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Abstract
Release kinetics for sodium, silicon, aluminium, calcium and phosphorus from conventional glass-ionomer dental cement has
been studied in neutral and acid conditions. Specimens (6 mm height × 4 mm diameter) were made from AquaCem (Dentsply,
Konstanz, Germany), 6 per experiment. They were matured (37 °C, 1 h), then placed in 5 cm3 storage solution at 20–22 °C. In
the first experiment, deionised water, changed daily for 28 days, was used. In the second, deionised water, changed monthly
for 21 months, was used. In the third, lactic acid (20 mmol dm−3, pH: 2.7 ± 0.1), changed monthly for 21 months was used.
After storage each solution was analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES). Results
showed that in neutral conditions, no calcium was released, but in acid, significant amounts were released. The other elements
(Na, Al, Si and P) were released in neutral as well as acid conditions, with greater amounts in acid. More frequent changes of
water gave greater release. In neutral conditions, release over 21 months followed the equation: [E]c= [E]1t/(t+ t½)+ β√t ([E]

c is the cumulative release of the element). In acid conditions, this became: [E]c= [E]1t/(t+ t½)+ αt. Hence release of all
elements was shown to occur in two steps, a rapid initial one (half-life: 12–18 h) and a longer second one. In neutral
conditions, the longer step involves diffusion; in acid it involves erosion. These patterns influence the material’s bioactivity.
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1 Introduction

Glass-ionomer cements are widely used in contemporary
clinical dentistry [1, 2]. Applications include as liners and
bases, full restorative materials, luting cements, pit and
fissure sealants, and orthodontic adhesives [1, 2]. In their
conventional version, they are prepared by reaction of
special basic glass powders with aqueous solutions of
polymeric acids, such as poly(acrylic acid), acrylic
acid–maleic acid copolymer, or the copolymer of 2-
methylene butanedioic acid with propenoic acid [3]. They
are also available as resin-modified materials, where there
is an additional monomer, usually 2-hydroxyethyl metha-
crylate. There is also an appropriate chemical initiator
system to promote free-radical polymerization of the
monomer component [2].

One of the important properties of glass-ionomers of
both types (conventional and resin-modified) is the ability
to release fluoride. This property has been widely studied
[4, 5], and much is known about it. In principle, it is ben-
eficial, because fluoride at low concentrations helps pro-
mote remineralization of the hydroxyapatite component of
the tooth, and thereby to reverse the damage caused by
caries, to some extent [6, 7]. However, whether glass-
ionomers release sufficient fluoride to do this to any sig-
nificant extent has not been established [8, 9].

The kinetics of fluoride release has been studied under
both neutral and acidic conditions [10, 11]. For both types
of glass-ionomer, in neutral conditions, the cumulative
release [F]c is given by the equation:

F½ �c¼ F½ �1t= t þ t1=2
� �þ βpt ð1Þ

This shows that release occurs in two steps. The first of
these is sometimes referred to as early washout, and is a
first-order dissolution stage that ceases after some time. It
is accounted for by the first term in the equation. The
second stage is a longer term, slower process that is dif-
fusion based, as shown by the square root of time
dependency of the second term in the equation [12]. This
process is held to be responsible for the ability of glass-
ionomer cements to release fluoride for extended periods
of time [10].

In this equation, [F]1 is the amount of fluoride released
by stage 1, and it can be determined from a plot of fluoride
release against square root of time. The slope of such a plot
is the term β and the intercept approximates to [F]1. The
term t½ can be calculated once the [F]1 term has been
estimated. In this way, all of the terms in the equation can
be found, and the extent to which the calculated value of [F]

c fits the experimental values determined. When this is done,
there is excellent agreement between calculated and
experimental values [10].

Under acidic conditions, there is typically greater fluor-
ide release [13, 14], and the kinetics changes so that the
equation describing release becomes:

F½ �c¼ F½ �1t= t þ t1=2
� �þ αt ð2Þ

This suggests that release still occurs in two steps, but
that the acidic conditions alter the fundamental nature of the
second, longer-term release process. Instead of being dif-
fusion based, it becomes a simple linear function of time,
indicating that it is due to slow dissolution of the cement in
the low-pH storage medium. The terms in this equation can
be estimated by similar means to those in Eq. 1, and under
acidic conditions, the agreement between calculated and
experimental values is best when the latter equation is used
[10, 11].

