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      Physicochemical Nature of Glass-
Ionomer-Based Materials 
and Their Clinical Performance       

     Michael     F.     Burrow     

    Abstract  

  This chapter outlines the physical and chemical properties of glass- 
ionomer (GIC) and resin-modifi ed glass-ionomer cements. The latter part 
proceeds to summarise various aspects of their clinical performance. 

 It is noted that these materials are brittle in nature when fully matured 
or set. Glass-ionomer cements, due to the process of the setting reaction, 
reach their full strength about 24 h after the initial mixing. The resin-mod-
ifi ed materials have an additional hydrophilic resin included that improves 
early strength and aesthetics but importantly reduces the initial sensitivity 
to water, allowing early fi nishing shortly after placement. 

 Application of a resin coating on the surface of GICs has shown some 
improvement in the fracture strength, but seems to be material dependent 
based on current evidence. The improvement in strength is thought to be 
due to the resin-fi lling surface defects and cracks where fracture may be 
initiated. Not all materials or studies have shown consistent outcomes for 
this coating method. There is limited evidence to suggest that the wear 
resistance may also be enhanced with the resin coating. 

 Ion release is also described in this chapter. This part shows that the 
initial release of ions, in particular fl uoride, is high but tapers off to steady 
low-level release. The clinical benefi ts are still not well understood. 

 The latter part of the chapter summarises various aspects of the clinical 
performance of GICs. Studies of retention in non-carious cervical lesions 
are described, as well as recent work using the atraumatic restorative treat-
ment (ART) technique. The last part outlines results from fi ssure sealant 
studies that tend to show poor retention of GIC sealants. However, even 
though retention may be limited, it appears that GICs can afford some 
long- lasting anticariogenic effects to the fi ssure system.  
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2.1          Introduction 

 As we move away from the age of silver amal-
gam restorations, the need for durable and bio-
logically compatible long-lasting materials is 
becoming necessary. Never before has the 
 situation been more important to have a dental 
material that can bond reliably to tooth structure, 
can potentially reduce biofi lm formation and can 
also inhibit dental diseases as well as protect the 
tooth. The broad group of glass polyalkenoate 
(ionomer) cements is showing signs of being able 
to fulfi l many of these qualities. In view of their 
properties and ease of use, they can be developed 
even further to become an increasingly useful 
group of materials to assist with overcoming the 
problems of dental disease management in such 
groups as paediatric, special-needs and elderly 
patients as well as routine caries management.  

2.2     Composition 
and Classifi cation 

 Glass-ionomer cements (GICs) are termed poly-
electrolyte cements. The concept was fi rst intro-
duced in 1962 with the development of the zinc 
polycarboxylate cements made from a mixture of 
zinc oxide and polyacrylic acid. Polyacrylic acid 
was chosen as it was known to complex with cal-
cium and potentially form hydrogen bonds with 
collagen (Smith  1998 ). 

 Glass-ionomer cement can be regarded as a 
composite material. Essentially, GICs are made 
up of a cross-linked polyacid matrix in which the 
fi llers are the glass particles in the cement. In the 
resin-modifi ed version of GIC (RM-GIC), the 
matrix also contains a polymer network of resin-
ous materials throughout the set cement. The 
detailed differences will be described later in this 
chapter. The major categories in GICs are essen-
tially the ‘conventional’ and ‘resin-modifi ed’ 
GICs; the only difference is that the latter con-
tains a polymerisable resin. It is generally 
accepted that RM-GICs have a higher toughness 
and better aesthetics than conventional materials 
(Xu and Burgess  2003 ). In addition, it appears 
that the greater resin content gives rise to a higher 

Weibull modulus compared with conventional 
GICs with regard to strength (McCabe  1998 ). 
Traditionally, GICs have been classifi ed based on 
the publication of Wilson and McLean ( 1988 ). A 
modifi ed version of the classifi cation is outlined 
below, demonstrating the diversity of the GICs; 
hence, nowadays they can be better regarded as a 
‘group’ of materials. In broad terms, the original 
classifi cation is centred on the viscosity of the 
material and therefore its clinical uses. In 2009, 
Mount et al. proposed a revised classifi cation of 
direct tooth-coloured restorative materials. This 
revision was brought about by the changes occur-
ring in tooth-coloured fi lling materials where 
manufacturers blurred the boundaries between 
RM-GICs and resin composites due to further 
modifi cations of the materials. This revision was 
centred more towards how the setting cements 
reacted with tooth tissues. An emphasis was 
placed on the fact that glass-ionomer-based mate-
rials should have a distinct acid–base setting 
reaction that also incorporates an ion-exchange 
reaction with the underlying tooth structure. If 
this was not evident, then such materials should, 
ideally, not be called glass-ionomer cements even 
though the glass fi llers may be almost identical to 
those found in glass-ionomer cements (Mount 
et al.  2009 ). 

 The generally accepted classifi cation for GICs 
is outlined below, and it still relates closely to the 
viscosity of the unset cement. 

2.2.1     Type 1: Luting and Bonding 
(RM-GIC Adhesive) Materials 

 These materials are used for the cementation of 
indirect restorations including crowns, bridges 
and orthodontic brackets. They are delivered as 
either conventional or resin-modifi ed materials. 
The resin-modifi ed materials can set with or 
without light polymerisation. These materials are 
either delivered as separate powder and liquid 
systems, encapsulated materials or nowadays 
even a paste/paste system (only the resin- 
modifi ed materials). The luting cements are able 
to achieve a good thin fi lm thickness in the order 
of 20 μm. The powder/liquid ratio can be in the 
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order of 1.7:1 or increased to as much as 3.8:1 
when the acid has been dehydrated to a powder 
form. 

 The other material in this group can be termed 
a RM-GIC adhesive. This material has only been 
available since the mid-1990s and has shown to 
be a useful alternative for bonding resin compos-
ite to tooth structure instead of with resin- based 
adhesives (Burrow and Tyas  1998 ). Only a cou-
ple of these adhesives are commercially available 
(Fuji Bond LC, GC Corporation, Japan; Riva 
Bond LC, SDI Ltd, Australia). Delivery can now 
be in the form of a hand-mixed powder and liquid 
or encapsulated. The mixed material is applied to 
the tooth as a thin layer using a micro-brush, sim-
ilar to a resin- based adhesive.  

2.2.2     Type 2: Restorative Materials 

 This group was originally classifi ed into ‘aes-
thetic’ and ‘nonaesthetic’ materials and either 
conventional or resin-modifi ed. More recently, 
many of these materials could be classifi ed as 
being only Type 2, with the exception of the so- 
called reinforced materials that contain silver and 
are not tooth-coloured. The aesthetic and nonaes-
thetic subgroups are now almost eliminated, 

 The powder/liquid (P:L) ratio varies slightly 
amongst the currently available materials rang-
ing from about 3.1:1 up to 3.6:1. The capsulated 
materials tend to have a higher powder/liquid 
ratio. The P:L ratio shows little variation whether 
the GIC is a conventional or resin-modifi ed 
material. 

 The older classifi cation included a second 
subgroup of a higher P:L ratio. These cements 
were stronger, set faster and could be trimmed 
and polished immediately after setting. It could 
be argued that some of the current GICs should 
still be placed in this subgroup. However, there 
are now other materials that set quickly and can 
be fi nished early and have good aesthetics but 
also a higher viscosity. Hence, the divisions of 
this classifi cation have become less well defi ned. 
The lower P:L ratio conventional GICs have all 
but been replaced by the high-viscosity materials 
or by RM-GICs which provide the best aesthetics 

and acceptable strength. All of the restorative 
cements are radiopaque.  

2.2.3     Type 3: Lining or Base 
Cements 

 These are either conventional or resin-modifi ed 
and are either auto- or light-cured. More recent 
materials are presented in a paste/paste form for 
easier dispensing and application. These paste/
paste materials are usually light-cured and 
resin-modifi ed. 

 The original powder/liquid materials still exist 
and are widely available. These lining/base 
cements are most often used as a thin layer 
beneath restorations and serve as a thermal insu-
lator or dentine replacement. However, the recent 
trend for dentine replacement is to use a restor-
ative material (Type 2) in larger cavities due to 
their greater strength in association with the fast 
set allowing the restoration to be completed 
quickly. 

 Exceptions to the above materials now exist. 
Fissure sealant cements are usually low- viscosity, 
fast-setting and are typically conventional auto- 
cure materials. One manufacturer produces a 
high fl uoride-releasing conventional GIC (Fuji 
VII, GC Corp, Japan) recommended for what has 
been termed as ‘fi ssure protection’ and has been 
reported in several research papers (Ganesh and 
Tandon  2006 ; Chen and Liu  2013 ). It has a pow-
der/liquid ratio of 2:1. This GIC has also been 
recommended for use as a base due to its low vis-
cosity and relatively high strength. Its initial 
introduction was aimed at stabilising caries 
lesions in patients with high risk of caries, i.e. as 
a ‘temporary’ cement. 

 A number of the newer materials that are 
claimed to be RM-GICs tend to have a very high 
resin content. Hence, the debate continues on 
what constitutes a true GIC, which led to the 
Mount et al. ( 2009 ) paper. The general consensus 
is that the mixed cement must be able to set in a 
dark environment to demonstrate the existence of 
an acid–base reaction which forms the matrix of 
the set cement. Those that do not meet this crite-
rion are more like a resin composite with GIC 
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glass particles and probably a little different for a 
polyacid-modifi ed resin composite ( PAMRC/
Compomer). 

 Another variation of RM-GICs has been the 
modifi cation and incorporation of different fi ller 
particles. This came about after the successful 
application of using very small nanofi llers in 
resin composite materials. In the case of resin 
composite materials, the use of nanotechnology 
was able to improve aesthetic outcomes with-
out affecting the physical properties. This same 
concept was applied to an RM-GIC produced 
by 3M-ESPE, St Paul, MN, USA. It has been 
marketed as Ketac Nano or Ketac N-100 (Falsafi  
et al.  2014 ). This material has also been referred 
to as a ‘nano-ionomer’. It still contains the fl uoro-
aluminosilicate glass found in all GICs, with the 
addition of nanofi llers which are not associated 
with the GIC setting reaction, but which have 
been coated and bond to the resin component of 
the cement. Debate continues whether this mate-
rial is a ‘true GIC’ since it would seem that there 
is no typical acid–base reaction occurring. This 
material is delivered as a paste/paste system and 
relies on light polymerisation for setting to occur. 
However, it is claimed that there is also polycar-
boxylic acid copolymer present to contribute to 
the acid–base reaction with the fi ne aluminosili-
cate glass particles (Falsafi  et al.  2014 ). 

 Another classifi cation of GICs has also been 
used. This simplifi es the materials into either 
conventional GICs or RM-GICs – the latter con-
taining resin. 

 Within the conventional GICs, there are sub-
groups of the older materials that contain less 
reactive and larger glass particles and the newer 
more viscous and quicker setting cements that 
have more highly reactive and smaller glass par-
ticles. This latter group can be used as base or 
restorative materials and has a shorter setting 
time and increased strength. Some are now even 
being promoted for load-bearing restorations; 
however, the evidence still remains limited for 
other than small restorations. 

 Within the conventional GIC grouping are 
those materials that have been modifi ed by the 
addition of a metal, typically silver. These mate-
rials can also be called admix GICs. Possibly, the 

most widely known material in this group is 
Ketac Silver (3M-ESPE, USA). This material is a 
‘cermet’ where the silver and glass have been sin-
tered together during the manufacturing process 
and then incorporated into the GIC powder. Other 
materials tend to have the silver separate from the 
fl uoroaluminosilicate glass. They are not aes-
thetic materials, but have the advantage of 
increased wear resistance, but all other properties 
are a little different from other older conventional 
GICs. Typically, these GICs were used for poste-
rior teeth or cores beneath crowns where there 
was suffi cient tooth structure to support the 
GIC. With the advent of the high powder/liquid 
ratio viscous GICs that have improved strength 
and wear, the metal-modifi ed materials are slowly 
being relegated to becoming a historical 
material. 

