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Abstract

As the use and acceptance of glass-ionomer cement (GIC) increase, the
scientific community will endeavour to improve current limitations due to
their relatively low physical properties compared to other materials. This
chapter discusses a range of future improvements in glass-ionomer
cements which will increase their longevity and allow them to be used in
place of other materials such as the widely used amalgam.

To improve their material properties, many paths can be investigated.
New glass filler systems, including a variety of additions, modifications
and pre-reacted GIC filler particles, and their effect on physical prop-
erties are detailed in this chapter. Other categories of filler particles,
including spherical particles, glass fibre reinforcement and nanoparticle
developments, as well as their effect on improving GIC properties such as
fracture toughness, wear and other physical and aesthetic properties are
documented.

Technologies utilising GIC materials as controlled-release vehicles for
different materials are discussed. The importance of new mechanisms,
such as self-healing technologies and self-cleaning glass technology, is
documented in efforts to improve the longevity of GICs and their physical
properties. Novel polymer networks, developed for improvements in
strength and other properties, and technologies related to porosity reduc-
tion, methods to improve fracture toughness and improvements in adhe-
sion durability are also be provided. Future delivery systems provide the
user with an insight of what could be the new delivery systems of GICs.
Important avenues for the improvement of GIC wear properties, and
improvements in aesthetic properties are discussed.
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Other topics focus on the future use of GIC participating in pharmaco-
logical approaches to caries reduction and restorative dentistry and include
biomineralisation and biopromoting improvements, biofilm alterations,
the antimicrobial/bioprotection properties of GICs and the possibility of

antibiotic additions.

7.1 Introduction
As permanent restorative materials, glass-ionomer
cements (GICs) (both resin-modified and conven-
tional self-cure versions) still have limitations
when placed in stress-bearing restorations due to
their relatively low fracture strength, toughness
and wear properties (Lohbauer 2009). GICs are
generally inferior in aesthetics and physical prop-
erties compared to composite resin materials.
Although the GIC bond is considered to be
one of the most resilient with a lower annual fail-
ure rate compared to adhesively bonded compos-
ite resins, the bulk material mechanical properties
still hinder its wide usage (Peumans et al. 2005).
Variants of GICs are now available to restore dif-
ferent classes of cavities; however, amalgam and
adhesively bonded composite resins remain the
popular choice for restorative materials. A recent
study has highlighted the importance of a dental
material’s ability to preserve existing tooth struc-
ture and prevent secondary caries, which places
GICs in a good position against other materials
(Seemann et al. 2014). It is unlikely that in the
short term, GICs will achieve wear, strength or
longevity properties seen in amalgam and com-
posite resins, but the focus of future develop-
ments may deliver GICs with great improvements
in these properties.

GIC as an Alternative
to Amalgam

7.2

GICs are specifically used for their dynamic
interaction with the tooth structure, compared to
the relatively “inert” and static relationship that
composite resin and amalgam have with the adja-
cent tooth structure interface. It is this “dynamic”
environment and distinct interface created by
GIC materials that has enabled their use to grow.

As more advanced analytical techniques are
employed to investigate and critique restorative
material interfaces, GICs continue to find an
unique position in terms of their technical offer-
ing to the clinician. Glass-ionomer cements have
gained relevance due to their ability to self-adhere
to tooth structure, biomimetic/re-mineralising
properties, anti-cariogenic potential and their
relative ease of use (Peumans et al. 2005; Benelli
et al. 1993). Currently, bulk-fill composite resin
restorations are replacing amalgam as an accepted
choice for a permanent restoration, and it is this
area where new GIC advances are likely to play a
role.

Furthermore, as a response to the Minamata
Convention on Mercury (Mackey et al. 2014), the
use of amalgams is decreasing, and clinicians are
now choosing alternative materials. Currently,
GIC has been recommended for small, non-load-
bearing permanent restorations. Although lack-
ing the strength or wear properties achieved by
amalgam, the use of modern GIC materials is
similar in many ways to amalgam. For example,
both amalgam and GIC placement does not
require the use of an adhesive. As GICs contain
water in their formulations, they can be placed on
moist dentine.

Furthermore, new-generation GICs such
as Chemfil™ Rock (Dentsply DeTrey GmbH,
Konstanz, Germany), Ketac™  Universal
Aplicap™ (3MESPE Dental Products, St. Paul,
MN, USA) and Equi Forte (GC Corporation,
Itabashi-ku, Tokyo, Japan) do not necessarily
require cavity conditioning and can be placed in
cavity preparations similar to amalgam. Modern
“condensable” high viscosity GIC materials
are immediately condensable, and as their set-
ting reaction proceeds, they become even more
condensable, which facilitates their “packing”
into the cavity in a similar way to amalgam. In
addition, resin-modified GICs (RMGICs) have
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also been shown to place minimum polymeri-
sation stress on cavity walls, which could fur-
ther explain their durable bonding mechanism
(Cheetham et al. 2014a).

In contrast, variables such as adhesive place-
ment, isolation procedures, visible light-curing
and polymerisation shrinkage stress make adhe-
sively bonded composites more difficult to use
(Gerdolle et al. 2008). Prior to 2012, the majority
of GIC manufacturers recommended condition-
ing the prepared cavity (both enamel and dentine)
with some form of acid solution (Zhang et al.
2013; Altunsoy et al. 2014; Powis et al. 1982).

Recently, a high viscosity, nonsticky, packable
GIC was released that did not require cavity con-
ditioning, i.e. placement is directly into the cavity
as in the case of amalgam (Giray et al. 2014; Huo
et al. 2011). This represented the first attempt to
provide a viable encapsulated high viscosity GIC
alternative to amalgam for certain cavity classes.

7.3 Improvements in Glass Filler

Systems

The current filler present in glass-ionomer mate-
rials typically consists of ground glass particles.
Their composition is based on silica and alumina
as well as calcium, strontium and zinc oxide as
well as other components. Fluorine, phosphate
and sodium are also incorporated into multicom-
ponent glass structures (Lohbauer 2009;
Moshaverinia et al. 2011). Additions and modifi-
cations to powder systems have been described
previously, but few have been incorporated into
commercial GICs (Moshaverinia et al. 2011).
The fillers vary in size depending on the manu-
facturer and are typically produced by some form
of attrition (grinding) process.

Glass filler systems are then subject to pro-
cessing (such as thermal or chemical treatment)
and drying processes that produce a filler particle
suitable for use. For encapsulated GIC products,
the filler system and powder to liquid ratio cre-
ates rheological properties that influence the han-
dling of the glass-ionomers. For example, a high
viscosity product can obtain higher instrument
penetration forces compared to a lower viscosity
product. As these materials are multicomponent

and their formulations vary significantly, several
components of the formulation may influence the
handling of the material.