Glass-ionomer cements of both types release other ions
in addition to fluoride. In particular, in neutral conditions,
they release sodium, aluminium and silicate species
[15, 16]. Depending on the formulation, they may also
release phosphate species, and these have been shown by
ion chromatography to be mainly orthophosphate, PO4

3−

together with another phosphate ion that has been tenta-
tively identified as mono-fluorophosphate, PO3F

2− [17].
They do not release either calcium or strontium ions at
neutral pH. By contrast, under acidic conditions, they
release one or other of these ions in reasonable amounts,
and they also release increased amounts of the other species
(Na+, Al3+, silicates, phosphates) compared with neutral
conditions [15, 16].

The ability to release ions is the basis of the bioactivity of
glass-ionomers. The term “bioactivity” has mainly been
applied to the speciality glasses developed originally by
Hench and his co-workers in the years from 1969, the so-
called “bioactive glasses” [18]. The term has been defined
as the ability of a material to form a true mechanically
compliant bond with the host biological tissue without the
formation of fibrous capsule [19]. Conventional glass-
ionomers have been shown to do this with tooth surfaces,
especially dentine [20, 21]. In contact with such surfaces,
conventional glass-ionomers promote a slow chemical
reaction that results in a distinct interfacial zone that is
mechanically strong and capable of resisting chemical
attack by acids [20]. Elemental analysis has shown that,
when formed from a strontium-based cement, it contains
both calcium and strontium. This indicates that its formation
involves diffusion of calcium from the tooth and strontium
from the cement into this interfacial structure. The presence
of this structure causes the cement to adhere strongly to
the tooth.

The bioactivity of glass-ionomers is a topic of growing
importance, and recent studies have attempted to improve
this feature by the addition of ion-releasing components,
such as bioactive glass [22] or calcium silicates [23] to the
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cement. There has been some question in the literature as to
whether glass-ionomers are inherently bioactive [23], and
whether they need additives to become so. However, on the
basis of Hench’s definition, and the observations of ion-
exchange bonding [20, 21] it seems they definitely are
bioactive [5], even if this property can be improved by the
use of additives or by formulating the cement from alter-
native acid and glass components [24].

The related materials, resin-modified glass-ionomers
have also been found to adhere well to the tissues of the
tooth [25, 26]. Images of bonded cements have been pub-
lished, but only for relatively immature specimens [25].
There are no images for specimens of resin-modified glass-
ionomer cements that have been bonded to teeth for several
years, so no comparable evidence for the formation of an
ion-exchange layer with these materials.

The release of mineralizing ions from conventional glass-
ionomers is therefore important. However, so far, there have
been no reports on the kinetics of the release process. As we
have seen, the total release of these ions is greater under
acidic conditions than neutral ones, and the release profile
changes to include either calcium or strontium, depending
on the composition of the glass used. However, to date no
information has been published on the release profiles of
these ions.

The current study seeks to remedy this for a conventional
glass-ionomer cement. In this study, release profiles for
Na+, Ca2+, Al3+, silicates and phosphates have been
determined for up to 21 months in both neutral and acidic
conditions. Curve fitting processes similar to those used for
fluoride have been applied to the data, using the following
modified versions of the release equations:

E½ �c¼ E½ �1t= t þ t1=2
� �þ βpt ð3Þ

E½ �c¼ E½ �1t= t þ t1=2
� �þ αt ð4Þ

where [E]c is the cumulative release of element E at time
t months, and [E]1 the release of element E due to step 1.

In addition, a preliminary short-term (28 days) experi-
ment was carried out, designed to mimic the earlier study of
fluoride release [10], where fluoride release was measured at
daily intervals, at least initially. This allowed the values of
t½ under such conditions to be determined for each element
and compared with that for fluoride.

Finally, for longer-term (21 months) release profiles,
curve fitting has been used to determine which of the two
possible kinetic equations best describes the release of
each ion under both types of storage condition. The aim
was to compare the release profiles of all of the species
released with those of fluoride, whose release profiles in
both neutral and acidic conditions have been reported
previously [10, 11].

2 Materials and methods

The experimental work was carried out using the conven-
tional glass-ionomer brand AquaCem (Dentsply, Konstanz,
Germany). This is a water-activated material, and specimens
were prepared by mixing in the mass ratio 3.3:1 on a mixing
pad using a metal spatula, for approximately 15 s until a
smooth consistency was achieved. Individually mixed
samples of cement were placed in metal moulds (6 mm
height × 4 mm diameter), and stored in an incubator at 37 °C
for 1 h before being removed from the mould and placed in
5 cm3 volumes of deionised water in clean plastic 25 cm3

centrifuge tubes. Sets of six specimens were prepared for
each of the experiments performed.

