) and Zn-substituted glasses (c,d) at 3 days immersion in HAc/NaAc (a,c) and 7 days immersion in Tris
buffer (b,d). Labels correspond to apatite (#) and zinc phosphate (+).

atite had formed for glasses 45S5 and Mg25. The shape of
the spectrum of Mg50 suggested that the aforementioned
ion exchange had occurred and apatite formation may possibly have started, but for glasses Mg75 and Mg100, despite
ion exchange having occurred, apatite formation does not
seem to have started, although formation of an amorphous
phosphate layer cannot be excluded for Mg75.
FTIR spectra of Zn-substituted glasses treated in
HaAc/NaAc buffer (pH 4, Figure 5c, and pH 5, Figure 5e)
showed formation of bands at 1020, 600 and 560 cm−1 as
well as additional bands at 1060 and 630 cm−1 , which indicate precipitation of phosphates such as possibly zinc
phosphates. Spectra of Zn-substituted glasses treated in
Tris buffer (Figure 5d) showed the typical bridging oxygen band at 1000 cm−1 and well-developed NBO bands at
900 and 850 cm−1 , indicating that no pronounced ion ex-

change with protons from the solution had occurred, in
contrast to the Mg-substituted glasses (Figure 5b).
XRD patterns confirmed the formation of small
amounts of poorly crystalline apatite for 45S5 treated in
pH 4 HAc/NaAc buffer for three days, while no such formation could be detected for Mg50 or Mg100 (Figure 6a). The
shift in position of the amorphous halo compared to the
untreated glasses (Figure 1), however, confirmed changes
through ion exchange, i.e. formation of an ion-depleted
glass or silica gel. At 7 days, glass Mg50 had clearly formed
apatite in Tris, but less than 45S5 (Figure 6b). Mg100, while
not forming any crystalline precipitate, also showed a shift
in the position of the amorphous halo owing to ion exchange having occurred [33].
XRD patterns of Zn-substituted glasses treated in
HAc/NaAc buffer (Figure 6c) showed peaks corresponding to zinc phosphate such as hopeite, Zn3 (PO4 )2 ·4H2 O
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Figure 7: Results from dynamic dissolution experiments on glasses 45S5 (a,b), Mg50 (c,d) and Zn50 (e,f) immersed in HAc/NaAc (a,c,e) and
Tris buffer (b,d,f) showing normalised concentration of ions (relative to the molar amount of ions present in the untreated glass) present in
solution vs. time.

(JCPDS 01-074-2275). By contrast, XRD patterns of Znsubstituted glasses treated in Tris (Figure 6d) did not show

any peaks at 7 days, suggesting that no crystalline precipitate had formed. In addition, no shift in position of the
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amorphous halo was observed compared to the untreated
glasses (Figure 1), confirming that no pronounced ion exchange had occurred.

3.4 Dynamic dissolution experiments
Results of dynamic dissolution experiments (Figure 7)
are shown as normalised concentrations, i.e. the molar
amount of an element detected in solution divided by
the molar amount of the same element present in the
untreated glass. Sodium concentrations were generally
above the detection limit (≥ 130 mg L−1 [29]) and are thus
not displayed in the figures. Results showed much higher
ion release in HAc/NaAc buffer than in Tris. This was particularly noticeable for 45S5. Here, phosphate concentrations were up to 30 times higher in HAc/NaAc buffer (up
to 33.2 L−1 ) than in Tris (up to 1.6 L−1 ), while calcium concentrations were nearly twice as high (7.4 vs. 4.3 L−1 ). Normalised ionic concentrations were much higher for 45S5
than for Mg50 or Zn50. Release patterns of Mg50 and Zn50
in HAc/NaAc buffer were quite similar (Figure 7c,e), both
in shape of the curves and normalised concentrations,
which were between 3.3 and 13.2 L−1 , depending on the
element. Release patterns of these two glasses in Tris, by
contrast, showed pronounced differences. Zn50 showed
release of phosphate (up to 4.4 L−1 ) and calcium (up to
0.8 L−1 ) mostly (and sodium, with the concentration being above the detection limit, as mentioned above), while
normalised concentrations of silicon and zinc in solution
were negligible. Mg50, by contrast, showed pronounced
release of all components, with magnesium, calcium and
phosphate concentrations being between 1 and 2.8 L−1 . Silicon concentrations were higher in Tris than in HAc/NaAc
buffer for 45S5 and Mg50 (45S5: 1.0 vs. 0.3 L−1 ; Mg50:
0.5 vs. 0.2 L−1 ), while Zn50 gave higher concentrations in
HAc/NaAc buffer (0.2 to 0.7 L−1 ) than in Tris (≤ 0.05 L−1 ).