Pre-reacted GIC glass systems have been
reported, although these particles are typically
transported into resin or adhesive systems to pro-
vide “GIC”-like properties (i.e. fluoride release)
(Kamijo et al. 2009; Han and Okiji 2011;
Shimazu et al. 2012). Glass-ionomer formula-
tions themselves could benefit from this technol-
ogy, as it allows a certain part of the final matrix
to achieve ultimate strength in a controlled and
reproducible environment. For example, the set-
ting reaction of these “secondary” particles can
be completed prior to the mixing stage, which
can potentially give improvements in immediate
wear, strength, handling and other properties to
the GIC. However, microfiller (0.01-0.1 pm)
agglomerated  systems, and  nanofillers
(5-100 nm) have not been widely used as the pri-
mary glass filler size range for GIC systems.

7.4 Nanoparticle Technology
Although nano and nano-hybrid filler systems in
composites have been available commercially for
some time, only one “nano” particle GIC
(Ketac™ Nano, 3 M ESPE, St Paul, MN, USA)
has become available, although its filler compo-
nent claims to contain a combination of fluoro-
aluminosilicate  glass, nanoparticles and
nanoclusters. The use of smaller nanoparticles is
based on the premise that some properties such as
gloss retention or wear resistance may be
improved. Researchers have found that this type
of material has reduced surface roughness values
after polishing, although the hardness of the
material has not been found to be significantly
different from another GIC material (Bala et al.
2012).

However, when transferring nanoparticles or
nanocluster technology into encapsulated GIC
formulations, difficulties arise in maintaining a
usable paste consistency whilst maintaining ade-
quate filler volume content. The evolution of the
filler system technologies seen in composite resin
material development has potential for transla-
tion into future filler types for glass-ionomer
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systems (Ferracane 2011). As there is a perceived
need for GIC materials to possess more aesthetic
properties similar to composite resins, it is envis-
aged that smaller particle types will be
introduced.

Various technologies can be employed to
achieve nanoparticle systems for use in GICs;
these include agglomeration, pre-polymerisation,
resin infiltration and the joining of glass systems
to nanoparticles. Although other material factors
influence optical properties such as gloss, smaller
(i.e. nanosize) glass particle composites typically
achieve better initial gloss and gloss retention.
For GICs, the “nano” phase of research and
development is imminent and could provide
some exceptional properties particularly in the
aesthetic and wear values of GICs. However, it is
yet to be shown how a nanoparticle with appro-
priate chemical properties can adequately replace
the current “multicomponent”  fluoride-
containing glasses commonly employed in com-
mercial GIC formulations.

Although many nanoparticle additions to GIC
formulations have been attempted, no nanosized
(i.e. <100 nm) universal “multicomponent” reac-
tive glass system has been employed so far.
Furthermore, using a combination of two differ-
ent types of filler or fillers of different composi-
tions could be employed to overcome the
problems associated with using nanoparticles as
the only filler type. Nano-clays have also been
reported to reinforce GIC systems although not
yet employed in commercial GICs (Fareed and
Stamboulis 2014a, b). Nano-sheets, nano-rods,
nano-tubes, nano-films and a diverse range of
reported micro-nano structures could be incorpo-
rated into GICs to investigate the improvement of
various properties.

7.5  Spherical Particles

At present, most GIC materials contain irregu-
larly shaped glass particles. By incorporating
spherical particles, it is possible to alter the filler
to volume ratio. Some research (Gu et al. 2004)
has delved into these spherical glass systems,
although they have not been commercially

introduced to GICs. Spherical GIC glasses can be
produced in different ways, and methods such as
sol-gel technology and plasma treatment have
been employed. Spheroidisation of glass powders
has also been performed by using flame spraying
and inductively coupled radio frequency plasma
spraying techniques (Gu et al. 2004). Spherical
silica additions to RMGICs have also been inves-
tigated and have demonstrated improved mar-
ginal gap reduction, as well as improvements in
compressive, diametral tensile and flexural
strength (Irie et al. 2011; Hatanaka et al. 2006).
A potential way of reducing biofilm on glass-
ionomers could be by providing a smoother
material surface, possibly facilitated by smaller
nanosized filler systems, or by different surface
chemistries, although this is yet to be introduced
(Busscher et al. 2010; Hengtrakool et al. 2006).

7.6  Glass Fibre Reinforcement

Glass fibre composite technology has enabled
engineers and chemists to develop advanced
composites used in many high technology and
demanding situations (Bakis et al. 2002).
Reactive glass fibres have been employed in
experimental GICs to create fibre-reinforced
GICs (FRGIC). They have been found to increase
the flexural strength and increases in the work of
fracture primarily due to the additional energy
required to “pull” the fibres out of the fracture
surface (Lohbauer et al. 2003).

Fibres of Si0,—Al,O;—CaF,—-Na; AlF; (430 pm
long) have been shown to significantly increase
the fracture toughness, as well as providing
large increases in the total energy release rate
(Lohbauer et al. 2004). However, glass fibres are
usually large compared to glass particles, which
can be disadvantageous. Short fibres (1000 pm
long x 10 pm wide) have also been shown to
increase diametral tensile strength, flexural
strength, flexural modulus and fracture toughness
of GIC (Hammouda 2009). Short fibres from
Ca0-P,05-Si—-0,—~AlL,O; glass systems maintain
higher flexural strengths after thermo-cycling
than unreinforced formulations, as expected
from fibre-reinforced materials, although these
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strengths are inferior to those typically achieved
by composites (Kawano et al. 2001).

However, the aesthetic properties of FRGIC
materials are compromised, and this together
with exposure of fibres due to wear makes the
current fibre-reinforced formulations currently
non-commercially viable.

Nanofibres with diameters less than 100 nm
are now available, although their incorporation
into GICs has not become commercially
available. Electro-spun inorganic nanofibres
based on TiO,, SiO,, Zr0, and Al,O; have been
developed (Qizheng et al. 2006; Wessel et al.
2010). This electro-spinning technology devel-
oped for the textile industry (Zhou and Gong
2008) could be utilised to produce suitable nano-
fibres to be incorporated both physically and
chemically with GIC systems. Furthermore, as
research into nano-tubes and nano-wires contin-
ues, the availability of these nano-products will
become available for determining their effect on
GICs (Zhang et al. 1999). Finally, hybrid organic—
inorganic nanofibres are also being investigated
in other material science areas and could possibly
introduce novel properties to different classes of
GICs (Fischer 2003; Wu et al. 2010).