Two series of experiments were carried out. The first was
aimed at determining the value of t½ for each element with
daily replenishment of the storage water, in order to com-
pare the values with those obtained previously for fluoride
from commercial glass-ionomer cements [10]. In this series
of experiments, individual specimens of glass-ionomer
cement were placed in 5 cm3 volumes of deionised water
in clean plastic 25 cm3 centrifuge tubes and stored at room
temperature (20–22 °C) for 1 day, after which they were
removed and placed in fresh 5 cm3 volumes of deionised
water. This was repeated for 28 days, and the samples of
storage water were then analyzed using inductively coupled
plasma-optical emission spectroscopy (ICP-OES). From
this, individual graphs of cumulative ion release were
plotted, and the data used to determine the half-life for step
1 in the kinetic equations.

In the second series of experiments, specimens were
stored for monthly intervals, being transferred into fresh
5 cm3 volumes of de-ionized water each month for
21 months. Again, the storage temperature was in the range
20–22 °C throughout these experiments. The samples of
storage water were analyzed by ICP-OES and the values
used to determine which of the two kinetic equations best
fitted the experimental data.

In a parallel long-term study, specimens were prepared
and stored in 5 cm3 volumes of lactic acid solution (con-
centration: 20 mmol dm−3, pH: 2.7 ± 0.1). As for specimens
stored in deionised water, a set of six specimens was stored
for 1-month intervals before being transferred to fresh
volumes of lactic acid solution each month. This was con-
tinued for 21 months. At the end of this time, the values
were used to determine which of the two kinetic equations
best fitted the experimental data. In addition, the total
release of each ion/species into acid solution was compared
with that for release into water.

All solutions were analyzed by ICP-OES. This was
performed on a Perkin Elmer ICP-OES Optima 4300 DV
system (Beaconsfield, Buckinghamshire, UK). The five
analytes of interest (Na, Ca, Al, Si and P) were located by
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aspirating 10 ppm of mixed aqueous solutions into the
plasma in order to obtain the signal and lock into their
position by reference to mercury using the Hg lamp and
auto-calibrating at 20-min intervals to compensate for
small variations in optical position. Sample solutions were
prepared and stored in pre-cleaned plastic vessels. All
calibration measurements were performed in triplicate and
analyses were performed in duplicate and averaged to give
12 measurements per time interval and storage time
combination.

Limits of detection and quantification were determined
experimentally for each of the analytes in both media, using
the statistical approach described by Vogelgesang and
Hadrich [27].

Once data had been collected for release of the five
chemical species (Na, Ca, Al, Si and P) over 21 months,
the cumulative total release of each was determined by
adding the monthly totals together. Curve fitting using
non-linear regression analysis was performed on each set
of monthly release data using the modified Eqs. 3 and 4.
This used the software SPSS 14.0 for Windows to
perform curve-fitting analysis, and employed the
Levenberg–Marquardt algorithm to find the coefficients
that gave the best fit between the experimental data and
the equations. The adequacy of these equations was
determined, as in previous studies, based on the corre-
lation coefficient R.

In addition, for the release data for ion release in neutral
and acidic conditions, normality was checked using the
Shapiro–Wilk test and the significance of any differences
was tested using the Student t test.

3 Results

The results for the determinations of limits of detection and
quantification are shown in Table 1. They show that the
ICP-OES was sufficiently sensitive to detect and quantify
all the analytes of interest in this study. Ion release data
were shown to be normally distributed (p > 0.05) according
to the Shapiro–Wilk test.

Storage in neutral conditions was found to give negli-
gible amounts of calcium for this cement, but reasonable
amounts of sodium, aluminium and silicon, and also a
measurable amount of phosphorus (as shown in Fig. 1).
Figure 2 shows the plots of concentration versus the square
root of time for the release of these elements. In each case,
the data gave straight lines. For short-term release
(28 days) two key values, namely t½ and β, could be
determined for these elements, and these are shown in
Table 2. The values of β were obtained from the slopes of
the graph in Fig. 2. Because these lines are plotted from

Table 1 Limits of detection (LoD) and quantification (LoQ) for
analytes released from glass-ionomer cement

Analyte LoD in
water/ppb

LoQ in
water/ppb

LoD in lactic
acid/ppb

LoQ in lactic
acid/ppb

Na 2.52 8.40 2.05 6.83

Ca 2.57 8.57 2.33 7.77

Al 3.94 13.14 3.40 11.34

Si 6.91 23.03 5.37 17.90

P 6.77 22.55 5.65 18.85

Fig. 1 Twenty-eight-day
cumulative release of Na, Si, Al
and P under neutral conditions
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data collected at relatively long time periods, where t≫ t½,
the term [E]1t/(t+ t½) becomes effectively [E]1.