 The RM-GICs have tended not to vary greatly 
and have typically been the material of choice 
where aesthetics is important. Recently there has 
been the introduction of a more viscous, higher 
powder/liquid ratio RM-GIC, Fuji VIII (GC 
Corp, Tokyo, Japan), which chemically cures 
without the need of photoactivation. This latter 
material is regarded as an alternative to the high- 
viscosity conventional GICs where a slightly less 
soluble material is useful, e.g. in deep proximal 
box restorations.   

2.3     Method of Delivery 

 The original GICs were delivered or dispensed as 
a separate powder and liquid. A scoop of specifi c 
volume and a bottle with a tip designed to dis-
pense the correct drop size of liquid are still 
available in many parts of the world for both con-
ventional GICs and RM-GICs (Fig.  2.1 ). The 
major disadvantages of this method is the poten-
tial variation that can occur if the powder is either 
packed too fi rmly into the scoop or if it too much 
air is incorporated due to shaking the bottle prior 
to dispensing. This will then give a powder/liquid 
ratio that is not ideal, thus leading to less than 
ideal handling and physical properties.

   Due to the inconsistency of mix caused by dis-
pensing the powder and liquid separately, the 
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effect of varying mixing time and environmental 
infl uences such as ambient temperature and 
 relative humidity, manufacturers developed cap-
sulated GICs for both conventional and resin-
modifi ed materials. This provided practitioners 
with a high level of consistency of mix, the ideal 
viscosity for insertion into cavities and best phys-
ical and aesthetic properties and reduced the 
effects of temperature and humidity. Typically, 
each manufacturer has developed its own capsule 
design (Figs.  2.2  and  2.3 ), but essentially the 
method of use is very similar, i.e. activation of the 
capsule followed by mechanical mixing. The one 
great advantage of capsule use is the ease of 
inserting the viscous cement into cavity prepara-
tions in almost any part of the oral cavity.

    More recently, there has been a further devel-
opment by manufacturers to develop paste/paste 
systems. This is especially useful for those mate-
rials that are used as a thin lining over a cavity 
surface. The GIC is usually a RM-GIC but can be 
light-cured or chemically (self-)cured. By having 
a paste/paste system, again the best physical 
properties can be attained as well as being able to 
be dispensed in small quantities. Each manufac-
turer has developed its own system with some of 
those materials that were originally dispensed as 
a powder and liquid being modifi ed to a paste/

paste system, making it simpler to mix and use 
(Figs.  2.4  and  2.5 ).

2.3.1        Setting Reaction 

 The setting of GICs is via the attack of the glass 
fi ller particles by the acid liquid. Surface dissolu-
tion of glass particles releases metal ions such as 
calcium, strontium and aluminium into the newly 
created matrix which is formed by cross-linking 
with the polyacid (Cook  1983 ). This setting reac-
tion is dependent on the component parts of the 
powder and liquid. 

 The fi ller portion is made up of a fl uoroalu-
minosilicate glass which can range from 40 to 
75 % by weight in the cement mix. The pro-
portion of fi ller relates to the qualities required 
for the cement, for example, low-viscosity lut-
ing cements or fi ssure protection materials 
have less powder compared with high-strength 
and high- viscosity cements used as restorative 
materials that are likely to bear occlusal load-
ing (Frankenberger et al.  1997 ). The set cement 
becomes a composite comprising unreacted glass 
fi llers which are surrounded by a siliceous gel 
which is embedded in a matrix made up of the 
polyacid salt that is responsible for holding the 

  Fig. 2.1    A powder/liquid 
RM-GIC lining material. The 
scoop and bottle tip have been 
specifi cally designed for 
providing the correct powder/
liquid ratio, but it is also 
important to ensure the 
powder has been ‘fl uffed up’ 
in the bottle prior to fi lling the 
scoop       
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  Fig. 2.2    Various types of 
capsules used for GIC 
materials       
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set cement together (Watson et al.  2014 ). The 
component parts of the cement are described in 
more detail below. 

2.3.1.1     Glass 
 The glass particles in GICs are more reactive 
than those found in resin composite materials. 
This has been achieved by incorporating fl uorine 
into the glass. The original glass was based on 
the composition of SiO 2 –AlO 3 –AlPO 4 –NaAlF 6  

a

b

c

  Fig. 2.3    Three different types of GICs delivered in cap-
sule form: ( a ) a resin-modifi ed GIC, ( b ) a silver- reinforced 
GIC and ( c ) a resin-modifi ed GIC adhesive. Note that the 
last material is much more fl uid and is applied to the tooth 
surface as a thin fi lm to bond resin composite to the tooth 
surface. The material is mixed in an amalgamator which 
ensures a good consistency due to the manufacturer- 
controlled powder/liquid ratio       

  Fig. 2.4    Paste/paste dispenser for an RM-GIC lining 
material. Small equal amounts can be easily dispensed 
and mixed for placement in a small cavity. The quantity of 
material is varied by sliding the cream-coloured sleeve up 
and down the handle       
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(Smith  1998 ). The early work by Wilson and 
McLean ( 1988 ) showed a ratio of 1:2 (or more) 
of Al 2 O 3 /SiO 2 , and fl uoride of up to 23 % was 
required for a viable GIC. 

 The original work when developing GICs 
was to use a glass made of calcium, fl uorine, 
aluminium, silicon and oxygen. Further devel-
opments substituted the calcium with strontium 
and more recently zinc. Essentially, all GIC 
glasses have been based on a similar formula of 
calcium or strontium fl uoroaluminosilicate glass 
(Shin-ichi et al.  2000 ; Zimehl and Hannig  2000 ; 
Nicholson  1998 ). The cements also contain other 
ions such as sodium, phosphorus, lanthanum, 
barium, boron and zinc. Strontium has been used 
to replace calcium and lanthanum to partially 
replace the aluminium, which gives the cement 
greater radiopacity. The composition of glasses 
has been extensively investigated but is beyond 
the scope of this book (De Barra and Hill  1998 , 
 2000 ; Griffi n and Hill  1999 ,  2000a ,  b ). It would 
seem, however, that the Al:Si ratio is important to 
the glass composition, and this may infl uence the 

fl uoride release (Akinmade and Nicholson  1994 ; 
Griffi n and Hill  1999 ). 

 The glass in glass-ionomer has an amorphous 
structure in which microcrystalline structures 
seem to be present. The work by Schwieger et al. 
( 2000 )) using a model of the GIC setting reaction 
showed that the CaF 2  phase seemed to be prefer-
entially leached to establish a silicon-rich surface 
on the glass which was greater than the size of the 
glass particles. 

 The inclusion of fl uorine in GICs was not 
originally to impart an anticariogenic effect, but 
to aid the setting reaction of the GIC. It acts as a 
network disrupter allowing ion release necessary 
for the setting reaction. The fi nal cement is 
formed by the cross-linking of the polyalkenoate 
matrix with strontium, calcium, aluminium and 
lanthanum ions. Silicon tends to remain nonreac-
tive in the GIC reaction; it gives strength and sta-
bility to the set cement. 

 A recent paper showed that when the particle 
size of the glass is reduced, the reactivity of the 
particles is greatly increased with the same glass 

  Fig. 2.5    Another type of 
RM-GIC paste/paste 
dispensing system. A ‘clicker’ 
system is used to dispense 
equal amounts of the paste 
from each half of the tubes       
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composition (De Caluwé et al.  2014 ). This also 
tends to decrease the setting time when ‘nano-
granular’ particles replace the ‘macrogranular 
particles’. Additional fl uoride in the glass tends 
to decrease the setting time (De Caluwé et al 
 2014 ). The compressive strength increases as 
more nanogranular particles containing more 
fl uoride are used.  

2.3.1.2     Liquid 
 The other important component of the GIC is the 
liquid. The liquid is a polymeric acid having a car-
boxylate group(s), but it must be a lower molecu-
lar weight to prevent gelation. There are a broad 
range of acids that can be used, and each will pro-
vide some (Smith  1998 ) variation in the potential 
application of the set GIC (Mount  1990 ). The liq-
uid can also contain water or tartaric acid. In addi-
tion, by increasing the number of carboxyl groups 
into the polymer chains, it also helps prevent gela-
tion during setting, which imparts greater reactiv-
ity due to a greater number of carboxyl groups. 
This may also lead to increased cross-linking, 
thus enhancing the properties of the cement such 
as strength (Smith  1998 ). It appeared that larger-
molecular-weight acids seemed to improve the 
overall physical strength of the cement (compres-
sive strength, fracture toughness, etc.) (Fennel 
and Hill  2001a ,  b ,  c ). In general, however, to 
achieve the ideal properties of the cement, some 
compromise must be made to the concentration of 
the liquid, which is usually limited to 50 % w/w. 

 The role of tartaric acid was investigated as 
the GICs were just starting to emerge as a clini-
cally useful material (Wilson et al.  1976 ; Crisp 
and Wilson  1976 ). The inclusion of tartaric acid 
was shown to initially reduce the viscosity of the 
cement then rapidly increase it, almost leading to 
a ‘snap’ set (Prosser et al.  1982a ,  b ). It seems that 
this action is due to the chelation of ions from the 
glass powder over the short term, which delays 
the formation of the gel stage of the cement. This 
leads to faster cross-linking of the polyacrylic 
acid component (Nicholson et al.  1988 ); hence, 
most GICs contain tartaric acid to improve the 
working time but reduce the setting time (Young 
et al.  2000 ). 

 It has also been shown that water is an impor-
tant component in the setting reaction of GICs. It 

seems that the primary role of the water is to 
infl uence the acid–base reaction. The carboxylate 
groups dissociate allowing them to become active 
for ion transfer, and the water provides the 
medium for ion movement to the glass powder 
surface (Prentice  2005 ). 

 During the setting of the GIC, the amount of 
bound water in the matrix also increases. The 
matrix contains a degree of unbound water, hence 
the necessity for avoiding dehydration or desic-
cation (Small et al.  1998 ). This water transfer 
affords GICs the advantage of movement of ions 
(such as fl uoride ions) that may reduce the dam-
age caused in early caries attack. There is also 
some evidence indicating that ion uptake may 
occur from saliva leading to a surface hardening 
of the set cement surface (Okada et al.  2001 ).   

2.3.2     Strength 

 Set glass-ionomer cements tend to be brittle 
materials. The fi nal strength can be affected by a 
number of variables. The inclusion of resin into 
the cement seems to show improved strength but 
also tends to make the cement slightly less brittle 
in nature. This brittleness is one of the major rea-
sons for GICs not being well suited for larger 
posterior load-bearing restorations. 