7.7  Incorporation of Polymeric

Filler Carriers

Polymer carriers are particles loaded with active
molecules or compounds, which are designed to
be released or influence the surrounding environ-
ment of the restoration/tooth surface interface.
These nanosized, monodispersed, spherical par-
ticles with functionalities for the immobilisation
of chemicals or biomolecules have been used for
tissue engineering and controlled-release drug
delivery and have been classified as “molecularly
imprinted polymer systems”. The possibilities for
these carrier fillers are endless when applied to
GIC systems, and they provide novel systems for
releasing future compounds not actively involved
in the GIC setting reaction. These particles,
loaded with zinc chloride and incorporated into
adhesives, have been proposed to inhibit the deg-
radation of collagen by matrix metalloproteinases

(MMPs) (Osorio et al. 2014). Their incorporation
into GICs could also prove a viable research path
for further improving the GIC bond to dentine as
it is well known that MMP action can compro-
mise the dentine-adhesive interfaces (Tezvergil-
Mutluay et al. 2013).

Controlled-Release Vehicle
Additions to GIC

7.8

The controlled release of active ingredients from
the GIC matrix could also be facilitated by other
technologies. For example, microencapsulated
particles have been proposed in order to facilitate
tooth mineralisation. Typically these are designed
for concentrated release of calcium (Ca(NO;),),
fluoride (NaF) or phosphate (K,HPO,) salts
directly to the tooth. Using a semipermeable shell
wall, the salt ion permeates through the shell wall
at a controlled rate, and these types of particles
can provide a diverse delivery platform for differ-
ent materials (Latta et al. 2014).

New types of interpenetrating polymer net-
works could also be incorporated in GICs, as they
have proven their use in the delivery of a large
range of compounds and drugs through different
novel carrier systems. These materials are typi-
cally based on hydrogels, microspheres, micro-
beads, microparticles, nanoparticles and other
platforms in order to effectively deliver active
ingredients (Lohani et al. 2014).

Controlled-release polymer technologies are
commonly employed in drug and therapeutic for-
mulations to deliver active ingredients over dif-
ferent time periods. Many of these technologies
could be incorporated into GICs to improve the
targeted release of future compounds. Typically,
nanotechnology delivery systems can be used for
improved delivery of poorly soluble drugs, tar-
geted delivery of large molecule actives and the
co-delivery of two active compounds (Farokhzad
and Langer 2009).

Hydrogel technology, i.e. three-dimensional
cross-link networks, can be formulated into
micro- or nanoparticles and contain highly
porous structures. Their characteristic porosity
permits the loading of compounds which can be
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released at rate-dependent diffusion coefficients
through the hydrogel network (Hoare and Kohane
2008). Gelatin hydrogels have also been used for
the delivery of bioactive molecules allowing their
use in tissue engineering, gene therapy and con-
trolled drug release and could be adapted for use
in GICs (Young et al. 2005).

Gold nanoparticles have also been used as
controlled-release vehicles, and they are assumed
to provide a non-toxic delivery system for active
materials coated on their surface (Ghosh et al.
2008). Furthermore, block copolymer micelles
have also been utilised as delivery systems for
drugs and can provide different mechanisms for
delivering micelle-forming polymeric drugs and
other compounds (Kazunori et al. 1993). All of
these controlled-release technologies could be
employed for future use in GIC materials in order
to provide the release of specific chemicals ben-
eficial to protecting and repairing the remaining
tooth structure.

7.9 Self-Healing Technology

The GIC setting reaction in both the conventional
and resin-modified GICs is facilitated by ion-
binding and gelation between poly(alkenoic acid)
s and metal ions, and the kinetics and reactions
have been described in detail previously (Wilson
and Nicholson 2005; Wilson 1996; Smith 1998;
Nicholson 1998; Walls 1986). A new research
topic in polymer science, and one that could be
applied to future GIC polymer chemistry and
development, involves the study of ‘“self-heal-
ing” polymer structures. Self-healing, or autono-
mously healing polymers and coatings, is a new
technology that allows the automatic repair of
undetected defects such as cracks, fractures and
other damaged areas within a polymer or adhe-
sive interface, which have resulted from chemi-
cal, thermal or mechanical fatigue processes. This
type of technology could easily be incorporated
into GIC materials to provide “smart” multifunc-
tional materials that when subjected to “excess”
stress could repair any resultant damage them-
selves. Glass-ionomers are good candidates for
this technology as they already have a significant

interaction (i.e. ionic and water transport) with the
surrounding oral environment. There are different
methods of inducing self-healing technologies,
none of which as yet have been applied to GIC
chemistry. Several reviews have described the dif-
ferent methods to facilitate self-healing technolo-
gies into polymers (Samadzadeh et al. 2010; Yuan
et al. 2008; Wu et al. 2008; Wilson et al. 2010).

The incorporation of micro- or nano-capsules
releases “repair agents” (Figs. 7.1 and 7.2) spe-
cific to the polymer architecture after crack prop-
agation in coatings. In practice, these capsules
are presented in the polymer network in sizes
ranging from 3 to 800 pm, and they can contain a
solid, a liquid or gas components as a ‘“core”
material, surrounded by a capsule or shell mate-
rial (Wu et al. 2008; Samadzadeh et al. 2010).

Interpenetrating polymer networks incorpo-
rating linear polymers (e.g. poly(methacrylated
phenyl glycidyl ether)) has shown diffusion of
the linear polymer phase into the crack interface
as a form of self-healing process. SEM images
(Fig. 7.2) of damaged areas clearly demonstrate
that healing of micro-cracks in the order of 20 pm
can be achieved, from mobile chain interdiffu-
sion and entanglement (Peterson et al. 2012).

Polymers incorporating embedded microcap-
sules of liquid monomers are also used to induce
self-healing properties. When the material is
damaged, the microcapsules release monomers
into the damaged areas and subsequently repair
the damage and prevent further fracture. Other
approaches include the “mechanochemical” acti-
vation of a catalyst in a polymer chain, i.e. when
mechanically induced chain scission occurs, a
catalytic site is activated, thereby facilitating
polymerisation of acrylic monomers. Other
approaches are supra-molecular (i.e. non-
covalent interactions) and also methods to exploit
covalent bond forming repair processes
(Colquhoun and Klumperman 2013).

Both intrinsic and extrinsic mechanisms can
be used to develop self-healing properties.
Polymer architecture such as chain stiffness and
cross-link functionality, cross-linking density
and content or reversible groups and multiphase
polymer structure all have an influence on the
self-healing ability of various polymer systems
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Fig.7.1 Proposed self-healing concept containing nano-
encapsulated healing agent. (a) Crack formed due to dam-
age, (b) nano-capsule is ruptured releasing healing agent

that migrates to crack, and (c) healing agent is then poly-
merised after contacting a catalyst (Reprinted from
Samadzadeh et al. (2010). With permission from Elsevier)

Fig.7.2 SEM micrographs of micro-crack healing. (a) Coating containing scratch defect (arrowed) and (b) self-healed
scratch defect after healing process (Reprinted from Samadzadeh et al. (2010). With permission from Elsevier)

(Garcia 2014). Other approaches incorporating
shape memory materials, swollen materials or
passivation can also be utilised to impart self-
healing properties, and a possible mechanism for
GIC repair is shown in Fig. 7.3. The investigation
of poly(ethylene-co-methacrylic acid)-based
ionomers has also indicated its ability to self-heal
(Wu et al. 2008). However, it is yet to be seen
how manufacturers will incorporate these new
technologies into GICs in an effort to improve
their mechanical and adhesive performance.