In all cases, the value of t½ is estimated as less than 24 h.
The value of β has been described as a measure of the
driving force for fluoride ion release in previous studies
[10], and that can be considered the case for the ions
reported in Table 2.

The plots of cumulative release of sodium, silicon, alu-
minium, phosphorus and calcium for the longer-term
(21 month) studies have been made and are shown in
Figs. 3 and 4 for neutral and acidic conditions, respectively.
Cumulative total releases are listed in Table 3. In the case of
calcium and phosphorus, there was only negligible release
in neutral conditions over 1-month timescales. By contrast,
in all other cases, there was a reasonable ion release at these
timescales. In all cases, there was greater release in acidic
conditions than in neutral ones, with this difference being
significant for all the elements to at least p < 0.01.

The results of curve fitting to Eqs. 3 and 4 are shown in
Table 4. From the R2 values, it was apparent that under
neutral conditions Eq. 3 gave the better fit to the data for

those elements that were released in reasonable amounts,
i.e., Na, Si and Al. By contrast, under acid conditions, Eq. 4
generally gave the better fit. The exception was aluminium
release in acidic conditions, where the R2 values were the
same for both equations, which meant that it was not pos-
sible to choose between the two equations.

In all cases, the statistical tests applied are strictly
applicable where the data are normally distributed only. We
have not tested for normality because of the limited num-
bers of measurements per specimen (6). However, this is the
usual way in which data of this type are treated. Where it
has been tested, and we have no reason to assume that our
data should not be normally distributed.

4 Discussion

The particular brand of glass-ionomer cement has been
shown to release sodium, silicon, aluminium and phos-
phorus under both neutral and acidic conditions, and cal-
cium under acidic conditions, when stored at 20–22 °C.
This temperature is below that encountered by the cements
in service, but is acceptable for the aims of the present
study, which was aimed at comparing values, rather than
modelling in vitro release.

The initial study involved release into water only, with
measurements made daily for 28 days. This was to allow
comparison with previous studies of fluoride release, which
used similar storage times in order to determine kinetic
parameters for the release [10, 11]. For these experiments,
values of β in the same units we have used, i.e., ppm h−½

Fig. 2 Plots of concentration
versus the square root of time for
the dissolution of Na, Si, Al and
P under neutral conditions

Table 2 Release parameters for short-term (28 days) release under
neutral conditions for Na, Si, Al and P

Element [E]1 (ppm) t½ (h) β (ppm h−½)

Na 390 14.1 325.0

Si 191 12.7 69.2

Al 206 18.1 16.1

P 84 18.6 3.5
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work out as lying between 34 and 147, compared with our
highest value of 325 ppm h−½ for sodium and lowest of 3.5
ppm h−½ for phosphorus. In the previous studies, values of
t½ varied widely, depending on the brand of glass-ionomer,
and ranged from 8.5 to 57.8 h. Values around 24 h or just
under were found most frequently, suggesting that this is a
typical figure. In our studies, values of t½ for the ions ranged
from 12.7 (Si) to 18.6 (P), in other words, were of the same
order as those previously found for fluoride. Also, since
simple calculation shows that it takes seven half-lives for

Fig. 3 Twenty-one-month
cumulative release of Na, Si and
Al under neutral conditions

Fig. 4 Twenty-one-month
cumulative release of Na, Si, Al,
P and Ca under acidic conditions

Table 3 Cumulative release totals for all ions in long-term (21 month)
experiments in neutral and acidic conditions (standard deviations in
parentheses)

Element Neutral conditions (ppm) Acidic conditions (ppm)

Na 1365 (39.9) 1582 (93.0)

Si 549 (10.5) 1413 (41.5)

Al 409 (16.8) 1475 (40.3)

P 18 (0.1) 1316 (60.8)

Ca Negligible 738 (31.0)
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release to be more or less finished, complete release of these
ions can be seen to take between 3.5 and 6 days, depending
on the element.