 During setting, GICs are sensitive to both 
moisture loss and uptake. Loss of water leads to 
dehydration of the cement that causes subsequent 
surface crazing and increased opacity. The conse-
quences can thus be a weaker cement, a decrease 
in wear resistance and a loss of aesthetics. 
Recently, the high powder/liquid (P:L) ratio 
cements have shown some improvement in water 
sensitivity. These cements need to be protected 
during the 2 to 7 min of the initial set, depending 
on the product and whether it has been classifi ed 
as a ‘fast’ or ‘normal’ set material. After this ini-
tial set, the high P:L ratio materials (e.g. Fuji IX 
GP, Fuji IX GP Fast, Ketac Molar, Ketac Molar 
Quick, Riva Self Cure Regular/Fast) can be 
trimmed under water spray without loss of 
strength or aesthetics. For the original 
 conventional GICs, it was necessary to coat the 
cement with a waterproof material to prevent 
water uptake and weakening of the setting cement 
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for 24 h. It would seem that over time, the physi-
cal properties of conventional GICs tend to 
improve. The recent work by Shiozawa et al 
( 2014 ) showed that fi ve different GICs all tended 
to show an initial increase in compressive strength 
and surface hardness over the fi rst 1–3 months of 
storage in deionised water. They then remained 
reasonably constant although slight decreases 
were observed (Table  2.1 ); this was product 
dependent. They showed that the surface quanti-
ties of Si, Sr, Na and F decreased over the period 
of 1 year. This demonstrated that there was some 
decrease in the surface integrity and hardness of 
the cements due to storage in the water. The 
decrease in surface hardness is contrary to that 
found by Okada et al ( 2001 ), who stored their 
samples in saliva and distilled water and used a 
time period limited to 40 days. This is equivalent 
to the early times noted for the increase in 
strength and hardness in Shiozawa et al.’s ( 2014 ) 
study. It can be useful to further assess the phe-
nomenon of hardness or microhardness as it may 
have clinical implications for restorations sub-
jected to occlusal loading. It can give some indi-
cation of the overall strength of the cement as 
well as surface changes when exposed to the vari-
ous fl uids GICs come in contact with during 
function.

   Interestingly, one study examined Knoop 
hardness of a high-viscosity GIC that had been 
harvested from 10-year-old restorations (Zanata 
et al.  2011 ). The hardness was compared with the 
same material stored in water for up to 720 days. 
The outcomes for this study showed a similar 

increase in hardness which was no different from 
the laboratory-stored samples. The 10-year-old 
samples were similar in hardness to the water- 
stored specimens after 180 days. Energy disper-
sive X-ray diffraction (EDX) analysis showed 
that Ca was present in the cement which seemed 
to indicate that Ca from the oral cavity was able 
to diffuse into the cement. 

 The introduction of RM-GICs helped to over-
come some of the initial dehydration problems of 
the conventional GICs. However, once set, the 
RM-GICs also show moisture sensitivity. If 
allowed to dehydrate, the surface crazes and 
becomes opaque. Hence, it is critical to maintain 
the water balance within the matrix of all GICs to 
ensure that the maximum strength possible is 
ensured as well as the best aesthetics. 

 One of the commonly mistaken concepts is 
that GICs do not shrink (Kim and Hirano  1999 ; 
Bryant and Mahler  2007 ). Both conventional 
GIC and RM-GIC shrink during setting. The 
shrinkage from the acid–base reaction portion of 
the set is slower, but not necessarily less than the 
shrinkage of the resin portion. In RM-GICs, 
shrinkage occurs more rapidly during the light- 
curing phase (Cheetham et al.  2014 ). In this case, 
the shrinkage from the acid–base component is 
minimal. 

 When it comes to the stress of the bond to the 
tooth, it is likely that GICs can resist some of 
these forces better when a resin composite resto-
ration is placed. The cement goes through a 
 rubbery gel stage during its set. This may assist 
with countering some of the stresses occurring 

   Table 2.1    Examples of fl exural and compressive strengths of glass-ionomer materials   

 Material  Type of GIC  Flexural strength (MPa)  Compressive strength (MPa) 

 Miracle Mix  Metal-reinforced  45  117 (21d) 
 Ketac Silver  Metal-reinforced  22.9 (7d)  211 (7d), 127 (21d) 
 Ketac Molar  Conventional high P:L ratio  44.1, 34.5 (24 h), 21.2 

(7d) 
 86.2 (1 h), 177 (24 h), 232 
(24 h), 301 (7d), 184 (21d) 

 Fuji IX/ Fuji IX Extra  Conventional high P:L ratio  33.3, (24 h), 20.2 (24 h)  99.5 (1 h), 83.3 (1 h), 166.7 
(24 h), 201 (24 h), 168 (21d) 

 Riva  Conventional  23.9 (24 h)  126.5 (24 h), 200 (24 h) 
 Photac-Fil  Resin-modifi ed  74.4 (7d)  243.5 (7d), 150 (21d) 
 Fuji II LC  Resin-modifi ed  42.1, 49.6 (24 h), 71.1 

(7d) 
 306 (7d), 166 (21d) 

  Based on data from McCabe ( 1998 ), Xie et al. ( 2000 ), Bapna et al. ( 2002 ), Xu and Burgess ( 2003 ), Kleverlaan et al. 
( 2004 ), Bresciani et al. ( 2004 ), Bonifácio et al. ( 2009 ), Bonifácio et al. ( 2012 ) and Shiozawa et al. ( 2014 )  
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from a light-polymerising resin composite which 
can be rapid and high depending on the type of 
composite used.  

2.3.3     Fracture Toughness 

 As GICs are regarded as brittle and failure is 
related to material fracture, some researchers 
have focused on the fracture toughness of these 
and other tooth-coloured fi lling materials. This 
approach helps to characterise fracture resistance 
and provides some indication as to how much 
energy of loading is required to cause a material 
to fail. Several other studies have looked at this 
characteristic. In an approach to improve fracture 
toughness of GICs, resin coatings have been 
applied to the surface of GICs. Both conventional 
and resin-modifi ed materials have been tested. It 
was previously shown that the application of a 
resin coating on the resin-modifi ed materials 
generally showed an increase in toughness 
(Mitchell et al.  1999 ; Mitsuhashi et al.  2003 ; Ilie 
et al.  2012 ). In comparison with resin composite 
materials, several studies have shown that the 
conventional materials have the lowest fracture 
toughness, whereas the RM-GICs have ‘compa-
rable toughness’ to the microfi lled, fl owable and 
nano-hybrid resin composites (Ilie et al.  2012 ) 
(Table  2.2 ).

   Mitsuhashi et al. ( 2003 ) showed that there was 
a high correlation between the P:L ratio of con-
ventional GICs and fracture toughness, whereas 
this pattern was not observed for RM-GICs. It 
seems that the resin component is able to increase 
toughness and perhaps fi ll in spaces where a 
crack may propagate more easily. One of the 
problems for fracture toughness measurement 
and comparison amongst research groups, how-
ever, is the test methodology used. The test 
method can lead to different outcomes as seen in 
Table  2.2 .  

2.3.4     Shear Punch Strength 

 Shear punch strength is another test method that 
has been used for comparison of materials and 
evaluation of coatings of GICs. This method is 

quite simple and gives some indication of how a 
cement behaves when it is loaded during function 
(Nomoto et al.  2001 ). Although not widely used, 
it has shown some interesting outcomes. The fi rst 
shear punch strength evaluation was published in 
1996 (Mount et al.  1996 ). This comprehensive 
study included conventional GIC and RM-GIC as 
well as a number of resin composite materials. 
The study was interesting in that it investigated 
2-h strengths compared with 5-day strengths. 
They showed that for the conventional GICs, the 
strength showed a signifi cant increase from the 
2-h test to that of 5 days. In the case of the 
RM-GICs, which could be either light- or auto- 
cured, again it was noted that the strength 
increased signifi cantly over the 5 days. If allowed 
to only auto-cure (i.e. no light exposure), the 
strength tended to be less at 5 days; hence, it 
would seem the light-curing aspect to curing is an 
essential step to achieve maximum strength. In 
fact, the Photac-Fil material (3M-ESPE, St Paul, 
MN, USA) tested at 5 days showed a lower 
strength than the 2-h light-cured strength. For the 
resin composite materials, the strength tended to 
increase by about 5–10 %, depending on the 
material, over the 5 days (Mount et al.  1996 ). 
This study was conducted prior to the introduc-
tion of the high-viscosity/high P:L ratio cements. 
Two later studies compared the strengths of GICs 
with and without resin coating (Bonifácio et al. 

    Table 2.2    Fracture toughness of various GICs   

 Material  Type of GIC 

 Fracture 
toughness (K 1C , 
MPa m 1/2 ) 

 ChemFil Rock  Zinc- 
reinforced  

 0.99 

 Fuji IX GP Extra/
Fuji IX 

 Packable  0.8/0.53 

 Ketac Molar Quick 
Aplicap/Ketac Molar 

 Packable  0.85/0.48 

 EQUIA Fil  Resin-coated  1.21 
 Ketac Silver  Silver- 

reinforced 
(Cermet) 

 0.44 

 Ketac Fil  GIC  0.39 
 Fuji II LC  RM-GIC  1.16 
 Photac-Fil  RM-GIC  1.32 

  Based on data from Mitsuhashi et al. ( 2003 ) and Ilie et al. 
( 2012 )  
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 2012 ; Bagheri et al.  2013 ). These studies showed 
that in some cases, the coating was benefi cial, 
whereas for other materials, there was little 
change. The interesting outcome from the study 
by Bagheri et al. ( 2013 ), where strengths were 
tested at 24 h, 4 and 8 weeks, was that irrespec-
tive of resin coating, the shear punch strengths 
were all observed to steadily increase over the 8 
weeks of the study. In most materials, the shear 
punch strengths almost doubled. The effect of the 
coating seemed to be greater at the longer time 
periods after the cement had matured. 

 The infl uence of food-simulating solutions on 
the shear punch strength has also been evaluated 
(Bagheri et al.  2007 ; Kaur and Nandlal  2013 ). 
The solutions used were lactic acid, NaOH and 
coffee in one study (Bagheri et al.  2007 ) and cit-
ric acid, ethanol and heptane in another (Kaur 
and Nandlal  2013 ). In the fi rst study, a RM-GIC 
was compared with other resin-based restorative 
materials, whilst in the latter study, a high- 
viscosity conventional GIC was assessed. The 
RM-GIC was shown to be strongly affected by 
the food-simulating solutions compared with the 
other resin-based materials. The same effect was 
also noted for the conventional GIC. It would 
therefore seem that GICs are more susceptible to 
the infl uence of various dietary solutions of 
varying pH, and this may result in some surface 
deterioration and weakening during clinical 
service. 

 Due to the brittle nature of GICs and their 
early sensitivity to water, an additional step is 
needed to protect the materials from water expo-
sure in order to achieve their ‘highest’ strength. It 
was noted that the original cements had a soft 
‘opaque’ surface layer if exposed to water too 
early; this was easily abraded and was quite 
unaesthetic (Norman et al.  1969 ). Other reports 
suggest that the newer high-strength conventional 
GICs may benefi t from early water exposure 
(Leirskar et al.  2003 ; Wang et al.  2006 ).  

2.3.5     Erosion 

 One of the important properties any restorative 
material must have is the ability to resist degrada-
tion from exposure to various fl uids that will 

 contact the set material in the oral cavity. The 
oral environment is very harsh, with restorative 
materials being exposed to a wide variation of 
temperatures and changes in acidity and alkalin-
ity. In recent years, the loss of tooth structure due 
to erosive or acidic materials has become a sig-
nifi cant issue (Kitasako et al.  2015 ). The matrix 
of the GIC is the most susceptible part of the set 
cement when exposed to acids. Acids such as 
acetic, citric and lactic have all been used to eval-
uate erosion (Crisp et al.  1980 ; Matsuya et al. 
 1984 ; Fukuzawa et al.  1987 ). One of the impor-
tant aspects for preventing the effects of erosion 
is when laminate or sandwich restorations, which 
fi ll the gingival portion of deep posterior approxi-
mal restorations, are placed (van Dijken et al. 
 1999 ). The study by Scholtanus and Huysmans 
( 2007 ) showed the erosive degradation of approx-
imal lesions restored with a GIC. 

 As noted above, the conventional GICs are 
sensitive to water exposure shortly after place-
ment. The water will damage and erode the sur-
face of the GIC if it is left unprotected on insertion 
(Oilo  1984 ; Gemalmaz et al.  1998 ). 