7.10 Other Novel Polymer
Networks for Improvements
in Strength and Other
Properties

In order to increase the physical properties of
GICs, improvements can be achieved by modi-
fying polymer chemistry contained in the lig-
uid component or in the solid form present in
the powder component (Guggenberger et al.
1998). Multi-arm poly(acrylic acid-co-itaconic)
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Fig.7.3 Theoretical
mechanism of self-healing

Molecular model

Healing stages

in glass-ionomer materials
(Reprinted from Wu et al.
(2008). With permission
from Elsevier)
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acids have been prepared and have demonstrated
improvements in compressive strength for con-
ventional cured GICs (Xie et al. 2010), and
star-shaped poly(carboxylic acid) polymers have
been proposed for resin-modified GICs (Weng
et al. 2014). Vinyl-containing poly(acrylic acid-
co-itaconic acid) copolymers have also shown
higher flexural strength leading to a tougher
fracture surface and plastic deformation prop-
erties (Wu et al. 2003). The polymer chemis-
try here is complex (Yelamanchili and Darvell
2008), and future improvements in results rely
on the interactions between the multicomponent
nature of different GIC systems which contain
many components, including complex initiating
systems.

7.11  Porosity Reduction

As glass-ionomers are mixed together in order
for the acid—base reaction to proceed, typically,
small voids or air pockets are incorporated into

the mix. Although the effects of these voids are
not exactly understood, it is assumed that these
have a negative effect on the GIC strengths. One
method of reducing these voids is to provide both
parts of a glass-ionomer in a paste version, which
can be hand-mixed by a spatula or through some
form of a static mixer (Boehm et al. 2011).
However, compared to encapsulated delivery sys-
tems, this form of delivery is typically uneco-
nomical and is not widely used. A major
advancement for encapsulated versions would be
the reduction of voids during the extrusion of the
mixed paste, although no such capsule version
has yet to be developed.

7.12 Improvements in Fracture

Toughness

Fracture toughness is known to be an important
material property for successful posterior load-
bearing restorations (Lloyd and Adamson 1987).
To date, it has been questioned whether the
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survival of GICs will reach levels achieved by
composite resin materials in load-bearing situa-
tions (Burke 2013). However, in some studies
modern GICs used to restore load-bearing cavi-
ties have been demonstrated to perform satisfac-
torily up to 10 years. This demonstrates that
wear properties simulated in a laboratory do not
necessarily translate to reduction of anatomical
form or surface roughness in real-life situations
(Burke 2014).

For primary molar restorations, recent studies
have indicated that the survival rate for amalgam
restorations is no different from that of atrau-
matic restorative treatment with a high viscosity
(HV) GIC. For both amalgam and HVGIC, the
main reason for failure is mechanical, and it has
been suggested that for single surfaces of primary
teeth, HVGIC is a viable alternative to amalgam
(Yamazaki et al. 2006).

Modifications to the polymer component of
the GIC have shown to improve the fracture
toughness of GICs. Acrylic acid-itaconic acid-N-
vinylcaprolactam (NVC) ter-polymers have been
synthesised and have shown significantly higher
plane-strain fracture toughness (Klc) at 1-day
and 1-week storage time periods compared to the
control (Fuji IX, GC Corp, Tokyo, Japan)
(Moshaverinia et al. 2010). However, issues asso-
ciated with viscosity increases need to be over-
come for the incorporation of any of these new
polymers.

Improvements of fracture toughness depend
on many variables. It has been shown that modi-
fication of the polymer components, such as
amino acid-containing GICs, methacryloyl
amino acid reactive diluents and a series of other
new chemistries are viable paths to improving
properties such as fracture toughness of the final
cement (Culbertson 2001).

Other novel polymer systems such as 6-arm
star-shaped poly(acrylic acid) polymers have also
shown significant increases in fracture toughness
compared to commercial RMGICs, similar in
value to composite material (Zhao et al. 2009).
Adjustment of the molecular weight (MW) of
polymers has also been investigated for improv-
ing properties, although it is unknown how these
changes will affect clinical outcomes.

Viscoelastic (i.e. viscous and elastic response
of materials to deformation) properties of GICs
have also been reported in an effort to understand
the mechanical behaviour of these materials.
Fracture may involve wear and adhesive de-
bonding modes of failure, as well as the typical
bulk fracture of the various GIC materials; both
GIC and RMGIC exhibited viscoelastic proper-
ties (Yamazaki et al. 2006). Modifications in the
powder, for example, particle size reductions and
powder to liquid ratios, have also been shown to
increase fracture toughness in GIC formulations
(Mitsuhashi et al. 2003).

Interfacial fracture toughness has also been
studied in order to provide paths for GIC improve-
ments related to failure by fracture. Formulations
are investigated at adhesive interfaces, and typi-
cally the fracture then continues into the bulk
material (Setien et al. 2005; Cheetham et al.
2014b). These studies are extremely relevant for
development of improved GIC materials. To
improve the longevity of GICs, properties such as
fracture toughness of the bulk material and the
adhesive properties (interfacial fracture tough-
ness or interfacial work of fracture) need to be
improved.

7.13 Improvements in Adhesion

to Dentine and Enamel

The critical issue with adhesive dentistry is to
place the adhesive material using a method that
gives the best chance for long-term stability and
the creation of an “effective seal” to the adhe-
sive—tooth interface. In the case of resin-based
adhesive systems, there are several strategies that
have been proposed in order to optimise the prob-
ability of success, and these include application
of MMP inhibitors and collagen cross-linkers,
additional enamel etching, agitation of the adhe-
sive for deeper penetration, etc. (Manuja et al.
2012). These approaches are also very relevant
when trying to improve the bonding reliability of
GIC materials. Many original and review articles
are available to explain the different concepts
involved in adhesion to dentine and enamel (Tyas
2003; Manuja et al. 2012; Atmeh et al. 2012).
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Adhesion to dentine and enamel is a complex
science and similar to adhesively bonded com-
posite dentistry; successful outcomes depend on
many variables (Perdigdao 2010; De Munck et al.
2012). Glass-ionomers have also been shown to
give a more durable bond compared to other
adhesive systems (Van Meerbeek et al. 2010).
However, much is unknown about this bond and
most importantly the degradation mechanisms of
the bond.