Longer-term experiments involved monthly measure-
ments for 21 months. Using longer-term individual storage
periods alters the amount of ion released, as has been shown
previously [2], but allows longer-term kinetic behaviour to
be determined. These experiments involved storage in
neutral and acidic conditions and showed that, for all ions
that were released in neutral conditions, considerably
greater amounts were released into acid solution. This
confirms previous observations [10, 11, 14, 15]. Where
there was sufficient dissolution, i.e., for sodium, aluminium
and silicon, release was found to follow Eq. 3 in neutral
conditions. In acidic conditions, by contrast, release fol-
lowed Eq. 4, though in the case of aluminium, Eq. 4 did not
fit the data any better than Eq. 3. Both of these behaviours
mimic that of fluoride release from glass-ionomer cements.
In both conditions, these kinetic equations demonstrate that
release occurs by two-step processes for all ions.

Previous studies on fluoride release have shown that the
amount released is influenced by the frequency with which
the storage medium is changed [28]. Another study mea-
sured fluoride release at daily intervals, changing the sto-
rage water only after 4 days, and when the water was
refreshed in this way, there was a spike in the release [29].
The reasons for this are not entirely clear. It may be that the
solvating ability of the water is better for pure water than for
water that contains dissolved ions. However, the amount
that dissolves is small, so for this to have a significant effect
of solvating ability is surprising. Alternatively, there may be
an equilibrium established between the ions in solution and
the ions in the cement, so that the amount measured is the
result of the balance between fluoride released and fluoride
taken up. If this is the case, changing the water might be
expected to shift the equilibrium in such a way that the
overall amount of fluoride released increases.

This is particularly relevant in the present study in the
case of release of phosphorus. In the short storage time
experiments with daily changes of water, sufficient phos-
phorus was released to allow the release parameters t½ and β
to be determined. However, for the long-term storage
experiment, with monthly changes of the storage water,
release was so low that there was not enough to compare
with that predicted by either of the equations. This suggests
that there is a change in the solubility of the phosphorus
species with ageing, a change that is consistent with pre-
vious studies showed that slow changes in the nature of the
phosphorus species occur as cements mature [30].

For fluoride release, the value of β has been recognized
as a measure of the driving force for release. In the present
study, this may be the same. Sodium shows the highest
value, and also the largest amount released, which is con-
sistent with it having the largest driving force for release
(Table 2). By contrast, phosphorus has both the lowest
value of β and the smallest release, suggesting that it has the
smallest driving force for release of all the ions studied.

The release of these ions, and their dependence on the pH
of the surrounding aqueous medium, shows that dissolution
of glass-ionomers is incongruent, i.e., the dissolved material
has a different composition from that of the solid. The part
of the difference arises from the insolubility of the calcium
component, which appears related to the low solubility of
the phosphorus species.

The previous work has considered the nature of this
species, and shown it to be mainly orthophosphate and
possibly mono-fluorophosphate [17]. In the presence of
calcium, there is the strong possibility of the formation of at
least one type of discrete calcium phosphate compound.
There are 11 known distinct calcium phosphates [31], and
their solubility in water varies widely, depending on the Ca:
P ratio. Low values of this ratio, i.e., 0.5 or slightly higher,
give soluble compounds, whereas higher values, notably
1.67, give very insoluble substances. An indication of the
insolubility is the solubility product, which is defined as a
specific equilibrium constant for the process:

Ca5 PO4ð Þ3 OHð Þ Ð 5Ca2þ þ 3PO43� þ OH�

i.e., Ksp= [Ca2+]5[PO4
3−]3[OH−]

The values ranging from 10−55 [32] to 10−62 [33, 34]
have been suggested for this constant under neutral condi-
tions, and these extremely low values in turn imply that
there are very low concentrations of the dissolved ions
relative to the amount of insoluble substance present. In
other words, the compounds are extremely insoluble. The
very low amounts of phosphorus found in the solutions in
the present experiments, particularly those changed each
month rather than daily, suggest that a phosphate with a

Table 4 R2 values of equations for cumulative monthly ion release
over 21 months

Element Equation Neutral conditions Acidic conditions

Na 3 0.997 0.995

4 0.996 0.997

Si 3 0.996 0.998

4 0.995 0.997

Al 3 0.998 0.998

4 0.997 0.998

P 3 – 0.996

4 – 0.972

Ca 3 – 0.998

4 – 0.996
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high Ca:P ratio is formed within the cement, and this
ensures that both the calcium and phosphate hardly dissolve
at all. By contrast, in acid solution, the solubility of high Ca:
P ratio calcium phosphates is much greater [31], and this is
reflected in the high calcium and phosphorus concentrations
observed.