 In the case of sandwich/laminate restorations, 
if a patient’s oral hygiene is not adequate, then 
the biofi lm may produce acid which can damage 
the surface of the set cement. This problem is 
exacerbated when the quantity of saliva is com-
promised and does not wash the acids away or 
have adequate buffering capacity. It has been 
shown (Nicholson et al  2000 ), however, that 
when GICs are exposed to lactic acid, the sur-
rounding pH decreases initially, but as the GIC 
dissolves, the pH increases. Hence, GICs seem to 
exhibit a ‘side effect’ of being able to reduce the 
effects of acid attack by their own dissolution 
(Nicholson et al  2000 ). The Scholtanus and 
Huysmans ( 2007 ) study showed that this dissolu-
tion of conventional GIC has the benefi cial effect 
of preventing caries initiation on susceptible 
adjacent tooth surfaces. It is most likely due to 
the constant exposure of a ‘fresh’ GIC surface 
that is able to release ‘maximum’ levels of fl uo-
ride ions into the surrounding environment and 
tooth structure. When erosion does occur, it is the 
matrix of the set cement that is most susceptible 
to damage (De Moor and Verveeck  1998 ; Patel 
et al.  2000 ). 
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 RM-GICs are also susceptible to erosion. 
Water has been demonstrated to have an erosive 
effect on the surface of RM-GICs (Cattani- 
Lorente et al.  1999 ; Fano et al.  2004 ). It would 
appear that the amount of light irradiation, i.e. the 
duration of light curing, may have an infl uence 
on the degree of erosion of RM-GICs (Fano et al. 
 2004 ). They showed that an exposure time of less 
than 15 s resulted in cracking of the cement and a 
greater degree of erosion. The same study showed 
that the pH of the immersion solution also infl u-
enced the degree of erosion, which was also 
noted in the study by Czarnecka and Nicholson 
( 2006 ). However, like the conventional GICs, 
when the degree of erosion does increase, the 
release of fl uoride also increases (Carey et al. 
 2003 ), thus affording some benefi t to assist with 
controlling demineralisation around cavity mar-
gins and adjacent teeth. 

 A recent study using pH cycling over a 35-day 
period using a cola drink and artifi cial saliva 
showed that both the conventional GIC and 
RM-GIC displayed greater amounts of erosion 
compared with amalgam and resin composite 
(Honório et al.  2008 ). 

 A study investigated the effects of erosion of a 
resin composite, conventional GIC and RM-GIC 
placed into root dentine cavities (Soares et al. 
 2012 ). It was observed that the acid erosion 
severely degraded the GIC surfaces but afforded 
the dentine at the cavity margins some protec-
tion against the erosive solution due to the ions 
released from the degrading GIC (Soares et al. 
 2012 ). Ion release has also been demonstrated 
in the study by Zalizniak et al. ( 2013 ) where 
GICs were exposed to various acid solutions. It 
was observed that ion release, particularly phos-
phate ions, seemed to be dependent on the type of 
acid the GICs were exposed to. The mechanism 
is still not well understood and needs further 
investigation. 

 Erosion also affects surface roughness. 
A study comparing resin composite and conven-
tional GIC and RM-GIC showed large differ-
ences in surface roughness. Hence, it would seem 
that the addition of resin into RM-GICs may not 
provide a long-term benefi t from the aspect of 
surface fi nish when exposed to an acidic solution 
(Hussein et al.  2014 ). 

 One of the areas which has so far not been 
investigated to any great extent is the infl uence of 
the new coating agents that are now used on 
GICs. These coating materials are resin-based 
and have been shown to increase the fracture 
toughness of the materials (Bagheri et al.  2010 ). 
However, little research has been conducted to 
determine whether these resin coatings or even 
the placement of a coat in the form of a resin- 
based adhesive or bonding resin will reduce the 
erosion. Unfortunately, this may also cause some 
reduction in the release of fl uoride ions that may 
make the GICs less effective in reducing the car-
ies experience or recurrence around margins or 
on adjacent teeth (Mazzaoui et al.  2000 ).  

2.3.6     Abrasion 

 Often in association with erosion is abrasion 
of the softened GIC surface. Compared with 
resin composite materials, it has been reported 
that GICs have a much lower abrasion resis-
tance. It is also known that due to the matura-
tion of GICs during the setting process, their 
abrasion resistance is poor compared to the 
fully matured cement (Mount and Hume  2005 ). 
Although not aesthetic, it has been shown that 
the metal- reinforced GICs have a better abrasion 
resistance (Forss et al.  1991 ). With the introduc-
tion of the high powder/liquid ratio and small 
particle materials such as Fuji IX (GC Corp, 
Tokyo, Japan) or Ketac Molar (3M-ESPE, St 
Paul, MN, USA), it has been demonstrated that 
the wear (abrasion) can be reduced signifi cantly 
(Kunzelmann et al.  2003 ). 

 Another means to increase abrasion resistance 
is also the concept of coating the GIC. To date, 
the research remains limited, similar to that for 
erosion resistance. One study using the resin 
glazing agent Bellfeel Brightener (Kanebo Ltd, 
Tokyo, Japan) when applied to a GIC surface 
showed a signifi cant increase in surface hardness 
and thus more resistance to abrasion (Hotta and 
Hirukawa  1994 ). More recently, the use of pro-
prietary resin coating agents, e.g. G-Coat Plus 
(GC Corp, Japan) in combination with the high- 
viscosity GIC, Fuji IX, has been marketed as 
EQUIA (GC Corp, Japan) or more recently as 
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EQUIA Forte Fil (GC Corp). The application of 
the coating as described previously has been 
shown to increase the strength of the GIC and 
increase its abrasion resistance. It is believed the 
resin is able to infi ltrate the GIC surface, thus fi ll-
ing cracks and porosities (Lohbauer et al.  2011 ). 

 For the RM-GICs, the incorporation of the 
resin was not shown to improve the abrasion 
resistance. In fact, a number of studies have 
reported that the abrasion resistance is decreased 
and that the RM-GIC materials will abrade more 
rapidly than conventional GICs (Pelka et al. 
 1996 ; Momoi et al.  1997 ; Peutzfeldt et al.  1997 ; 
Xie et al.  2000 ; Sunnegårdh-Grönberg et al. 
 2002 ). The reason for this reduction in abrasion 
resistance is thought to be due to the glass parti-
cles being bonded loosely to the matrix in asso-
ciation with a nonuniform distribution of the 
glass particles throughout the set cement (Xie 
et al.  2000 ). When a polyacid-modifi ed resin 
composite (PAMRC) was compared with an 
RM-GIC clinically, it was also noted that the 
abrasion resistance was lower for the RM-GIC 
(Chinelatti et al.  2004 ).  

2.3.7     Adhesion 

 One of the great advantages of GICs is that they 
have become known for their ability to adhere to 
the moist cut tooth surface. This group of materials 
is able to bond to all parts of the tooth and carious 
tooth structure with a high degree of reliability 
and low technique sensitivity. Interestingly, how-
ever, there has not been as wide an evaluation of 
adhesive tests compared with resin-based adhe-
sives. The original glass-ionomer cements were 
applied to smear layer-covered dentine. In the 
mid-1980s, workers started to consider how the 
adhesion of GICs might be improved (Lacefi eld 
et al.  1985 ). It was known from the work with 
phosphoric acid on enamel that adhesion for 
resin-based materials could be greatly enhanced. 
Various treatments such as polyacrylic acid, 
H 2 O 2 , citric acid or surface cleaning alone were 
tested. It was reported that the polyacrylic acid 
showed improved adhesion (Hinoura et al.  1986 ). 
Around 1990, manufacturers introduced condi-

tioners such as Ketac Conditioner (3M-ESPE, St 
Paul, MN, USA) and GC Conditioner (GC Corp, 
Tokyo, Japan) for conditioning the dentine and 
enamel. It was shown that the use of these poly-
acrylic acid-based materials greatly enhanced 
the adhesion (Joynt et al.  1990 ; Tanumiharja 
et al.  2001 ). After such work, it became a rou-
tine practice to condition the dentine prior to 
GIC placement. These studies showed that the 
conditioning removed the smear layer but did 
not remove the smear plugs which ‘protected’ the 
dentine from becoming very wet. The tooth sur-
face is not etched in the same way as acids such 
as phosphoric acid. This was the commencement 
of routine conditioning of tooth surfaces prior 
to placement of a GIC lining or restoration as 
opposed to etching for enamel and dentine with 
resin-based adhesives. Later work showed that 
removal of the smear layer could lead to bet-
ter adaptation and bonding of the cement to the 
tooth surface. Another early study showed that 
this improved adhesion could be achieved with 
the use of maleic acid conditioning of dentine 
prior to the placement of Vitrebond (3M-ESPE, 
St Paul, MN, USA), which was one of the fi rst 
resin- modifi ed GICs to become available com-
mercially (Watson  1990 ). Later Tyas showed that 
the use of polyacrylic acid conditioning clinically 
seemed to have little effect on restoration survival 
(Tyas  1993 ). This same outcome was shown in 
another study comparing 10 % polyacrylic acid 
conditioned and nonconditioned non- carious 
cervical lesions over a 4-year period. However, 
a slightly better retention rate was observed for 
the conditioned group, 15.6 % loss compared 
with 21.9 % loss in the nonconditioned group 
(van Dijken  1996a ). Slightly later, a further study 
investigated the adhesion of a ‘viscous’ conven-
tional GIC, Chem-Flex (Dentsply DeTrey GmbH, 
Konstanz, Germany), to dentine using different 
conditioning agents. These included 10 % poly-
acrylic acid (PAA) without rinsing, 10 % PAA 
with water rinsing, 25 % PAA with rinsing and 
32 % phosphoric acid and a control of smear 
layer-covered dentine (Tay et al.  2001 ). Further 
to the bond study, this group also investigated the 
interface using transmission electron microscopy 
(TEM). It was shown that bond strengths after 
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conditioning were much higher compared to the 
control. The TEM observations showed that the 
acidity of the GIC during setting was not able 
to alter the smear layer-covered control surface. 
However, when 10 % PAA was used as the con-
ditioning agent, it was observed that the smear 
layer was removed and also partial demineralisa-
tion occurred up to 0.8 μm deep. An ‘interphase’ 
was noted between the tooth surface and cement 
(Tay et al.  2001 ). With the stronger acids or longer 
conditioning times, the depth of demineralisation 
increased. This interphase layer was also reported 
in the study by Tanumiharja et al. ( 2001 ), who 
investigated the interface using fi eld emission 
scanning electron microscopy. They observed 
that this layer was resistant to attack by acidic 
and basic solutions and could range between 2.8 
and 3.4 μm thick. A very similar phenomenon 
was noted when an RM-GIC was bonded to con-
ditioned dentine. This study showed that using a 
conditioner provided a signifi cant improvement 
in bond strengths. The interface of the RM-GIC 
and dentine also showed the acid–base resistant 
layer described by Tanumiharja et al. ( 2001 ). 
Subsequently, others observed that a hybrid-like 
layer similar to that formed by resin-based adhe-
sives also formed (Cardoso et al.  2010 ). 

 With respect to RM-GICs, Coutinho et al. 
( 2007 ) investigated several RM-GIC materials 
including an RM-GIC adhesive (Fuji Bond LC, GC 
Corp, Tokyo, Japan) as well as direct restorative 
materials (Photac-Fil and Vitrebond, 3M-ESPE, St 
Paul, MN, USA). They characterised the interfaces 
using transmission, scanning and fi eld emission 
electron microscopy and atomic force microscopy. 
The tooth surfaces were either not conditioned or 
conditioned and treated with either a 20 % acrylic–
maleic acid copolymer or 25 % polyacrylic acid. 
For the Fuji Bond LC conditioned samples, a very 
thin gel phase layer (0.5–1.0 μm thick) was 
observed above a sub-micrometre hybrid layer 
(Coutinho et al.  2007 ). This was also noted for the 
Photac- Fil but not the case for Vitrebond. 