4 Discussion
Dental GIC set by an acid-base reaction between an aciddegradable (fluoro-) aluminosilicate glass and a polymeric
acid such as poly(acrylic acid), PAA [34]. In aluminosilicate glasses, aluminium, an intermediate element according to Dietzel’s rules [35], has been shown to be present
in four-fold coordination mostly, forming Si—O—Al bonds
and AlO−4 groups, which are charge-balanced by modifier
cations [36]. These Si—O—Al bonds are readily hydrolysed
at low pH [37], allowing for rapid glass degradation and

ion release, which enables the GIC to set by formation of
ionic bridges between carboxylate groups by metal cations
such as Al3+ .
Magnesium and zinc have similar ionic radii
(Mg2+ 0.072 (0.057) nm; Zn2+ 0.074 (0.060) nm; 6 (4)coordinated [7]), and both have field strengths which place
them at the boundary between modifiers and intermediates [35]. Intermediates can switch their role, allowing
them to either act as modifiers (creating NBO) or enter the
silicate network (forming Si—O—M bonds, with M being
an intermediate cation).
Their structural role in bioactive glasses has thus
been the subject of debate, with 29 Si MAS NMR results
suggesting presence of Si—O—Mg bonds, indicating that
magnesium partially entered the silicate network [38],
while molecular dynamics simulation did not find such effects [39]. Lusvardi et al. observed an increase in silicate
network polymerisation as ZnO replaced Na2 O in SiO2 Na2 O-CaO-ZnO glasses, indicating that zinc entered the
silicate network [40]. Line broadening in 29 Si MAS NMR
spectra of zinc-substituted bioactive glasses made it challenging to gain information about the structural role of
zinc; however, deconvolution of the spectra suggested the
presence of Si—O—Zn bonds [41].
Despite the similarities between magnesium and
zinc, the dissolution behaviour of magnesium and zinccontaining glasses at physiological pH differed dramatically in the present study, which may indicate that the
structural role of magnesium and zinc is not that similar after all. This was first noticeable when observing
pH changes during immersion of glass powders in Tris
buffer (Figure 2). 45S5 and its Mg-substituted compositions
showed the typical pH rise [26], while the corresponding Zn-substituted compositions did not. As this pH rise
is an indicator for the overall ion exchange occurring (as
cations from the glass are exchanged for protons from
the solution, thereby resulting in a pH increase [23]), this
suggests that the ion exchange was significantly reduced
when Zn (rather than Mg) was substituted for Ca. This
agrees with findings on 45S5 with lower Zn contents, which
also showed a drastic decrease in ion release with increasing Zn content [42].
In Tris buffer no pronounced change in ionic concentrations was observed as magnesium was substituted for
calcium, and magnesium-containing glasses showed comparable ion release profiles as those observed for 45S5 (Figure 3b,c), even if ion release from Mg-substituted glasses
seemed slightly slower. Differences in ionic concentrations in solution (e.g. higher phosphate concentrations
for highly Mg-substituted glasses compared to 45S5; Figure 4b) were mostly caused by significantly slower apatite
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formation, i.e. concentrations for 45S5 were lower owing to
precipitation of phosphate-containing crystalline species.
When zinc was substituted for calcium, by contrast,
the ion release into Tris buffer decreased dramatically,
with ionic concentrations being negligible compared to
45S5 [23] or Mg-substituted compositions (Figs. 3f and 4d).
As no crystalline species were detected when immersing