Fig.7.4 SEM
micrographs showing the
interface between RMGIC
and dentine. The rop
image (a) had dentine
treated with 37 %
phosphoric acid, the
bottom image (b) was
treated with a solution of
25-30 % polyacrylic acid
conditioner (D denotes
dentine). The hand pointer
indicates the presence of
resin tags (Reprinted from
Hamama et al. (2014).
With permission from
John Wiley & Sons)

The bonding mechanism of new-generation
GICs has now demonstrated resin tag formation.
Studies investigating the differences between
dentine conditioned with phosphoric or poly-
acrylic acid solutions have shown that both pro-
tocols create a surface that allows RMGIC resin
tags (Fig. 7.4) to form (Hamama et al. 2014;
Korkmaz et al. 2010; El-Askary and Nassif
2011). Other studies demonstrate the intimate
chemical interaction with dentine and enamel
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Fig. 7.5 (a) SEM image showing the effect of poly-
acrylic acid conditioner on dentine and (b) TEM photomi-
crograph showing the hybrid layer and gel phase created

surfaces (Fig. 7.5) with exposure of collagen due
to dentine pretreatment, with the remaining
hydroxyapatite being used as “receptors” for
chemical bonding of the GIC. Micropores have
also been shown to increase the ability for micro-
mechanical bonding (Van Meerbeek et al. 2003).

The chemical interaction and formation of
ionic bonds between carboxylic acid groups with
hydroxyapatite have been described previously,
and future GICs will use this information to pro-
vide materials with stronger, more resilient bond-
ing interfaces (Yoshida et al. 2000).

Further improvements of the bonding to
hydroxyapatite, enamel and dentine components
will continue to be focused on the incorporation
of new polymer chemistries into the GIC formu-
lations. Pioneering work investigating the bind-
ing energies of functional groups to these
structures as well as the molecular structure of
the polyalkenoic acid component has shown that
these factors significantly affect the chemical

unaffectied
demim

after RMGIC placement (Reprinted from van Meerbeek
et al. (2003). With permission from Operative Dentisitry,
Inc.)

bonding to hydroxyapatite structures (Fukuda
et al. 2003; Sennou et al. 1999). This process to
gather information on surface interaction will
continue to be used to modify resin formulations
and optimise chemical adhesion processes for
GICs.

Apart from chemically related improvements,
other “macro” physical observations of GICs
may be utilised to achieve improvements in adhe-
sion. Spherical bodies (Figs. 7.6 and 7.7) have
also been shown to be involved in GIC adhesive
surfaces which could provide fracture initiation
sites for bond failure, although their participation
in the adhesive process is not yet fully understood
(Yiu et al. 2004a, b). New materials will try to
eliminate these porous, randomly incorporated
features which disrupt a relatively homogenous
and compact solid material. Further understand-
ing of the interfacial properties of GICs with
enamel and dentine will inevitably lead to
improving the longevity of the GIC bond.
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Fig. 7.6 SEM micrograph showing a RMGIC surface
fractured adjacent to the GIC—dentine interface, showing
the presence of spherical bodies (hand pointer).
Dehydration cracks are identified with an arrow
(Reprinted from Yiu et al. (2004a). With permission from
Elsevier)

Fig.7.7 SEM image of a spherical body showing brittle
fracture of the spherical structure. The handpointer identi-
fies a fractured eggshell-like structure within the GIC at
the GIC—dentine interface [Reprinted from Yiu et al.
(2004b). With permission from Sage Publications]

Research on GIC adhesion provides informa-
tion for understanding the fundamental mechan-
ics and kinetics of the bond formation and
subsequent path of bond degradation in order for
new adhesive strategies to be devised. Short-
term, static bond strengths give limited informa-
tion when comparing the potential longevity of a
GIC bond and understate its adhesive abilities. A
fracture mechanics approach, including interfa-
cial fracture toughness and work of fracture test-
ing (Fig. 7.8) showing the “total energy” required
to initiate fracture, provides more relevant infor-
mation on the possible improvements of the bond
durability (Cheetham et al. 2014b).

7.14 Future Delivery Systems

The delivery format of glass-ionomers varies
from powder—liquid bottle versions and single-
use encapsulated systems to dual-barrel syringes
(and unit-dose) for paste—paste GICs. Paste—
paste systems generally reduce the porosity of
the final GIC paste, and single-use formats
(Fig. 7.9) have been recently commercialised
(Boehm et al. 2011). However, these formats
have not been as widely accepted as single-use
encapsulated delivery formats for powder—liquid
versions of GICs.

Encapsulated systems eliminate the need for
measurements to be made by the user, resulting
in a dispensed material with more reproducible
features such as setting reaction (gel and set
time), strength and paste consistency. The other
benefits of current GIC capsule systems are the
ease of direct delivery and their single use. New-
generation GIC capsules (Fig. 7.10) will be able
to mix “ultra” high viscosity GICs, which could
also allow for a new GIC with very high powder
to liquid ratios and strengths not seen in GICs
before (Cheetham 2014).

However, a disadvantage of “capsules” is that
during the mixing process, they typically intro-
duce some form of subclinical micro-porosity in
the paste. Various methods, such as centrifuging
the capsule after the mixing process, or vacuum
mixers, have been employed to reduce this with
limited effect (Suzuki et al. 2004). Theoretically,
the reduction of this porosity will increase the
physical properties of GICs. The clinician is yet
to see the direction of future designs of GIC
delivery systems, but it is likely that ease of the
use in terms of delivery and reduction of porosity
are areas where improvements can be made.

7.15 Wear Improvements

Currently, it is popular to place a coating over the
setting GIC in order to protect it during the initial
setting stage, which improves the immediate aes-
thetics of the restoration and acts as a method to
fill in any porosity created on the surface
(Zoergiebel and Ilie 2013). However, the effect of
this coating on GICs placed on occlusal surfaces
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Fig. 7.8 Comparison of the interfacial work of fracture (y,.int) results (J/m?) together with standard deviations for
glass-ionomer bonded to dentine (Reprinted from Cheetham et al. (2014b). With permission from Elsevier)
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138

J.J. Cheetham

has not always been found to be significant when
comparing the wear of uncoated surfaces (Diem
et al. 2014). Enamel-GIC margins may also be
protected with resin coatings, although this adds
an extra step in the placement of GICs (Hokii
et al. 2014).

Recent laboratory tests (Fig. 7.11) have dem-
onstrated that the current commonly used com-
mercial GIC materials continue to have inferior
wear resistance to amalgam. However, in two-
body wear studies, the wear resistance of some
GICs is now similar to compomers, with recom-
mendations that these GICs may be used ade-
quately in occlusal restorations of primary teeth
(Lazaridou et al. 2015). Furthermore, it was
found that GIC materials covered with a filled
polymer did not perform better in terms of GIC
vertical loss (um) and volume loss (mm?). The
mean vertical loss of the best performing GIC
was still nearly three times worse than amalgam,
and when comparing volume loss, the amalgam
had six times less volume loss (Lazaridou et al.
2015). Hence, commercial GIC materials remain
inferior in wear situations when compared to
amalgam. What is interesting from these studies
is that when compared to other posterior materi-
als, some GICs can now be viewed as an alterna-
tive option.