 When conditioning did not take place, the gel 
phase was not observed, but partial demineralisa-
tion still occurred as in the conditioned groups. 
It would seem that when RM-GICs adhere to the 
tooth surface, it is a dual-type adhesive process. A 

thin hybrid layer is formed onto a partially demin-
eralised surface with hydroxyapatite still remain-
ing present in the collagen fi bre matrix. Above 
this hybrid layer is a thin gel phase layer which 
has been identifi ed previously as an ‘absorption 
layer’ (Sidhu and Watson  1998 ). Coutinho et al. 
( 2007 ) showed that in the case of Vitrebond, it 
did not react in the same manner as the other 
RM-GICs tested. There was no sign of a hybrid 
layer or gel phase formation, but it did not seem 
to affect the bond. The other part of the bond 
seemed to be due to the reaction of polycarbox-
ylic acid copolymers interacting with hydroxy-
apatite to form a chemical bond (Yoshida et al. 
 2000 ). This ‘dual’ adhesion process provides 
an answer as to why many clinical studies show 
such a high success of RM-GIC restorations. 

 With respect to surface treatments, recently 
some have advocated that a short etch with phos-
phoric acid on dentine and enamel will enhance 
the bond to tooth structure when an RM-GIC is 
used. Whilst there may be some logic to this con-
cept, it should be remembered that even a short 
etch with phosphoric acid has the potential to 
remove all of the hydroxyapatite from the tooth 
surface. Based on the work of Coutinho et al. 
( 2007 ), it would appear that this would then pre-
vent the polycarboxylate groups from interacting 
chemically with calcium and thus potentially 
remove one of the modes of adhesion of the 
RM-GICs, namely, the chemical portion. This 
may also have long-term implications on adhe-
sion since the bond would tend to be essentially 
micromechanical and be subject to degradation 
of the collagen similar to resin-based adhesives. 
Recently, Hamama et al. ( 2014 ) investigated the 
effect of a 5-s etch with phosphoric acid  compared 
to conditioning with polyacrylic acid-based con-
ditioners. They showed that in the short term (24 
h), the bond strengths were little different, but 
later unpublished work by this group showed that 
the bonding outcomes for the etched group 
tended to decrease over time or became more 
variable (Hamama et al., unpublished). This may 
be an indication that the bond using a polyacrylic 
acid-based conditioner can lead to a more stable 
bond over the long term. 
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2.3.7.1     Adhesion to Composite 
and Repair 

 With the advent of the sandwich or laminate tech-
nique to restore deep approximal cavities, many 
have questioned the ability of GICs to bond to 
resin composite. There is little or no problem of 
bonding to composite with the RM-GICs since 
the HEMA in the cement, being a methacrylate, 
can easily adhere to resin-based adhesives or resin 
composite, which are also methacrylate- based 
materials. However, concern has been expressed 
with respect to the ability of the resin portion of 
the RM-GIC to adequately polymerise in deep 
cavities. Although the depth of cure has been 
poorly studied, the few studies available seem 
to consistently demonstrate that depth of cure is 
indeed an issue that must be carefully considered. 
The fi rst paper by Mount et al. ( 2002 ) concluded 
that ‘cavities more than 3 mm deep’ should be 
fi lled incrementally. The shade of the material was 
also an infl uencing factor for the depth of cure. A 
later study also made the same recommendation 
(Roberts et al.  2009 ). It would therefore seem 
that for cavities extending onto the root face, a 
conventional high powder/liquid ratio GIC is pos-
sibly the most reliable material to use. However, 
the issue remains of being able to achieve adhe-
sion to the overlying resin composite. 

 The fi rst study to investigate long-term adhe-
sion of conventional GICs with recent etch-and- 
rinse and self-etch adhesives was that of Zhang 
et al. ( 2011 ). They showed that effective bonding 
could be achieved with any of the adhesives 
tested which included etch-and-rinse, self-etch 
and all-in-one systems. One potential issue was 
the effect of the phosphoric acid on the GIC sur-
face causing microcracks that seemed to infl u-
ence the long-term adhesion. The self-etch 
materials, however, showed quite stable adhesion 
over the 6 months of the test. Another study that 
included a conventional GIC was that of 
Navimipour et al. ( 2012 ). They investigated the 
adhesion of a conventional GIC and RM-GIC to 
resin composite using either phosphoric acid or 
Er,CR:YSGG laser for etching the GICs for 15 s. 
Both treatments showed improvements of bond 
strengths with the RM-GIC showing higher bond 
strengths compared with the conventional mate-
rial. A further study compared RM-GIC and 

 conventional GIC with an etch-and-rinse adhe-
sive and acidic all-in-one adhesive (Pamir et al. 
 2012 ). This group concluded that both GICs 
bonded well to either adhesive, but an etch time 
of 30 s was recommended. The study by Zhang 
et al. ( 2011 ) contradicts this, as the impression 
was that stronger and longer etching can possibly 
damage the matrix of the underlying cement and 
weaken its cohesive strength. Generally, it was 
considered that the self-etch materials may pro-
vide a more reliable bond and reduce the possi-
bility of damaging the underlying GIC. Recent 
studies on bonding an RM-GIC to resin compos-
ite with a variety of adhesives showed successful 
bonding (Kasraie et al.  2013 ; Boruziniat and 
Gharaei  2014 ). However, caution must still be 
exercised with respect to the depth of cure. 

 The other aspect in this section is the repair 
of GIC restorations. Very little work has been 
undertaken to determine if previously placed GIC 
restorations can be successfully repaired by the 
addition of new GIC. Only one study seems to 
have been published investigating the bonding of 
RM-GIC or resin composite to 4-day-old RM-GIC 
(Maneenut et al.  2010 ). The surfaces were treated 
with or without acid etch. The bond of the new 
RM-GIC was lower and slightly more variable in 
comparison with that of the resin composite. This 
study recommended that when addition to exist-
ing RM-GIC is warranted, the addition of resin 
composite is preferable (Maneenut et al.  2010 ). A 
very recent study (Welch et al.  2015 ) has investi-
gated almost the same scenario as Maneenut et al. 
This latter study used roughening, roughening 
and etching or roughening, etching and the addi-
tion of a resin- based adhesive. It was concluded 
that the addition of the resin-based adhesive to a 
roughened and etched surface produced the best 
outcomes (Welch et al  2015 ). The conclusions 
concurred with the former study of preferably 
bonding resin composite to the RM-GIC when a 
repair is needed.   

2.3.8     Ion Release 

 One of the major points all practitioners will 
mention about their reason for selection of a 
GIC material is the release of ions, particularly 
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 fl uoride. Certainly this is a great advantage of 
GICs since it affords them the ability to alter 
the environment round the material. This allows 
potentially healing and/or preventing early caries 
attack, as well as aiding the healing of deep car-
ies lesions in prepared cavities which have not 
had all the carious tissue excavated. Research is 
moving towards developing GICs to be able to 
release or supply other ions or compounds, and 
this is discussed elsewhere in this book. The fi rst 
cements to show the effect of fl uoride release 
and thus prevent re-initiation of caries were the 
silicate cements. The source of the fl uoride from 
GICs is the glass particles. Unfortunately, it is 
still unclear how much fl uoride is actually needed 
to prevent the initiation of caries. The paper by 
Randall and Wilson ( 1999 ) indicated that the 
clinical evidence was unclear with respect to the 
prevention of caries in teeth restored with GIC. 

 Some of the original work conducted on fl uo-
ride release from GICs was done by Forsten 
( 1990 ,  1995 ). His work of 1990 was based on 
some of the original conventional GICs where 
fl uoride release was evaluated from 24 h up to 8 
weeks. This was the pioneering work on this 
important topic. It was shown that the release of 
fl uoride was highest in the fi rst 24 h whilst the 
cement was still maturing, with a large reduction 
in the fi rst week, followed by a more steady 
decline over the 8 weeks of the study. Fluoride 
was still detectable at 8 weeks but at very low 
levels. When analysed from the aspect of cumu-
lative release, it was noted that the amounts of 
fl uoride detected was very much material depen-
dent. Interestingly, Forsten also investigated the 
fl uoride release after exposing the cements to 
running water for up to 22 months. Again even at 
22 months, fl uoride ions were still being released 
from the cements which were detected at about 1 
part per million. The only material that did not 
show release of the fl uoride ion was the cermet 
material, Ketac Silver (3 M-ESPE, USA). When 
exposed to an acidic solution, a greater level of 
fl uoride was identifi ed (Forsten  1990 ). Forsten 
followed this work up to 5 years later with an 
evaluation of RM-GIC fl uoride release as well as 
uptake. This study initially observed fl uoride 
release for up to 1 month. Again it was shown 
there was a high initial burst of fl uoride at 24 h 

with a greatly reduced release by 1 month 
(Forsten  1995 ). Another aspect of the research 
was to determine whether 9-month-old RM-GIC 
specimens, which had been in running water, 
could take up fl uoride if stored in a 50 ppm 
fl uoride- containing solution for 1 week. He 
showed that even after 9 months, fl uoride could 
still be detected, but specimens stored in the 
fl uoride- containing solution showed a much 
greater release for the following week. This was 
probably the fi rst paper to indicate that GICs 
could be ‘recharged’ with fl uoride. Furthermore, 
it was also shown that in an acidic environment, 
the level of fl uoride release increased (Forsten 
 1995 ). This fl uoride release occurred due to ero-
sion of the GIC, as discussed in the previous sec-
tions, where ‘fresh’ GIC that has F ions in 
abundance would be continually exposed. In a 
later review paper, Forsten noted that the fl uoride 
release was a little different between the conven-
tional GIC and RM-GIC. Forsten’s work also 
noted that the other fl uoride-releasing materials 
such as PAMRC did not respond in the same way 
to the recharging process (Forsten  1998 ). 

 A more recent paper investigated the fl uoride 
release from RM-GICs (Vitremer, 3M-ESPE; 
Fuji II LC, GC Corp), including an RM-GIC con-
taining nanofi llers (Ketac Nano, 3M-ESPE) and a 
fl owable PAMRC (Dyract Flow, Dentsply), when 
exposed to solutions of different pHs (4, 5.5 and 
7) (Moreau and Xu  2010 ). Fluoride release was 
measured up to 84 days post-setting. This study 
showed an initial high release of fl uoride which 
was again material dependent. It was noted that 
the PAMRC and nanofi lled RM-GIC released 
signifi cantly less fl uoride than the other two 
RM-GICs tested. During the fi rst 2–3 weeks, the 
lower pH solutions led to greater release of fl uo-
ride, but by days 70–84, the rate of release was no 
different amongst the 3 different pH solutions. 
Figure  2.6  illustrates the typical pattern of cumu-
lative fl uoride ion release, whilst Fig.  2.7  shows 
the typical rate of fl uoride release for these types 
of material.