Zn-substituted glasses in Tris buffer, these lower concentrations were most likely caused by a lower (or slower) ion
release from the glass.
FTIR spectra support these results. In Zn-substituted
glasses at 3 days immersion in Tris buffer, the NBO band (at
940 cm−1 ) was still well-pronounced, while it had largely
disappeared for 45S5 and Mg-substituted glasses. This indicates that in the latter compositions, a large percentage of modifier ions (ionically bound to NBO) had already
been released from the glass and been replaced by protons, forming silanol groups. For zinc-substituted glasses,
this process did not yet seem to have occurred.
Results from dynamic dissolution studies further confirmed these trends. Dynamic ion release studies have several advantages over static ones, and the set-up employed
here allows for very early time points to be studied. The
constant flow of medium through the cell impedes any
build-up of ions released from the glass, and thus allows
the ion release to be studied without ionic concentrations
in solution being affected by precipitation. In addition, a
dynamic system can, to some extend, simulate fluid transport in vivo, and is such more comparable to a living system. Dynamic release patterns in Tris buffer showed lower
ion release from Mg50 than from 45S5 (Figure 7b,d). Zn50
showed release of phosphate and calcium only, with release of silicon and zinc being negligible. Fagerlund et
al. [29] showed that in dynamic dissolution studies in Tris
buffer, initial ion release patterns of various glasses correlated well with their bioactivity, and allowed for glasses to
be arranged in four groups (rapid, medium, slow and no
bioactivity). It is interesting to note that the patterns observed in the present study for 45S5, Mg50 and Zn50 place
them in the groups for rapid, medium and slow/no bioactivity, respectively, which corresponds to their apatite formation in static studies, as discussed below.
These results may suggest that in the present glass system magnesium acted as a typical modifier, and that only
a small percentage of magnesium ions entered the silicate
network (forming Si—O—Mg bonds), if any. The slower ion
release from Mg-substituted glasses may be explained by
the higher field strength of Mg2+ ions compared to Ca2+ ,
resulting in a more tightly packed network, in which water penetrates less easily [43], thus resulting in slower ion
exchange with protons from the dissolution medium.
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By contrast, the results seem to suggest that zinc enters the silicate network to a much larger extent, with
most or possibly all zinc forming Si—O—Zn bonds, thereby
significantly increasing the silicate network polymerisation. This would impede water penetration (and subsequent ion release) even more effectively than for the Mgsubstituted glasses, thus explaining the very low concentrations found in solution. Results from static dissolution
experiments (pH and ionic concentrations) suggest that
this results in very low overall ion release, as relative
amounts of ions found in solution were low for all elements in the glass. Dynamic dissolution experiments suggested something different, however, as they showed that
phosphate and modifiers (Ca and Na) were still released
from the glass, while only the release of zinc and silicon
was negligible. This suggests that zinc may enter the silicate network here, thus behaving more like silicon than
like a modifier.
The effect of zinc or magnesium fully or partially entering the silicate network can be illustrated by network
connectivity (NC; [28]) calculations. Table 1 shows NC values calculated assuming that magnesium or zinc act as a
typical modifiers, forming NBO (equation 1).
NC =