1.8 1
1.6
1.4 1
1.2 1

14
0.8
0.6
0.4
0.2 4

Volume loss (mm?3)

For some time, manufacturers and researchers
have been attempting to improve the wear char-
acteristics of GIC materials. Significant advances
have been made since initial tests demonstrated
that GICs were brittle and showed catastrophic
failure during wear events, concluding that they
were not acceptable for posterior occlusal appli-
cations (McKinney et al. 1987). Future efforts to
improve the difference between amalgam and
GIC wear properties will continue to be focused
on by researchers. Wear can be improved by
increasing the hardness of the GIC surface prior
to any wear event. This can be achieved in a
number of ways, and increasing the powder to
liquid ratio, concentration of polyacids or the
molecular weight of polyacids have been
reported as possible ways (Guggenberger et al.
1998; Smith 1998). As commercial materials
contain undisclosed proprietary compounds and
are produced in novel processes, much of these
advances are not documented in the public
domain.

Silver particles have been utilised to provide a
means of lubrication during wear events, and
commercial products containing silver alloys
have been shown to provide lower wear resis-
tance (McKinney et al. 1988; Xie et al. 2000).
However, from an aesthetic perspective, the

ol H
&

Fig.7.11 Mean volume loss (mm?) and standard devia-
tions of dental materials after an oral simulated wear test.
Note superscript * refers to conventional GIC, ® refers to
RMGIC, and ° refers to polyacid-modified resin composite

material (compomer) and ¢ resin composite material
(Reprinted from Lazaridou et al. (2015). With permission
from Springer Science)
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addition of metal particles compromises the clin-
ical outcome, and these materials are not cur-
rently widely accepted.

Studies by Xie et al. in 2000 have also
shown that the more integrated the GIC micro-
structure is, the higher the mechanical proper-
ties. Furthermore, large glass particle systems
have been described as contributing to lower
wear properties. The integrity of the interface
between the glass filler system and the poly-
mer, the particle sizes of each of the filler sys-
tems and the number of voids created during
mixing can all influence the wear properties
of current GICs (Xie et al. 2000). As GICs
age, their wear rate decreases, and differences
in wear rates have been described in terms of
polyalkenoic acid content, the “overall” chemi-
cal composition of the GIC and differences in
the filler system and size of fillers used (van
Duinen et al. 2005).

Avenues for future improvements in the wear
properties of GICs will focus on innovations in
these areas described above, in order to provide a
harder external surface of GIC restorations,
although it is unlikely that the wear properties in
the short term will reach those obtained by mod-
ern amalgam alternatives.

Filtek supreme ultra

White enamel A2 Enamel A2 Body

7.16 AestheticImprovements

Compared to modern composite resin materials,
the aesthetics of GICs are typically inferior, and
much work is being performed in order for GICs
to produce aesthetic restorations that blend in
with tooth structure. For the future of GICs, the
aesthetic properties are an important feature as
patients in the “post amalgam age” are demand-
ing that their teeth are restored with more tooth-
like materials.

Aesthetics with GICs is likely to continue to
evolve. For example, the colour change over time
may be reduced with the addition of new polymer
and surface chemistries that allow GICs to resist
colour change even when subjected to staining
media such as beverages or certain foods.

The initial translucency and optical properties
(Fig. 7.12) of RMGICs are now similar to leading
composite resin materials (Ogledzki et al. 2012).
The optical properties, such as translucency and
opacity values, together with closer colour match-
ing of shades to Vita™ shades may be improved
to follow composite resins. Conventional-cured
GICs still lack the translucency properties
(Fig. 7.13) of modern-day composites, although
improvements are being introduced.

Riva LC Fuji Il LC Photac Fil
Quick aplicap
A2 A2 A2

Lot N264994
Exp 2014-03

Lot 276480
Exp 2014-03

N25690
Exp 2014-02

Lot 440857
Exp 201211

Lot 1008091
Exp 2012-08

J1107212EG
Exp 2013-04

Photographed after 5 days in deionized water.

Fig.7.12 Opacity comparison of a commercial compos-
ite resin (Filtek Supreme Ultra) and RMGICs (Riva LC™,
Fuji Il LC™, Photac Fil Quick Aplicap™) indicating cur-

rent RMGIC materials can achieve similar opacity levels
compared to resin composite (Image courtesy of SDI
Limited R&D)
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Opacity comparison (24 hours)
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Fig.7.13 Opacity comparison of commercial GIC demonstrating that they have higher opacities compared to RMGICs
shown in Fig. 7.12. All materials are conventional cured type (Image courtesy of SDI Limited R&D)

Time FEX FIX GFX KME RSC

1 day 33.9 (3.9)2 19.7 (1.1)® 245 (3.5)° 10.9 (1.3)°  30.4 (3.5)2
1 week 68.9 (8.5)¢ 35.3 (0.9)f 46.2 (6.6)¢ 24.7 (1.2)¢ 707 (4.8)9
1 month 102.9  (9.5) 54.6 (8.1)kK 66.9 (9.8) 44.8 (1.2)% 134.7  (6.4)"
3 months 1515  (11.2)™  85.0 (4.6)"° 1032 (143" 721 (26)° 1871 (11.3)
6 months 1845  (12.3)d 1059 (5.5)"® 1211 (19.7)°  90.1 (8.7 2313  (14.3)P
1 year 2419  (14.1)¢ 137.6  (6.6)W  153.8 (22.7)V 1201 (59" 2847  (19.0)!

Fig. 7.14 Cumulative fluoride release (pg/cm?) of vari-
ous commercial GIC materials up to 1 year. Standard
deviations are in parentheses, and the same superscript let-
ter denotes homogenous subsets (p>0.05) (FEX: Fuji IX

7.17 Fluoride Release

It is well documented that GIC materials release
fluoride sourced from their glass system or from
additional additives such as sodium fluoride in
the set cements (Williams et al. 2002; Jones et al.
2003; Guida et al. 2002). Recent 1-year fluoride
release data (Fig. 7.14) of commercial GICs has
shown significant differences in fluoride release
between current commercially available GICs
(Shiozawa et al. 2013). Furthermore, the release
of Sr, Na, Al and Si ions has been shown to affect
the properties of the glass-ionomers and demon-
strate how the GIC can interact with its aqueous
environment. This ionic transfer is a unique fea-
ture of glass-ionomers not seen in composite
resin materials. Although most manufacturers

GP EXTRA, GC; FIX: Fuji IX GP, GC; GFX: Glaslonomer
FX-II, Shofu; KME: Ketac Molar Easymix, 3MESPE;
RSC: Riva Self Cure, SDI) (Reprinted from Shiozawa
et al. (2013). With permission from Springer Science)

highlight the fluoride release of their material,
future glass-ionomers could be designed to
release high levels of calcium, phosphate or other
ionic species considered beneficial to certain cav-
ity conditions (Forsten 1998).