    A previous study investigated the recharge 
and release of fl uoride in a number of GICs at 
varying pH (Markovic et al.  2008 ). In this study, 
NaF solution was used for recharge, but there 
was no mention of surface deterioration as a 
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function of the NaF exposure, but rather attrib-
uted recharging to the effects of the acidic envi-
ronment. A very low pH of 2.5 was used as one of 
the test solutions. When specimens were placed 

in the NaF solution, it was noted that the surface 
fl uoride content increased. They also concluded 
that fl uoride release was related to the degrada-
tion of the cement, and the concentration of the 
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  Fig. 2.6    This fi gure provides an illustration of the typical 
pattern shown for cumulative fl uoride ion (F) release per 
specimen area (μg/cm 2 ) from various tooth-coloured 
restorative materials: ( a ) Vitremer, ( b ) Fuji II LC, ( c ) 

Ketac Nano, ( d ) Dyract Flow and ( e ) Heliomolar. Each 
value is mean ± sd. The F release was higher in pH 4 solu-
tion than in pH 5.5 or pH 7 (Reprinted from Moreau and 
Xu ( 2010 ). With permission from Elsevier)       
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fl uoride at the surface was related to the surface 
media and pH. It seems that all the GICs tested 
could be recharged, and this was infl uenced by 
the pH, with better recharge occurring at a lower 

pH (Markovic et al.  2008 ). It would appear that 
the recharge process is a surface interaction as 
shown by Hadley et al. ( 2001 ) who investigated 
ion distribution in two GICs. They noted that 
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  Fig. 2.7    This fi gure illustrates the typical pattern of 
release of F ions over time: an initial high burst of ions with 
a rapid drop within the fi rst week and then a steady low 
level thereafter. F release rate, which is the F release per 

specimen surface area per day, is shown for ( a ) Vitremer, 
( b ) Fuji II LC, ( c ) Ketac Nano, ( d ) Dyract Flow and ( e ) 
Heliomolar. Each value is mean ± sd (Reprinted from 
Moreau and Xu ( 2010 ). With permission from Elsevier)       
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when exposed to a KF solution, the GICs have a 
higher concentration of F on the surface of the 
GIC. Hence, it cannot be expected for these fl uo-
ride ions on the surface to diffuse into the deeper 
parts of the cement. 

 GICs not only release fl uoride ions. It has 
been shown in a number of papers that other ions 
can also be released such as calcium, strontium, 
aluminium, phosphorus and silicon. The paper by 
Czarnecka and Nicholson ( 2006 ) showed that 
exposure of two RM-GICs to lactic acid caused a 
greater release of these ions compared with stor-
age in water. The ion release did vary somewhat 
over the 6-week length of the study. The work by 
Zalizniak et al. ( 2013 ) showed that ion release 
also seemed to be dependent on the type of 
organic acid that the GIC was exposed to. Further 
work needs to be undertaken to explain why this 
is so, but it may relate to the valency of the acids 
used: lactic, citric and hydrochloric. Billington 
et al. ( 2006 ) undertook a comprehensive study 
analysing ion release and uptake. Part of their 
study showed that the mechanisms of uptake and 
release were still not well understood. They also 
noted that fl uoride ions could disrupt the surface 
of fl uoride-containing GICs (Billington et al. 
 2006 ). Hence, it would seem that further study is 
needed to better understand the dynamics of 
these processes of ion uptake and release. 

2.3.8.1     Ion Release and Biofi lm 
Formation 

 One of the benefi ts of the fl uoride ion release 
is to assist with preventing demineralisation 
around cavity margins and adjacent teeth. Work 
has been done to determine the effect of the 
fl uoride release and its effect on the biofi lm that 
may develop on a restoration or at cavity mar-
gins (Al-Naimi et al.  2008 ; Chau et al.  2015 ). 
The study by Al-Naimi et al. ( 2008 ) compared a 
number of GICs, a PAMRC, a fl uoride-releasing 
composite (Giomer, Shofu Dental Corp, Kyoto, 
Japan) and a resin composite. They measured fl u-
oride release and showed that the GICs released 
more fl uoride than the other materials. Biofi lm 
was grown on the material surfaces at pH 3.8 or 
7.1 in saliva. It was demonstrated that the biofi lm 
growth was greatest in neutral conditions with 

much less growth in acidic conditions (Al-Naimi 
et al.  2008 ). This study showed that the higher 
fl uoride-releasing GICs did not seem to alter 
biofi lm growth. However, the confocal observa-
tions did not state if they used a live/dead stain-
ing technique, which would have provided better 
information as to whether the biofi lm on the GICs 
was any different in characteristics compared 
with the other materials. The more recent study 
by Chau et al. ( 2015 ) shows different outcomes. 
Five different GICs, both conventional and resin-
modifi ed, were used together with a hydroxyapa-
tite disc as the control material. This study used 
a mono-culture of  S mutans  to investigate a 94-h 
biofi lm. Their results showed a negative correla-
tion between acid production by the biofi lm and 
fl uoride release. It was also shown that the volume 
of the 94-h old biofi lms was negatively correlated 
with the mean rate of fl uoride release. Therefore, 
it appears from this work that if enough fl uoride 
is released, it may ‘decrease the virulence of car-
iogenic biofi lms’ (Chau et al.  2015 ). 

 Another interesting study investigated what 
happens to cavity margins around GIC restora-
tions after the fl uoride release is severely 
depleted. Several restorative materials, including 
a GIC, were placed in cavities and then were sub-
jected to acid attack. The results showed that the 
cavity margins were indeed protected by uptake 
of the fl uoride into the surrounding tooth tissue 
(Shiiya et al.  2012 ). 

 This uptake of fl uoride in the surrounding tis-
sues and the changes in biofi lm growth indicate 
one of the potential advantages of GICs over 
most other tooth-coloured restorative materials 
in that placement of GICs may be one way of 
reducing initiation of breakdown of cavity-resto-
ration margins through carious demineralisation. 
The review by Wiegand et al. ( 2007 ) describes 
the release and uptake of fl uoride and its infl u-
ence on caries and antibacterial activity. It was 
concluded that clinically, there remains a paucity 
of data from prospective clinical trials to provide 
a defi nitive answer to this issue. Hence, more 
clinical evaluation data are needed to better 
understand this point. This conclusion is similar 
to the fi ndings 8 years previously of Randall and 
Wilson ( 1999 ).    
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2.4     Clinical Performance 

 The most important aspect of any material is how 
it performs clinically. More data have been pub-
lished in recent years, but it still remains limited 
and not well standardised. There is now a lot of 
information from ART-based studies, but large 
prospective studies are scarce. The ART-based 
trials will be dealt with separately from those 
where GICs are used in a more ‘conventional’ 
manner. 

 The two reviews comparing the long-term sur-
vival of cervical restorations against resin-based 
adhesives and glass-ionomer cements both con-
cluded that the GICs still achieve the highest sur-
vival rates (Peumans et al.  2005 ,  2014 ). Sidhu 
( 2010 ) has also published a review of the clinical 
performance of RM-GICs. The paper by Hickel 
and Manhart ( 2001 ) investigated the longevity of 
materials in posterior teeth. They included GICs 
in this review although the authors stated that 
GICs are not considered for load-bearing restora-
tions. They reported failure rates of between 1.4 
and 14.4 % for GICs. The major reason for fail-
ure was noted to be due to caries and bulk failure. 
The studies reported in the Hickel and Manhart 
( 2001 ) review are no longer contemporary and do 
not refl ect current outcomes or materials. 

2.4.1     Clinical Evaluation of GICs 
Placed in Non-carious Cervical 
Lesions 

 When testing the adhesive ability and longevity 
of GICs from the standpoint of clinical evalua-
tions, it is the restoration of non-carious cervical 
lesions (NCCL) that has been the most common. 
The shape of NCCL is typically non-retentive, 
the lesions are quite prevalent and they occur in 
non-load-bearing regions. Hence, they are ideal 
for evaluating the adhesive qualities of a material. 
Table  2.3  summarises several studies over time 
with respect to retention of GICs and RM-GICs 
in NCCLs. Most studies investigated RM-GICs 
in this cavity confi guration because of the 
improved aesthetics compared with many con-
ventional GIC materials, particularly the earlier 

ones. The length of studies is quite variable with 
short studies of 12 months’ duration up to a few 
more comprehensive studies of 10 or more years 
in length. Many studies include a GIC, or more 
commonly an RM-GIC, for comparison or as a 
control material when evaluating new resin-based 
adhesives. This is due to the fact that restorations 
of NCCLs with a GIC or RM-GIC are often asso-
ciated with good outcomes from the aspect of 
restoration retention. The fi gures in Table  2.3  
show that the failure rates of these restorations 
remain quite low even for the longer-term stud-
ies. The studies of 10 and 13 years in length 
showed a failure of 76 % or annual failure rate of 
2.7 %. This attests to the very good retention of 
GICs and RM-GICs when placed in NCCLs. The 
quality of the dentine of these lesions usually 
tends to be hypermineralised and sclerosed. This 
type of dentine is ideal for bonding of a GIC-
based material as the mineral content is high, 
ensuring good chemical adhesion to the tooth 
surface.

   Retention of a restoration is possibly the most 
important criterion. However, other factors such 
as marginal breakdown and surface characteris-
tics of the material must also be evaluated as 
these will have a signifi cant impact on the aes-
thetic quality of a restoration which, from a 
patient’s perspective, is the most important. The 
short study by Maneenut and Tyas ( 1995 ) showed 
marginal staining was beginning quite early in 
about fi ve restorations of the 20 for each material 
they evaluated. They also noted darkening of the 
restorations. The 10-year study by Matis et al. 
( 1996 ) indicated that about 87 % of the GIC res-
torations were rated alpha with no or minimal 
staining, whilst the resin-based material, 
Cervident (SS White Corp, Boston, USA), 
showed no discolouration. Interestingly though, 
when the parameter of marginal adaptation was 
examined, the GICs performed slightly better 
with an 81–87 % alpha rating compared with 
only 75 % for the resin-based material. These 
older GICs all showed surface roughness devel-
oping, with only 53–67 % of restorations show-
ing an alpha rating after 10 years, compared with 
the resin-based material having a 100 % alpha 
rating. These changes did not appear to be tooth 
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or arch position related. A slightly later study 
evaluated an RM-GIC and resin composite over 3 
years (Özgünaltay and Önen  2002 ). At 3 years, 
only 59 % of the RM-GIC (Vitremer, 3M-ESPE) 

restorations had an alpha rating for marginal dis-
colouration, whilst the resin composite, Z100 
(3M-ESPE), had a 93 % alpha rating. Regarding 
marginal adaptation, it was almost the same for 

    Table 2.3    Retention rates of GICs in various clinical evaluations in non-carious cervical lesions   

 Authors 
 No. of restorations 
(patients)  Type of GIC 

 Alternative 
material  Retention rate 

 Study 
duration 

 Maneenut and 
Tyas ( 1995 ) 

 60 (13 patients)  RM-GIC (3 materials, 
20 restorations each) 

 Nil  RM-GICs: 
100 % 

 1 yr 

 Matis et al. 
( 1996 ) 

 120 at baseline; 36 at 
10 yrs (30 patients at 
baseline; 18 patients 
at 10 yrs) 

 GIC (2 materials, but 
1 GIC had 2 
subgroups: fi nished 
immediately or 
delayed) 

 1 Resin composite 
(RC) 

 GICs: 76 % 
(67–83 %) 
 RC: 17 % 

 10 yrs 

 Brackett et al. 
( 1999 ) 

 68 at baseline, 58 at 
2 yrs (29 patients at 
baseline) 

 GIC and RM-GIC (34 
restorations each) 

 Nil  GIC: 93 % 
 RM-GIC: 93 % 

 2 yrs 

 Ermis ( 2002 )  100 (30 patients at 
baseline) 

 RM-GIC (1 material, 
20 restorations) 

 PAMRCs (4 
materials, 20 
restorations each) 

 RM-GIC: 95 % 
 PAMRCs: 
84–90 % 

 2 yrs 

 Özgünaltay and 
Önen ( 2002 ) 

 98 (24 patients)  RM-GIC (1 material, 
50 restorations) 

 RC (1 material, 48 
restorations) 