4[SiO2 ] + 6[P2 O5 ] − 2([Na2 O] + [CaO] + [MO])
(1)
[SiO2 ]

[SiO2 ], [P2 O5 ], [Na2 O] and [CaO] are the concentrations of
the components in mol%. [MO] refers to the concentration
of either MgO or ZnO. Here, NC remains constant throughout the series, i.e. silicate network polymerisation does not
change. In this case, we would expect glass solubility and
ion release to be affected by variations in packing density
(through variations of ionic radii and coordination numbers) and strength of ionic Si—O− M+ bonds only.
If we assume, however, that Mg and Zn form MO2−
4
units exclusively [38, 40], thus requiring modifiers for
charge-balancing purposes, in analogy to the role of Al in
aluminosilicate glasses (forming AlO−4 groups, [36]), network connectivity (NC* ) can be expected to increase according to equation 2:
4([SiO2 ] + [MO]) + 6[P2 O5 ]
([SiO2 ] + [MO])
2([Na2 O] + [CaO] − [MO])
−
([SiO2 ] + [MO])

NC* =

(2)

The values for NC* shown in Table 1 show a dramatic
increase, moving from a typical silicate polymerisation
of bioactive glasses (network connectivity around 2) to
a highly cross-linked network. (These values are theoretical calculations based on the aforementioned assumptions only, with the aim of indicating a possible trend. The
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highest calculated network connectivity of 4.28 would, of
course, not be expected to exist in a silicate glass.)
The actual network connectivity depends on the
amount of Mg or Zn entering the network as well as on the
actual structural units being formed, as they may not necessarily be MO2−
4 units. The results of these calculations
(Table 1) do show, however, that the change in network
connectivity may be dramatic, depending on the structural
behaviour of the element.
It is known that glass dissolution and ion release decrease with increasing network connectivity [26, 28] owing
to a less open silicate network, smaller numbers of NBO
and lower concentrations of modifier ions, which are all
key elements of the ion release mechanism observed in
bioactive glasses [43, 44]. The dramatic decrease in ion release at physiological pH with zinc-substitution may thus
be caused by an increase in network connectivity owing to
zinc entering the silicate network, assuming the role of a
network former [45].
We have previously shown that the pH of the dissolution medium can play a significant role in bioactive glass
ion release [23, 24, 46]. In the present study, the ion release
patterns from static dissolution experiments on Zn- and
Mg-substituted glasses at pH 4 (Figure 3a,c,d) were more
similar than those at physiological pH. At pH 4, all glasses
showed fast ion release. Differences with zinc substitution
(e.g. phosphate and zinc concentrations) were caused by
precipitation of zinc phosphates during static dissolution
experiments rather than by differences in ion release.
Dynamic dissolution studies (Figure 7a,c,d), again,
confirmed this trend, as ion release here was also much
faster at low pH than at physiological one. 45S5 showed
particularly fast phosphate release, with normalised calcium concentrations found for 45S5 being lower than those
for Mg50 and about as high as for Zn50. Mg50 and Zn50
showed very similar release patterns here, both in shape
and in normalised concentrations, suggesting that at low
pH both glasses released ions at comparable rates.
We have previously explained the faster ion release at
low pH (compared to physiological pH) with larger concentrations of protons being available in solution for ion exchange with modifier cations [23]. The pronounced differences observed here for Zn-substituted bioactive glasses
(with very low ion release at physiological pH and very
fast one at low pH) do suggest, however, that faster ion exchange owing to more protons being available cannot be
the only explanation. It is most likely that besides simple
ion exchange (protons for modifier ions) a second mechanism, involving acid hydrolysis of Si—O—Zn bonds, may
play a role at low pH. This is particularly indicated by comparing continuous ion release from Zn50 at low and phys-