The fluoride release from GICs has been
shown to decrease with time, which in turn
decreases their antimicrobial effectiveness
(Dionysopoulos et al. 2013). To counteract this, it
has been demonstrated that GICs can “recharge”
their fluoride release by topical fluoride applica-
tion (e.g. fluoride-containing toothpaste)
(Dionysopoulos et al. 2013; Arbabzadeh-Zavareh
et al. 2012). Studies have shown that covering
aged GIC with 0.1 % fluoride toothpaste or
1.25 % fluoride gel significantly increases the
fluoride release (Seppa et al. 1993).
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Glass-ionomer cements based on strontium
glass systems have also been shown to release
strontium ions originating from the glass structure
to the adjacent tooth structure. Although these
ions do not have any antibacterial effect, it is
envisaged that they are rapidly exchanged for cal-
cium ions, and a synergistic relationship with
fluoride could facilitate antimicrobial properties
(Dabsie et al. 2009). New-generation GICs will
aim to maintain a constant relevant supply of
fluoride ions over their life, without degradation
of the cement, and any improvement in the
release of fluoride should be incorporated into
future GICs.

Addition of potassium and fluoride has also
been previously made to the liquid components
of GICs, and this has demonstrated ion release up
to 500 days (Williams et al. 1999). Glass-
ionomers immersed into potassium fluoride
exhibited ion release twenty times greater than
specimens that had additions to their liquid com-
ponent, and this process could be adapted for pre-
reacted GIC filler systems that act as reservoirs
for specific ions (Williams et al. 1999).

7.18 Bioremineralisation/
Biopromoting Improvements

Although most manufacturers highlight the fluo-
ride release of their GIC material/s, future GICs
could be designed to release high levels of cal-
cium, phosphate or other ionic species considered
beneficial to certain cavity conditions. This release
could originate from (a) glass systems involved in
the main setting reaction, (b) glass systems not
involved in the setting reaction or (c) other addi-
tives (e.g. amorphous calcium phosphate).
Calcium phosphate has also been added to two
low viscosity GICs in the form of nano-
amorphous calcium phosphate and ACP-
CPP. Although the benefits of these additives
have not yet been clinically proven, it shows
attempts at using the GIC matrix as a vehicle for
delivering specific agents to the tooth. Spray-
dried amorphous calcium phosphate (ACP)
nanoparticles incorporated in composite materi-
als have been shown to release calcium ions when
subjected to acidic conditions and decreasing the
pH resulted in greater ion release (Xu et al. 2011).

Although ACP has been used in GICs for some
time, a newly developed GIC contains casein phos-
phopeptide-amorphous calcium phosphate (CPP-
ACP) incorporated in the powder component. This
has been shown to release fluoride, calcium and
phosphate ions under acidic conditions, potentially
minimising the effects of demineralisation result-
ing from caries attacks (Zalizniak et al. 2013).

Micro- or nano-hydroxyapatite nanoparticles
have also been proposed as additives to further pro-
mote bioremineralisation in GICs and have been
found to increase GIC properties (Moshaverinia
et al. 2008). Biomimetic fluorhydroxyapatite/poly-
acrylic acid nanostructures have also been pro-
posed as additive structures, which have structures
very similar to human enamel (Roche and Stanton
2015). However, these promising compounds have
not yet been incorporated into commercial GICs.

7.19 Biofilm Alteration

Biofilms are formed over tooth and GIC surfaces
due to the diverse range of microbial species and
communities present in the oral cavity. There are
various stages of film formation, including the
formation of a pellicle, colonisation, propagation
and finally steady-state existence on the surface
(Steinberg 2000; Teughels et al. 2006). GICs
have been shown to have rougher surfaces than
composite resin materials (Carlén et al. 2001).
Their surface chemistry is complex, and the sur-
face free energy components of these surfaces
(i.e. total surface free energy, nonpolar, acid—base
components as well as acid and basic contribu-
tion) changes when comparing polished and
unpolished materials. Unpolished GIC surfaces
have also been shown to contain more positively
charged components, which collect more pro-
teins and increase bacterial adhesion compared to
composite resin (Carlén et al. 2001). This coloni-
sation causes a deterioration of the GIC surface
and eventually the development of caries around
the interface of the material and the tooth
(Busscher et al. 2010). In vitro studies have
shown that the release of fluoride from GIC is not
adequate to prevent biofilm formation, possibly
due to the low levels of fluoride release (Al-Naimi
et al. 2008). It would be advantageous for GICs
to improve their protective mechanisms from
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biofilm attack, and a number of strategies could
be employed including increased fluoride release,
antimicrobial properties and the incorporation of
other additives.

7.20 Self-Cleaning Glass
Technology

A technology known as “self-cleaning” glass has
been developed, but has not been previously
adapted to biomaterials in order to reduce biofilm
accumulation or to at least favourably alter the
biofilm. Generally, these glass surfaces are coated
with a thin layer of material that facilitates photo-
oxidative self-cleaning or some other cleaning
process. For example, titanium dioxide (TiO,)
has been used to coat commercial glasses in lay-
ers less than 10 nm, and with photo-activation, it
has been shown to be capable of killing gram-
positive and gram-negative bacteria, although it
is unknown how much energy is required to pro-
duce this effect (Foster et al. 2011; Guan 2005).
Other self-cleaning surfaces have been described,
but the hydrophobicity resulting from their prop-
erties may not allow them to be incorporated into
GICs. However, it could be assumed that investi-
gations into incorporating some form of “self-
cleaning” mechanisms or technologies into GICs
could be introduced and may potentially reduce
biofilm accumulation in critical areas such as the
enamel-restoration margin whilst maintaining
biocompatible properties (Blossey 2003).

7.21 Antimicrobial Properties/

Bio-protection of GICs

Topical antimicrobial therapy has been used as a
technique to reduce and manage caries. For early
childhood caries, these materials are used to
reduce caries progression, as well as actively
reduce the pathogenic oral microorganism levels.
Antimicrobials employed and reported are fluo-
ride, silver diamine fluoride, chlorhexidene,
povidone iodine and xylitol (Jayabal and Mahesh
2014; Mei et al. 2013). Some in situ anti-
cariogenic potential properties of glass-ionomers
have been documented (Benelli et al. 1993), and

the cariostatic effect of GICs has been
demonstrated clinically, with reduced rates of
secondary caries and marginal staining compared
to composite. However, it is questionable whether
this “inhibiting” effect can completely arrest the
carious process (Van Amerongen 1996).