Unlike phosphorus, so far there has been no work to
determine the species of silicon that is released, though at
least one group describe it is Si4+ [16], which is obviously
incorrect. The speciation of silicon is not straightforward, as
can be seen by considering results from other relevant
studies.

First, with the glass from which glass-ionomer cements
are made, silicon is known to occur in the form of SiO4

4−

tetrahedra. These tetrahedra link to three or four aluminium
atoms via Si–O–Al bonds [35]. Aluminium is typically
found in 4-coordination, i.e., in AlO4

5− tetrahedra, a
structure forced on it by the presence of the large amounts
of SiO4

4−. Glasses with high fluoride content also contain
reasonable amounts of aluminium in 6-coordination [36].
Even with high fluoride content, glasses show no evidence
of any direct Si–F bonding [35]. When glasses dissolve
following acid attack, transfer of hydrated silicate species
out into the surroundings would be expected to occur, with
them either existing as individual hydrated tetrahedra or as
part of larger condensed species that the surrounding alu-
minate tetrahedra. The details of how this transfer might
occur has not been studied.

By contrast, the nature of the silicate species that can
form in aqueous solution has been studied quite extensively.
Various silicates have been dissolved in water [37],
including so-called water glass, a simple glassy substance
with the formula Na2O.nSiO3 (n= 1–3.35) that dissolves
readily and gives rise to numerous possible silicate species
[38, 39]. Most of these are able to co-exist with each other
under any given set of experimental conditions.

The species have been studied with a variety of techni-
ques, including 29Si NMR and vibrational spectroscopy
(FTIR and Raman). Using these techniques, species have
been observed with varying degrees of polymerization,
typically dimers to tetramers [38], with no observable
monomers [38, 39]. Cyclic species have also been observed
[37]. The degree of polymerization appears to be controlled
by the pH and the concentration of Na+, and most condi-
tions lead to the occurrence of reasonable amounts of tri-
mers and tetramers in solution [40]. How this type of
polymerization might be influenced by the presence of
substantial amounts of AlO4

5− tetrahedra is not clear. The
structural similarity with SiO4

4−, and also the similar nature
of the counter-ions, notably Na+, suggests that silicon may
well be released from glass-ionomers as a series of pure
silicate and alumino-silicate oligomers.

Similarly, the aqueous chemistry of aluminium is com-
plicated, and the species of aluminium that might be
released from glass-ionomers is not immediately obvious.
In aqueous solutions of simple salts, such as halides or
nitrates, several aluminium species have been identified,
such as Al(H2O)6

3+, AlOH(H2O)5
2+, Al(OH)2(H2O)

4+ and
Al(OH)4(H2O)

4– [41–43]. As well as these monomeric
species, several polymerized species have been identified,
mainly dimers and trimers. Given that aluminium eluted
from a glass-ionomer began inside the glass as AlO4

5−

tetrahedra or similar species with direct Al–F bonds [40], it
is unlikely that the main species in solution is the simple
hydrated Al3+ ion. Rather, it seems likely that aluminium
occurs in some sort of complex species that includes direct
Al–O covalent bonds of the type that were present in the
glass. As already mentioned, the variety of aluminium
species in aqueous solution may also include alumino-
silicate oligomers. It may well be that the relatively large
size of these species is the reason for the slow and relatively
limited amount of aluminium released by the cements, and
may be the reason for the relatively small value of β for
aluminium in Eq. 3.

5 Conclusions

This study has shown that ions of the elements sodium,
silicon, aluminium and phosphorus behave similarly to
fluoride with respect to their release kinetics from a con-
ventional glass-ionomer cement. In neutral conditions,
release occurs by a two-step mechanism. Step 1, early
washout, is rapid and characterized by half lives in the range
12–18 h, and completion times of 3.5–6 days. Step 2 is
longer term and diffusion based.

In acidic conditions, there is much greater total release,
and also elution of calcium, which was not observed in
neutral conditions. Like fluoride, kinetics for all these ele-
ments change and become described by a two-step
mechanism comprising early washout followed by longer-
term erosion.

Possible species formed by silicon and aluminium in
aqueous solution are discussed, and shown to be compli-
cated, involving polymerization and, in the case of silicon,
possibly cyclization as well. Phosphorus has previously been
shown to form only two species on release, with PO4

3−

being the predominant one. These differences in structure
and in release with external pH are important in under-
standing the bioactivity of conventional glass-ionomer
cements.