 RM-GIC: 98 % 
 RC: 95 % 

 3 yrs 

 Loguercio et al. 
( 2003 ) 

 32 (12 patients)  RM-GIC (1 material, 
16 restorations) 

 PAMRC (1 
material, 16 
restorations) 

 RM-GIC: 93 % 
PAMRC: 79 % 

 5 yrs 

 Franco et al. 
( 2006 ) 

 70 (30 patients)  RM-GIC (1 material, 
35 restorations) 

 RC (1 material, 35 
restorations) 

 RM-GIC: 96 % 
 RC: 52 % 

 5 yrs 

 Burrow and Tyas 
( 2007 ) 

 92 (20 patients)  RM-GIC (1 material, 
31 restorations) 

 RC (2 materials, 
61 restorations) 

 RM-GIC: 97 % 
 RC: 83.5 % 
(77–90 %) 

 3 yrs 

 Van Dijken and 
Pallesen ( 2008 ) 

 270 at baseline; 215 
at 13 yrs (88 patients 
at baseline; 68 
patients at 13 yrs) 

 RM-GIC (1 material, 
49 restorations) 

 RC (1 material, 5 
adhesives, 221 
restorations) 

 Annual loss 
rate – RM-GIC: 
2.7 % 
 RCs: 2.8–13 % 

 13 yrs 

 Santiago et al. 
( 2010 ) 

 70 (30 patients)  RM-GIC (1 material, 
35 restorations) 

 RC (1 material, 35 
restorations) 

 RM-GIC: 100 % 
 RC: 79 % 

 2 yrs 

 Jyothi et al. 
( 2011 ) 

 80 (32 patients)  RM-GIC (1 material, 
40 restorations) 

 Giomer (1 
material, 40 
restorations) 

 RM-GIC: 87.5 % 
 RC: 87.5 % 

 1 yr 

 Perdigão et al 
( 2012 ) 

 92 (33 patients)  RM-GIC (1 
conventional, 1 
nanofi lled, 31 
restorations each) 

 RC (1 material, 31 
restorations) 

 RM-GICs: 
100 % 
 RC: 93 % 

 1 yr 

 Namgung et al. 
( 2013 ) 
(retrospective) 

 479 (131 patients; 
initially evaluated 
from 564 
restorations, only 479 
included in study) 

 GIC (74 restorations), 
RM-GIC (23 
restorations) 

 RC (377 
restorations) 

 Survival of GICs: 
11.5 yrs 
 RC: 10.4 yrs 

 – 

 Folwaczny et al. 
( 2000 ) (including 
carious lesions) 

 197 
 (37 patients) 

 RM-GIC (2 materials, 
51 and 31 
restorations = 82 
altogether) 

 RC (1 material, 36 
restorations) 
 PAMRC (1 
material, 79 
restorations) 

 RM-GIC: 92 % 
 RC: 100 % 
 PAMRC: 91 % 

 2 yrs 
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Vitremer at 95 % and the composite at 93 %. This 
study shows that resin composite seems to exhibit 
better long-term outcomes based on these two 
parameters. Another study of 5 years’ duration 
compared Vitremer with a resin composite 
(Franco et al.  2006 ). Interestingly, this study 
showed a combined 100 % alpha and bravo rating 
for marginal discolouration for both material 
types. However, marginal integrity was 76 % 
alpha and bravo rating for the resin composite 
compared with 85 % for the RM-GIC. The 3-year 
study by Burrow and Tyas ( 2007 ) compared two 
resin composites with an RM-GIC. This study 
showed minimal marginal staining amongst all of 
the materials tested. Although colour and shape 
of the restorations remained good, it was noted 
that the RM-GIC did show some loss of surface 
texture, but it was not enough to elicit concerns 
from patients. However, the RM-GIC had the 
greatest retention at 97 %. The most recent retro-
spective study (Namgung et al.  2013 ) indicated 
that the resin composite performed better than 
the GIC from the aspects of marginal discoloura-
tion and adaptation. Care is needed when inter-
preting these outcomes, as the number of resin 
composite restorations was much higher than the 
GIC restorations. It seemed, however, in this 
case, that the resin composites were performing 
better overall. The 2-year study evaluating resto-
ration of carious lesions showed some slightly 
different outcomes to the non-carious cervical 
lesions (Folwaczny et al.  2000 ). This study com-
pared a resin composite, PAMRC and two 
RM-GICs. They examined marginal integrity on 
both the enamel and cementum sides of the resto-
ration. The resin composite showed alpha ratings 
of 88 % for enamel and 100 % for cementum, 73 
and 85 %, respectively, for the PAMRC. As for 
the RM-GICs, the ratings were 70.6 and 58.8 for 
Fuji IILC (GC Corp) compared with 62.5 and 
33.3 % for Photac-Fil (3M-ESPE). This study 
showed quite large variations, for example, mar-
ginal discolouration showed large variations 
between the two GICs. The GICs also did not 
perform particularly well with regard to surface 
integrity of the restorative material. Only 10 % of 
Photac-Fil and 23.5 % of Fuji II LC were given 
an alpha rating compared with 100 % for the 

resin composite and 95 % for the PAMRC 
(Folwaczny et al.  2000 ). These outcomes differ 
from the non-carious study outcomes and may 
refl ect the different oral conditions of this group 
of patients. Little evidence exists relating to res-
toration survival and the oral environment, and it 
would seem important to know how a patient’s 
oral environment may infl uence the longevity 
and marginal quality of restorations.  

2.4.2     Other Clinical Studies 

 The section above relates to a specifi c type of res-
toration, namely, NCCLs; however, GICs are not 
exclusively used for restoration of cervical 
lesions. They have also been recommended for 
the restoration of small approximal lesions in 
anterior teeth. The development of high powder/
liquid ratio materials, also referred to as high- 
viscosity GICs, in association with the ART 
method for treatment of caries lesions has led to 
the use of GICs being extended to treatment of 
occlusal caries, as well as small posterior approx-
imal load-bearing restorations. This section will 
summarise some of the work published in this 
area. 

 The original clinical work published on GIC 
use and survival was that of Mount ( 1997 ) where 
he outlined successful use of GICs by himself 
and others over 20 years since their inception. 

 One early retrospective study examined 42 
restorations, half treated with resin composite 
and the other half with conventional GIC (de 
Araujo et al.  1998 ). This study examined restora-
tions that had been placed for 24 months. Criteria 
such as aesthetics, anatomic form, staining and 
marginal leakage were classifi ed into three 
groups. Most of the restorations were rated as 
either satisfactory or acceptable for all the criteria 
for both materials. By 24 months, the aesthetics 
remained acceptable for all the resin composite 
restorations, but in the case of the GIC, there was 
a steady decrease in acceptable restorations 
(equivalent to a beta rating), although it was only 
23 % of the total. The outcome for staining was 
similar, but from the aspect of marginal leakage, 
both materials performed well (de Araujo et al. 
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 1998 ). Another study comparing a total of 152 
restorations of either resin composite, PAMRC or 
RM-GIC in anterior approximal restorations over 
3 years reported that the resin composite and 
PAMRC ‘performed signifi cantly better’ than the 
RM-GIC. The RM-GIC was observed to have 
changed colour slightly, but the quality of the sur-
face of the RM-GIC decreased signifi cantly (van 
Dijken  1996b ). 

 A more recent practice-based study examined 
the performance of a ‘reinforced’ GIC (Fuji IX, 
GC Corp) in occlusal and 2-surface posterior 
approximal cavities (Burke et al.  2007 ). This 
study provides some insight into the clinical suc-
cess centred in ‘real-world’ practices. Altogether, 
67 occlusal and 102 posterior approximal resto-
rations were evaluated over a mean restoration 
age of 25 months (range 5–56 months). Of all the 
restorations examined, 98 % were observed to be 
present and intact. No further caries was observed, 
and three had fractured and were replaced with 
another GIC restoration. The only factor amongst 
marginal adaptation, marginal discolouration and 
surface roughness that most notably changed 
with time was the surface roughness. It was con-
cluded that over the 2 years of this study, the rein-
forced GIC restorations were ‘performing 
satisfactorily’ (Burke et al.  2007 ). 

 The coating of GICs for protection and 
increased fracture resistance has not been clini-
cally evaluated widely. This method is now pro-
moted as a technique to restore occlusal caries 
lesions. Recently a 3-year clinical trial reported 
the longevity of a high-viscosity GIC (Fuji IX, 
GC Corp) with and without the nanofi lled resin 
coating G-Coat Plus (GC Corp) in comparison 
with a hybrid resin composite (Diem et al.  2014 ). 
Just over 80 restorations were initially placed for 
each method; however, at the end of the 3 years, 
only 69 GIC restorations, 65 coated-GIC and 64 
resin composite restorations were evaluated. The 
results reported ‘moderate wear’ on 7 % of resto-
rations with little difference between each 
method. Surface chipping and cracking was 
noted on 3 % of the coated-GIC and 2 % of resin 
composite restorations. With respect to wear, the 
GIC showed consistent wear more than the adja-
cent enamel over the 3 years. The coated-GIC 
showed slightly less wear but more than the resin 

composite which showed the least wear. In con-
clusion, the authors believed the coated-GIC was 
showing a trend of less wear than the uncoated- 
GIC. Their guarded conclusion was that the 
‘G-Coat Plus gave some protection against wear’ 
(Diem et al.  2014 ). It is clear that more evidence 
is needed to determine whether this coating in 
association with the high powder/liquid GIC can 
be used in other than small occlusal restorations. 
If this is the case, careful monitoring for wear 
should be undertaken.  

2.4.3     ART Restorations and Their 
Performance 

 As the ART method has developed and been stud-
ied, there are now an increasing number of stud-
ies evaluating the success of this commonly used 
public health method. Initially developed for car-
ies management in countries where dental facili-
ties may be limited, the technique is now seeing 
greater usage in many different clinical settings 
(Frencken  2010 ). One of the earlier studies over 
12 months compared the ART method with con-
ventional caries removal as well as amalgam res-
torations (Yip et al.  2002 ). This study evaluated 
149 restorations in total, i.e. 60 restorations were 
placed for each of the GIC groups using either 
ART or conventional methods, and a further 29 
restorations for dental amalgam. The GIC was 
also extended into any pits and fi ssures (as a seal-
ant) not included in the small cavity preparations. 
This short study showed no failures in either the 
amalgam or GIC; the only issue noted was when 
GIC was extended into fi ssures, it was rapidly 
lost. They also noted some wear of the GIC with 
an increase in marginal discrepancies being noted 
in comparison with the amalgam. It was con-
cluded that the high-viscosity GIC may be suit-
able for clinical use in small occlusal restorations 
(Yip et al.  2002 ). 

 Another recent study compared conventional 
rotary caries removal methods and restoration 
with resin composite to ART preparation using 
GIC. This study was also of 12 months’ duration, 
but the treatment was provided to patients with 
disabilities (Molina et al.  2014 ). A total of 298 
carious lesions were restored in primary and 
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 permanent teeth, of which 182 used ART and the 
remaining 116 were conventional cavity prepara-
tions. The survival rates of the ART restorations 
in primary and permanent teeth were both 98 %. 
Interestingly, the ART restorations showed a bet-
ter survival rate at 12 months compared with the 
conventional method using resin composite. The 
authors noted that longer-term data are now 
needed to further support the evidence base for 
the use of ART and GICs in the treatment of 
special- needs patients (Molina et al.  2014 ). This 
does, however, demonstrate where this technique 
has now extended beyond its original intention 
and seems to be proving a successful technique 
and philosophy. 