Incorporating additional antimicrobial com-
pounds into the GIC formulation could be benefi-
cial in maximising the protection of an already
vulnerable tooth interface damaged by a cario-
genic attack (Tyas 1991). Incorporating antimi-
crobial compounds into GICs and using GICs as
a “carrier” has been suggested, although these
highly antimicrobial materials face a difficult
task of passing biocompatibility tests and mate-
rial registration issues required for dental materi-
als (Dimkov et al. 2009; Y1i-Urpo et al. 2003). It
has also been shown that placing antimicrobials
such as benzalkonium chloride into GICs releases
chloride ions as well as fluoride ions, further
increasing the antimicrobial efficacy of GICs
(Dimkov et al. 2009).

Other strategies have employed bioactive
glasses, known to exhibit antimicrobial proper-
ties in GIC formulations. GICs incorporating
these glasses at levels up to 30 % have demon-
strated antimicrobial effects on Candida albicans
and Streptococcus mutans and generally reduc-
ing bacterial growth levels (Yli-Urpo et al. 2003).

Macromolecules  containing  quaternary
ammonium salts have also been investigated by
incorporating poly(acrylic acid-co-itaconic acid)
with pendant ammonium salts. Studies have
shown that the antimicrobial effect of these poly-
mers can be longer lasting than compounds that
leach out of GICs over time (Weng 2011).

Other synthesised poly(quaternary ammo-
nium salt)-containing polyacids have also dem-
onstrated antimicrobial properties of GICs,
although other considerations such as strength
need to be taken into account when incorporating
such polymers (Xie et al. 2011).

Loading GICs with nanoparticle antimicro-
bial release agents has also been proposed.
Nanoparticles of chlorhexidine hexametaphos-
phate have been added to filler systems in 1-20
wt% range to provide a “broad spectrum antimi-
crobial agent”, which would theoretically release
chlorhexidine in a controlled manner (Hook
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Fig. 7.15 Means of free Streptococcus mutans areas
(mm) in GIC materials containing 1 % chlorhexidine
treatment; circular inhibition zones (y axis) produced
around the GIC samples are demonstrated up to 84 days.

et al. 2014). Chlorhexidine is reported to provide
antimicrobial action against oral bacteria.
However, due to the fact that GIC restorations
still fail from secondary caries, it could be con-
cluded that fluoride release alone is not adequate
to inhibit bacterial ingress into cavities.

Current data suggests that the antimicrobial
effect of GICs diminishes after 1 month (El-Baky
and Hussien 2013). With the addition of 1 %
chlorhexidine diacetate powder (Fig. 7.15), the
antibacterial effect of the GICs is significantly
increased up to 84 days (El-Baky and Hussien
2013). Although these tests are laboratory based,
they demonstrate the effectiveness of GIC matri-
ces as carriers for antimicrobial additives and offer
many avenues for future material improvements,
particularly in high caries prevalence situations.

7.22 Antibiotic Additions

Glass-ionomers generally possess some form of
antimicrobial properties compared to other inert
dental materials. Considering a carious lesion is
formed primarily from the acidic by-product

Day Day Day Day Day Day Day
49 56 63 70 77 84 91

The three materials are convention cured GICs (Reprinted
from El-Baky and Hussien (2013). With permission from
Synergy Publishers)

attack of microbial species, antimicrobial
properties can be viewed as a positive feature of
glass-ionomers. As GIC materials are required to
pass biocompatibility tests defined in standards
such as ISO 7405 (ISO 2008) and ISO 10993
(ISO 2009), there will be limits to the level of
antimicrobial action a GIC can possess.
Antibiotics (ciprofloxacin and metronidazole)
have been previously added to GICs and have
been shown to increase the inhibitory effect of
Streptococcus mutans and Lactobacillus casei.
Furthermore, the addition of antibiotics increased
the fluoride release of the GIC, possibly by the
creation of voids that allow water ingress into the
material (Prabhakar et al. 2013). Initial clinical
trials have also shown the benefits of using GIC
loaded with metronidazole, ciprofloxacin and
cefaclor antibiotics in the sealing of infected den-
tine in atraumatic restoration in primary molars.
However, to date, no commercial GIC is avail-
able that contains an antibiotic, and other addi-
tives considered safer could be the preferred path
for future developments (Ferreira et al. 2013).
Silver nanoparticles (Ag NPs) have been
known to possess antimicrobial properties by
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their ability to attach to the surface of bacterial
cell membranes, thereby disturbing the functions
of the cell. These have been incorporated into
many different materials and demonstrate inhibi-
tory effects against a range of bacteria. Polymer-
silver nanoparticles, poly(vinyl alcohol)-silver
nanoparticles as well as silver-doped hydroxyap-
atite have been reported (Sharma et al. 2009).
Furthermore, through a  micro-emulsion
approach, AgNPs have been encapsulated in sil-
ica nano containers which allow for additional
properties to be provided by the shell wall (Priebe
and Fromm 2014). Non-nanoparticle strategies to
deliver silver have also been used for coating
nanofibres with silver ion releasing polymer
coatings, which could be adapted for the use in
GIC through the incorporation of similar nanofi-
brous scaffolds (Mohiti-Asli et al. 2014).

7.23 Future Pit and Fissure
Sealing

Pit and fissure sealing of occlusal surfaces has
principally been performed by resin sealants.
Future GICs may possess “ideal” rheological and
wetting properties to replace resin sealants, as well
as all of the other properties that GICs possess,
including the option of visible light-curing (VLC).
The progressive stages of occlusal lesion forma-
tion have been described since well over a century
ago (Bate 1864). Sealing fossae with an anti-cario-
genic material is a logical protocol. Although low
viscosity GICs lack the wear resistance of resin
sealants, their dynamic interaction with the tooth
together with excellent adhesive properties and
bond longevity could make VLC and self-cured
low viscosity GIC sealants for pit and fissure seal-
ing a standard protocol in the future.

7.24 Participation in Future
Pharmacological
Approaches to Caries
Reduction

The treatment of carious lesions can follow a num-
ber of protocols that generally involve the removal
of the infected and affected carious regions.

Although the “pharmacological” treatment of
caries is not common, several treatment meth-
ods have been proposed. Silver fluoride has been
used for some time to safely manage caries.
The use of silver diamine fluoride, coated with
potassium iodide to prevent staining processes,
has been proposed (Knight 2007, 2008). These
treatments have been shown to prevent biofilm
formation (Knight et al. 2009) and have demon-
strated that GICs can adequately bond to treated
surfaces. Other pharmacological treatments may
become available, and GICs are excellent choices
for subsequent covering and sealing of the cav-
ity, adding extra protection against further caries
progression.

Conclusions

Future developments in GICs are likely to
deliver improvements in strength, wear resis-
tance and aesthetic properties. These improve-
ments will allow the material to increase its
longevity in load-bearing situations, thus
allowing the material to become a viable alter-
native to amalgam restorations. Other new
features likely to be focused on include opti-
mising biomimetic, biomineralising or antimi-
crobial properties to provide new-generation
GICs. Glass-ionomer cements will continue to
be considered as “smart” materials due to their
dynamic interaction with tooth structure and
the surrounding environment.
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