Acknowledgements We thank Dr. Kunle Awosanya (formerly of the
University of Greenwich) for assistance with the experimental work
reported in this paper.

   30 Page 8 of 10 Journal of Materials Science: Materials in Medicine           (2021) 32:30 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Author contributions JWN: design of experimental protocol, discus-
sion of results, initial drafting of manuscript. NJC: data plotting, dis-
cussion of results, correction of manuscript. SKS: planning of paper,
discussion of results, correction of manuscript.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Mount GJ. Color atlas of glass ionomer cement, 2nd ed. London:
Martin Dunitz; 2002.

2. Nicholson JW, Sidhu SK. A review of glass-ionomer cements for
clinical dentistry. J Funct Biomater. 2016;7:16.

3. Nicholson JW, Sidhu SK, Czarnecka B. Improving the mechanical
properties of glass-ionomer dental cements. Materials.
2020;13:2510.

4. Wiegand A, Buchalla W, Attin T. Review on fluoride-releasing
restorative materials - fluoride release and uptake characteristics,
antibacterial activity and influence on caries formation. Dent
Mater. 2007;23:343–62.

5. Francois P, Fouquet V, Attal JP, Dursun E. Commercially avail-
able fluoride-releasing materials: A review and a proposal for
classification. Materials. 2020;13:2313.

6. Cury JA, Tenuta LMA. Enamel remineralization: controlling the
caries disease or treating early caries lesions? Braz Oral Res.
2009;23:23.

7. Ellwood RP, Fejerskov O, Cury JA, Clarkson B. In: Fejerskov O,
Kidd EAM, editors, Dental caries: the disease and its clinical
management, Oxford: Blackwell and Munksgaard; 2008. p.
287–323.

8. Kim YK, Yiu CKY, Kim JR, Gu L, Kim SK, Weller RN, et al.
Failure of a glass ionomer to remineralize apatite-depleted dentin.
J Dent Res. 2010;89:230–5.

9. Mickenautsch S, Mount GJ, Yengopal V. Therapeutic effect of
glass ionomers: an overview of evidence. Aust Dent J.
2011;56:10–15.

10. De Moor RJG, Verbeeck RMH, De, Maeyer EAP. Fluoride
release profiles of restorative glass ionomer formulations. Dent
Mater. 1996;12:88–95.

11. De Witte AM, De Maeyer EAP, Verbeeck RMH, Martens LC.
Fluoride release profiles of mature restorative glass ionomer
cements after fluoride application. Biomaterials. 2000;21:475–82.

12. Braden M, Tay WM. Fluoride ion diffusion from polyalkenoate
(glass-ionomer) cements. Biomaterials. 1988;9:454–9.

13. Mousavinasab SM, Meyers I. Fluoride release and uptake by glass
ionomer cements, compomers and Giomers. Res. J Biol Sci.
2009;4:609–16.

14. Forss H. Release of fluoride and other elements from light-cured
glass ionomers in neutral and acidic conditions. J Dent Res.
1993;72:1257–62.

15. Kumari PD, Khijmalgar S, Chowdhury A, Lynch E, Chowdhury
CR. Factors influencing fluoride release in atraumatic restorative
treatment (ART) materials: a review. J Oral Biol Craniofac Res.
2019;9:315–20.

16. Mulder R, Anderson-Small C. Ion release of chitosan and nano-
diamond modified glass ionomer restorative cements. Clin Cosmet
Investig Dent. 2019;11:313–20.

17. Awosanya K, Nicholson JW. A study of phosphate ion release
from glass-ionomer dental cements. Ceramics Silikaty.
2014;58:210–4.

18. Jones JR. Review of bioactive glass: from Hench to hybrids. Acta
Biomater. 2013;9:4457–86.

19. Hench LL, Wilson J. An Introduction to Bioceramics, Singapore:
World Scientific; 1993.

20. Ngo H, Peters MCRB, Mount G. A study of glass-ionomer cement
and its interface with enamel and dentin using a low-temperature,
high-resolution scanning electron microscopic technique. Quin-
tessence Int. 1997;28:63–69.

21. Ngo H, Mount G, Mc Intyre J, Tuisuva J, Von, Doussa R. Che-
mical exchange between glass-ionomer restorations and residual
carious dentine in permanent molars: an in vivo study. J Dent.
2006;34:608–13.