 Other studies have evaluated the success of 
using ART for restoration of not only occlusal 
but also posterior approximal restorations. A 
small study of only 6 months’ duration placed 
60 ART restorations in children (Cefaly et al. 
 2005 ). There were 36 occlusal and 24 posterior 
approximal restorations. Over this short period of 
time, all occlusal restorations survived; however, 
the posterior approximal restorations showed a 
100 % success rate for the RM-GIC, Fuji VIII 
(GC Corp), but only 92 % for the highly viscous 
GIC, Ketac Molar (3M-ESPE) (combined 96 %). 
This study was of a very short duration, but it 
does point to the potential problem and weakness 
of these GICs that when subjected to loading in a 
larger restoration not wholly supported by tooth 
structure, it does seem to lead to a higher failure 
rate. Hence, case selection is an important aspect 
to ensure restoration survival. Following on from 
this, a much larger and longer trial has reported 
the 3- and 6-year survival of ART restorations 
in small and large 1- and 2-surface restorations, 
although most restorations were placed in occlu-
sal cavities (Holmgren et al.  2000 ; Lo et al.  2007 ). 
The study, as with most clinical evaluations, was 
not able to review all the restorations placed. At 
3 years, 92 % of the small occlusal, 76 % of the 
large occlusal and 57 % of the approximal res-
torations were deemed satisfactory (Holmgren 
et al.  2000 ). By the end of 6 years, the survival 
outcomes were 76 % for the small occlusal and 
59 % for the large restorations (Lo et al.  2007 ). 
This shows that the ART method for small res-
torations can provide a good  outcome. However, 

when the restoration becomes larger, the evi-
dence for GIC would seem to indicate that it is 
still not suitable for larger load- bearing situations 
(Lo et al.  2007 ). 

 Another study evaluated anterior approximal 
restorations using ART over 4 years with an 
RM-GIC in 117 restorations placed in 67 patients 
(Jordan et al.  2011 ). By the end of the study, only 
76 of the original 117 restorations could be evalu-
ated. At the 4-year recall, 13 restorations were 
lost with 10 restorations in 5 patients exhibiting 
secondary caries. In percentage terms, 28 % of 
the reviewed restorations did not need any inter-
vention, 17 % needed minor intervention such as 
repair and 20 % were in need of replacement, 
with 35 % lost to follow-up (Jordan et al.  2011 ). 
The annual failure rate was determined at 4.9 %. 
For all the evaluation criteria of the restorations 
such as surface quality, marginal integrity and 
discolouration, all restorations showed deteriora-
tion over the life of the study. 

 A number of studies have been centred on 
using ART for paediatric patients and the treat-
ment of primary teeth. The study by Hilgert et al. 
( 2014 ) compared ART using a high-viscosity 
GIC with conventional treatment using dental 
amalgam. This study was quite large in that the 
initial numbers of restorations were 386 ART res-
torations (116 single surface, 270 multiple sur-
face) compared with 364 amalgam (conventional) 
restorations (105 single surface, 259 multiple 
surface). The results showed that there was no 
signifi cant difference between the ART or con-
ventional methods of restoration. The 3-year sur-
vival rates were, however, better for the multiple 
surface amalgam (64.7 %) compared with the 
ART restorations (56.4 %). Furthermore, 20 % of 
the ART failures were due to marginal defects. 
From the aspect of overall cumulative survival, 
there was no signifi cant difference between the 
two methods. However, the single-surface resto-
rations lasted longer than the multiple surface 
restorations (Hilgert et al.  2014 ). 

 A further recent study on primary molars 
compared two techniques for approximal ART 
restorations over 18 months (Bonifácio et al. 
 2013 ). The methods here were the use of a single 
layer of the recommended P:L ratio compared 
with a 2-layer method which involved placing a 
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1:2 P:L ratio ‘fl owable’ layer directly on the tooth 
surface which was then overlaid with the recom-
mended P:L ratio material. Altogether, 208 cavi-
ties were restored. The cumulative survival of all 
restorations was calculated to be 68 % at 18 
months (Bonifácio et al.  2013 ). There was no dif-
ference between the two groups. The authors 
concluded that the modifi cation of the technique 
did not improve survival and further work was 
needed to enhance the long-term outcomes using 
ART for restoring primary teeth. 

 With the introduction of the nanofi lled 
RM-GIC, two studies have reported the use of 
this material. The fi rst used the ART method and 
compared the nanofi lled material with a conven-
tional high-viscosity GIC in primary molars 
(Konde et al.  2012 ). One hundred restorations in 
50 patients were inserted and evaluated over 12 
months. At 6 months, three patients were 
excluded due to secondary caries detected around 
the restorations. It was noted that slightly more 
patients had secondary caries in the conventional 
GIC group, but the numbers were quite small so 
these results should be viewed with some cau-
tion. It did show, however, that the new nanofi lled 
material was performing as well as, if not slightly 
better than, the conventional GIC. Another study 
comparing the nanofi lled material used conven-
tional methods for cavity preparation and restora-
tion. The nanofi lled RM-GIC was compared with 
another RM-GIC for restoring single surfaces. 
Thirty restorations of each were placed and eval-
uated over 2 years (Abo-Hamar et al.  2015 ). In 
this study, the two materials performed in a simi-
lar manner. From the aspect of recurrent caries, 
the traditional RM-GIC performed marginally 
better at 2 years. Most other parameters showed 
little difference between the two materials. It was 
concluded that the nanofi lled material was no 
better than the conventional RM-GIC (Abo- 
Hamar et al.  2015 ).  

2.4.4     Sealants 

 The other clinical aspect of GIC use is as fi ssure 
sealants or fi ssure protection. More recently, GIC 
has been promoted as an excellent material for 
use as an ‘ART sealant’. Frencken ( 2014 ) recently 

published a ‘start-of-the-art’ piece on ART seal-
ants. He outlined that meta-analyses had shown 
that there was no clear evidence suggesting either 
glass-ionomer or resin-based sealants were better 
than the other. The potential advantage of the 
ART sealant is that no specialised dental facilities 
are needed and the rate of dentine carious lesion 
development using this technique was approxi-
mately 1 % in the fi rst 3 years (Frencken  2014 ). 

 A 3-year clinical evaluation of 400 GIC seal-
ants compared a conventional and resin-modifi ed 
GIC placed in fi rst permanent molars (Pereira 
et al.  2003 ). The retention rates of the sealants 
were low by the end of the 3 years, but the caries 
incidence was much lower than the control teeth. 
The RM-GIC seemed to perform slightly better 
than the conventional material in terms of 
retention. 

 A small study compared the retention of GIC 
and resin sealants in teeth with and without prep-
aration over 24 months (Dhar and Chen  2012 ). 
Twenty-fi ve teeth were sealed with each of the 
techniques, i.e. resin or GIC, with or without 
preparation. For the glass-ionomer, 100 % seal-
ant loss occurred in the no-treatment group com-
pared with 60 % in the prepared teeth. In the 
resin-sealed group, 80 % of sealants were lost by 
24 months compared with 32 % for the prepared 
group. With respect to caries incidence, the GIC 
group showed 4 % (prepared) and 8 % (unpre-
pared) caries occurrence compared with 16 % 
(prepared) and 12 % (unprepared) for the resin 
group (Dhar and Chen  2012 ). This outcome 
shows that even though the GIC may be lost com-
pletely, there seems to be remaining benefi t with 
respect to the prevention of caries. This study 
also showed that tooth preparation was not a wise 
choice as it increased the caries susceptibility. 

 With respect to caries risk, a 2-year study 
investigated the effect of a high fl uoride-releasing 
conventional GIC as a sealant, comparing it with 
a resin-based sealant. One hundred and fi fty teeth 
were sealed in 57 children (Chen and Liu  2013 ). 
The retention rate of the GIC at 2 years was 31 % 
for the low caries-risk group and 44.5 % for the 
high-risk group, compared with the resin sealant 
which was 77 % for the low-risk group and 63 % 
for the high-risk group. With regard to caries 
rates, no difference was noted between the two 
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risk groups for either material (Chen and Liu 
 2013 ). Even though no difference was noted, it is 
perhaps interesting to note that even though the 
failure rate of the GIC was higher, this did not 
lead to a greater caries experience. A larger and 
longer study may provide more robust evidence. 

 Another 2-year study comparing a high 
fl uoride- releasing GIC with an ormocer compos-
ite sealant in 200 teeth has been reported (Guler 
and Yilmaz  2013 ). Again, the retention rates for 
the resin-based sealant were much higher than 
the GIC. However, the caries experience for the 
GIC (16 %) was half that of the resin-based mate-
rial (32 %). The outcomes of this study are con-
tradictory to the previous study. This study 
concluded that ‘the GIC may be better for pre-
venting occlusal caries’ (Guler and Yilmaz  2013 ). 

 A recent paper investigated the effect of a 
fl uoride- releasing resin sealant and ART GIC 
sealant over 2 years in 280 children (383 molars) 
(Liu et al  2014 ). The results showed that the pro-
portion of molars with dentine caries was 7.3 % 
for the ART sealant and 3.9 % for the resin-based 
sealant. Life table survival analysis at 2 years 
showed that the retention of the resin sealant was 
statistically higher at 73 % compared with the 
ART sealant at 50 %. From the aspect of caries 
not developing, there was no difference between 
the materials at 93 % (ART) and 96 % (resin). 
Liu et al. ( 2014 ) concluded that the effectiveness 
of both materials was no different and hence the 
ART sealant was a ‘good alternative’ where den-
tal facilities are not available or limited. Hence 
again, even though retention is poorer for the 
GIC, there seems to be a growing pool of evi-
dence that teeth treated with GIC sealants seem 
to have some preventive effect occurring even 
though the fi ssure system is exposed to the oral 
cavity.   

    Conclusions 

 GICs have now become a routine part of clini-
cal practice for restorations, luting cements 
and lining materials. The strength and wear 
resistance of the recent materials has mark-
edly improved over the last 10 or so years. The 
fi rst major improvement was the incorporation 
of resins into the GIC; however, these materi-
als were still not strong enough to withstand 

occlusal loading. The recent innovation of 
coating materials with a resin-based agent 
seems to have provided a major advance for 
use of higher powder/liquid ratio materials in 
the restoration of small load-bearing 
restorations. 

 The methods of delivery have also under-
gone major changes. Capsule systems have 
much improved allowing reliable mixing and 
dispensing directly into cavities in almost any 
location in the oral cavity. These systems have 
also reduced the porosity of the set cement, 
which has often been a problem with the older 
GICs. We are likely to see further modifi ca-
tions in delivery systems as manufacturers 
make further advances in both conventional 
GIC and RM-GICs. 

 GICs, particularly the resin-modifi ed ver-
sion, have been shown to be an excellent long-
lasting restorative material for restoration of 
cervical lesions. In addition, because GICs are 
moisture tolerant and bond well to tooth struc-
ture, they remain an excellent material for 
restoring deep cavities where the dentine may 
be moist or adjacent to gingival tissues where 
moisture control is more diffi cult to achieve. 
The recent developments in conventional 
GICs with the resin coating agents are begin-
ning to show that the GICs may become a 
good alternative for small, conservative occlu-
sal restorations. However, the strength of 
GICs still limits their use for load- bearing res-
torations. Hence, they are still not recom-
mended for larger restorations that are exposed 
to direct loading during function. 

 The release of ions such as fl uoride and 
also the ability to probably slow down biofi lm 
formation make the GICs useful materials for 
a variety of patient groups such as high caries-
risk and special-needs patients. Further 
advances will also most likely improve treat-
ment outcomes for these groups in the future 
years. 

 It is likely that as GICs are further devel-
oped, the potential exists for them to become a 
truly universal, tooth-coloured restorative 
material able to control caries initiation, heal 
early lesions and perhaps repair already dam-
aged tooth structure from caries.     
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