iological pH. At physiological pH, silicon and zinc release
were very low, suggesting that zinc had entered the silicate network. Release rates at low pH were much higher for
both ions (which was in contrast to 45S5 and Mg50 where
silicon release decreased with decreasing pH), suggesting
degradation of the silicate network through acid hydrolysis of Si—O—Zn bonds at low pH.
Such a mechanism is known to occur for aluminosilicate glasses and is the key mechanism in glass dissolution
for the setting of dental GIC [37]. The results here also agree
with previous findings in studies on (phosphate-free) zinc
silicate glasses [45], which also showed pronounced differences in ion release with pH of the dissolution medium.
Previous studies showed that GIC properties, including hydrolytic stability, differed greatly, depending on
whether they were prepared using a Mg-containing glass
or a Zn-containing one [6]. We hypothesised that this was
caused by differences in ion release behaviour of the glass,
resulting in different concentrations of ions being available for crosslinking of carboxylate groups and, subsequently, differences in GIC mechanical properties. The results presented here, however, showed that pronounced
differences in ion release were noticeable at physiological pH only, while Zn- and Mg-substituted glasses released
comparable amounts of ions at acidic pH, which is the relevant pH region for GIC setting. There must, therefore, be
another influencing factor causing GIC from Zn-containing
glasses to show better mechanical properties than those of
Mg-containing glasses, and this topic requires further investigation.
Some of the differences in ionic concentrations in
static dissolution experiments observed with changes in
glass composition were caused by precipitation of crystal phases rather than (or at least not only) by differences in glass solubility. 45S5 is known to form apatite (thought to be a carbonate-substituted hydroxyapatite [47]) in simulated physiological solutions including
Tris buffer, and this was confirmed here by FTIR and
powder-XRD results. With increasing Mg-substitution, the
typical apatite-related features in FTIR (e.g. the split P-O
bending band at 560 and 600 cm−1 and the P-O stretch
band at about 1020 cm−1 [32]; Figure 5b) and XRD (Figure 6b) appeared more weakly pronounced and fully disappeared for Mg100. This suggests that with increasing
Mg-substitution in the glass, apatite formation was delayed or inhibited. This explains the higher phosphate
concentrations detected in static Tris buffer dissolution experiments with increasing Mg-substitution (Figure 4b), as
less phosphate was consumed for apatite precipitation as
the magnesium content in the glass increased. While there
is evidence for magnesium incorporation into the apatite
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crystal lattice in small amounts [48], Mg for Ca substitution in the apatite lattice generally is difficult, as the Mg2+
ion is much smaller than the Ca2+ ion. In addition, Ca
is 7- and 9-fold coordinated in the apatite crystal lattice,
while Mg prefers 6-fold coordinated sites (e.g. in whitlockite) [18]. Similarly, Zn, which tends to be 4- or 6-fold coordinated, does not easily substitute for calcium either,
and amounts of zinc incorporated into apatite tend to be
small [49]. Furthermore, both magnesium and zinc have
been found to inhibit apatite crystallisation [50]. In the
present study, however, the absence of apatitic features
in FTIR spectra (Figure 5d) and XRD patterns (Figure 6d)
for Zn-substituted glasses can also be explained simply by
very low ion release from these glasses, resulting in ionic
concentrations being too low for precipitation of apatite or
other crystal phases, an effect which has also been shown
to occur at lower Zn contents in 45S5 [42].
45S5 has previously been shown to form apatite fast in
HAc/NaAc buffer solution of a starting pH of 5 [23]. In the
present study, FTIR spectra of 45S5 immersed in HAc/NaAc
buffer of a starting pH of 4 showed very weakly pronounced apatite bands only (Figure 5a,c). XRD patterns,
however, confirmed the formation of very small amounts
of apatite (Figure 6a). Mg-substituted glasses, by contrast,
did not seem to form any apatite at this low pH, as indicated by FTIR and XRD results. While 45S5 immersed in
a control solution of initial pH 5 did show the typical apatite bands in FTIR (Figure 5e), Mg50 (and Mg100) did not
seem to form any apatite here either, most likely caused by
the inhibitory effects of magnesium ions. Zn-substituted
glasses precipitated zinc phosphates, as confirmed by XRD
results (Figure 6c), which resulted in lower Zn and phosphate concentrations observed in static dissolution experiments in HAc/NaAc buffer with increasing Zn-substitution
in the glass (Figure 4c).
Taken together, the results presented here show that
despite their similarities in ionic radius and size, magnesium and zinc affect the dissolution behaviour of bioactive
glasses in very different ways. Particularly the behaviour
of zinc is interesting, with very low solubility at physiological or neutral pH but very fast ion release at acidic pH.
Together with the antibacterial properties of zinc ions, this
makes zinc-containing bioactive glasses of interest for use
as controlled release devices, which release zinc at low
pH only, thereby providing antibacterial action when it is
needed, such as during bacterial infection or caries, where
pH tends to be low [22]. As high Zn concentrations released
from bioactive glasses [51] or from other biomaterials [6]
have been shown to be cytotoxic in vitro, it is desirable to
release very low amounts only during normal physiological pH conditions, and only release larger concentrations
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when they are needed to perform their antibacterial action.
In previous studies using aluminium-free GIC glasses
with very high magnesium [3] or zinc contents [5, 6] were
used. As the ion release of calcium-, zinc- and magnesiumcontaining glasses is very similar at low pH, results from
the present study suggest that such high magnesium or
zinc contents may not be necessary for GIC setting, as
calcium ions were released similarly fast. Owing to their
larger field strength compared to calcium ions, however,
magnesium or zinc ions may still be necessary in GIC to
allow for good mechanical properties through stronger
ionic linkages between carboxylate groups of the polymeric component.
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