22. De Caluwe T, Vercruysse CWJ, Ladik I, Convents R, Declercq H,
Martens LC, et al. Addition of bioactive glass to glass ionomer
cements: effect on the physico-chemical properties and bio-
compatibility. Dent Mater. 2017;33:e186–e203.

23. Chen S, Cai Y, Enqvist H, Xia W. Enhanced bioactivity of glass
ionomer cement by incorporating calcium silicates. Biomatter.
2016;6:e1123842.

24. Liu J, Kuwahara Y, Shirosaki Y, Miyazaki T. The investigation of
bioactivity and mechanicl properties of glass ionomer cements
prepared from Al2O3–SiO2 glass and poly(γ-glutamic acid). J
Nanomater. 2013:168409.

25. Hamama HA, Burrow MF, Yiu C. Effect of dentine conditioning
on adhesion of resin-modified adhesives. Aust Dent J.
2014;59:193–200.

26. Saad A, Inoue G, Ikeda M, Burrow MF, Tagami J. Microtensile
bond strength of resin-modified glass ionomer cement to sound
and artificial caries-affected root dentin with different condition-
ing. Oper Dent. 2017;42:626–35.

27. Vogelgesang J, Hadrich J. Limits of detection, identification and
determination: a statistical approach for practitioners. Accred Qual
Assure. 1998;3:242–55.

28. Shaw AJ, Carrick T, McCabe JF. Fluoride release from glass-
ionomer and compomer restorative materials: 6 month data. J
Dent. 1998;26:355–9.

29. Hattab FN, Amin WM. Fluoride release from glass ionomer
restorative materials and the effects of surface coating. Bioma-
terials. 2001;22:1449–58.

30. Shahid S, Billington RW, Pearson GJ. The role of glass com-
poisition in the glass acetic acid and glass lactic acid cements. J
Mater Sci Mater Med. 2008;19:541–5.

31. Tung MS. Calcium phosphates: structure, composition, solubility,
and stability, Ch 1. In: Amjal Z, editor. Calcium phosphates in
biological and industrial systems. Dordrecht: Kluwer Academic
Publishers; 1998. p. 1–19.

Journal of Materials Science: Materials in Medicine           (2021) 32:30 Page 9 of 10    30 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



32. Zhang YP, Kent RL Jr, Margolis HC. Enamel demineralization
under driving forces found in dental plaque fluid. Eur J Oral Sci.
2000;108:207–13.

33. Kaufman HW, Kleinberg I. Studies on the incongruent solubility
of hydroxyapatite. Calcif Tissue Int. 1979;27:143.

34. Pan HB, Darvell BW. Solubility of hydroxyapatite by solid
titration at pH 3-4. Arch Oral Biol. 2007;52:618–24.

35. Hill RG, Stamboulis A, Law RV. Characterisation of fluorine
containing glasses by 19F, 27Al, 29Si and 31P MAS-NMR
spectroscopy. J Dent. 2006;34:525–32.

36. Stamboulis A, Hill RG, Law RV. Characterization of the structure
of calcium alumino-silicate and calcium fluoro-alumino-silicate
glass by magic angle spinning nuclear magnetic resonance (MAS-
NMR). J Non-Cryst Solids. 2004;333:101–7.

37. Dent Glasser LS, Lachowski EE. Silicate species in solution, Part
1, Experimental observations. J Chem Soc Dalton Trans.
1980;393–8.

38. Dimas D, Giannopoulou I, Panias D. Polymerization in sodium
silicate solutions: a fundamental process in geopolymerization
technology. J Mater Sci. 2009;44:3719–30.

39. Jansson H, Bernini D, Ramser K. Silicate species of water glass
and insights for alkali-activated green cement. AIP Adv.
2015;5:067167.

40. Bass JL, Turner GL, Morris MD. Vibrational and 29Si NMR
spectroscopies of soluble silicate oligomers. Macromol Symposia.
1999;140:263–70.

41. Bertsch PM, Anderson MA. Speciation of aluminum in aqueous
solutions using ion chromatography. Anal Chem. 1989;62:535–9.

42. Bi S, Wang C, Cao Q, Zhang C. Studies on the mechanism of
hydrolysis and polymerization of aluminium salts in aqueous
solution: correlations between the “Core-links” model and “Cage-
like” Keggin-Al13 model. Coord Chem Rev. 2004;248:441–5.

43. Casey WH. Large aqueous aluminium hydroxide molecules.
Chem Rev C. 2006;106:1–16.

   30 Page 10 of 10 Journal of Materials Science: Materials in Medicine           (2021) 32:30 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.




