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Over the past few decades, glass ionomer cement (GIC) has played a pivotal role in dental restoration.
GIC has many advantages over other restorative materials including biocompatibility, dental adhesion,
aesthetic features, and anticariogenic activity. In addition, GIC can favour remineralisation and reduce
the
conventional GIC including reduced compression and diametrical tensile strength, reduced surface
characteristics, brittleness and sensitivity towards moisture when placed first in the mouth retarded the
wide applications of GIC in clinical dentistry. Active research is still ongoing to overcome the limitations
of conventional GIC. The current review focuses on different modifications of polyalkenoic acid and its

resistance of enamel and dentine towards demineralisation. However, many limitations of
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1. Introduction

Glass ionomer cement (GIC) is a dental restorative material
formed by an acid-base setting reaction of ion leachable glass
(e.g., calcium fluoroalumino silicate) and a weak polyalkenoic
acid (polyacid)." The ability of ionized polyacid to form cross-
linked salts with di- and trivalent metal ions liberated from the
glass powder results in the formation of a hard setting gel or a
matrix of the cement. Here the unreacted glass powder after the
setting reaction acts as the filler to reinforce the set cement.
Polyalkenoate cement is widely accepted among dentists for
multifactorial applications that include core build-up, class III
and V carious lesions, cavity linings, replacing carious dentin,
root surface sealing during root canal treatment, and sealants
for fissures and pits in the tooth.>” Importantly, no coupling
agents or etching techniques are needed for the strong adhe-
sion of GIC to dentin and enamel. GIC shows thermal compat-
ibility with natural teeth, anticariogenic effects and increased
biocompatibility compared to other dental restorations. In
addition, GIC can favour remineralisation and reduce the
resistance of enamel and dentine towards demineralisation.
At the same time, many limitations of conventional GIC includ-
ing reduced compression and diametrical tensile strength,
reduced surface characteristics, brittleness and sensitivity
towards moisture when placed first in the mouth retarded the
wide applications of GIC in clinical dentistry. Advantages and
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effects on improving the physicochemical properties of GIC.

disadvantages of conventional glass ionomer cement are
depicted in Table 1.

Many studies showed that all the carboxyl groups of poly-
alkenoic acid do not participate in the cement formation.*™®
Inter/intramolecular hydrogen bonding in polyalkenoic acid
leads to the formation of a rigid matrix which causes steric
hindrance and limits the formation of salt bridges. Reduced
salt bridge formation along with other restrictions reduce
the mechanical properties of conventional GIC. Much
effort for improving conventional GIC has been reported since
its invention by Wilson and Kent in 1968. For example, resin-
modified GIC (RMGIC),"*"* metal-modified GIC (MMGIC),"?
fiber-reinforced GIC (FRGIC),'* giomers,"> hainomers,'®
amalgomers,"” zirconium-modified GIC,'® nanofiber-reinforced
GIC," etc.

Metal-modified GIC is introduced as an attempt to improve
the physicochemical characteristics of the conventional GIC.
Due to high-density, MMGIC has significant mechanical
strength, fracture resistance, and abrasion resistance. However,
MMGIC shows less adhesion to the dental tissues.>>" RMGIC
is another key development in the area of dental restoration.
RMGIC contains organic monomers, typically 2-hydroxyethyl
methacrylate (HEMA) and an associated initiator along with a
basic ion-leachable glass powder and water-soluble polyalke-
noic acid. RMGIC undergoes two types of setting reactions, an
acid-base reaction and a light or chemically activated polymer-
ization reaction. RMGIC is widely accepted by dentists as it has
the upper hand regarding several properties such as working
time, setting time, reduced water sensitivity, early strength, and
no need for etching compared to the conventional GIC. How-
ever, RMGIC has shown an increase in polymeric shrinkage,
microleakage, low wear resistance and unstable colour.??™*
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Table 1 Advantages and disadvantages of conventional glass ionomer cement

Advantages

Disadvantages

Excellent biocompatibility, low toxicity, and marginal
adaptation

Sensitive to moisture and can be affected by acidic environments

Strong adhesion to dentin and enamel, no need for a bonding Adhesion may be weakened by saliva contamination

agent

GIC can favour remineralisation and reduce the resistance of Bonding may be affected by moisture and erroneous mixing

enamel and dentine towards demineralisation

Releases fluoride ions, which help to remineralize tooth
enamel and prevent decay (caries preventive action)
Almost similar thermal diffusivity to dentin which provides
thermal insulation to the pulp

Tooth-coloured material, offering good aesthetic results

Fluoride release may be reduced by acidic environments
Translucency may not be the same as the natural tooth structure

Poor mechanical properties, e.g. low compressive strength, low abrasion resis-

tance, and fracture resistance, restricted use to only in low stress-bearing areas

Easy to mix and manipulate, can last for several years with
appropriate care

Giomers show higher optical properties than RMGIC.”®> Gio-
mers contain pre-reacted glass-ionomer fillers in the resin
matrix. The incorporation of hydroxyapatite into glass powder
may lead to the development of a hainomer. The presence of
natural apatite in the dental hard tissues and skeletal system
may influence the addition of hydroxyapatite to the glass
ionomer as well as the bone cement. Nano hydroxyapatite
incorporated GIC shows a significant improvement in mechan-
ical strength and remineralization of the dental enamel.*
Zirconomers provide high strength and durability without any
toxicity, and are also called white amalgam as they show
mechanical properties similar to those of amalgam. Here
zirconium pillars are incorporated into the glass ionomer
cement to achieve superior mechanical properties.?” Zircono-
mers can be used for core build-up, sandwich restoration,
fractured amalgam restoration, atraumatic restorative techni-
ques, etc.”® Many studies that include nanoparticles in
GIC show a significant improvement in the physicochemical
properties compared to conventional GIC. Both polyalkenoic
acid and glass powder can be altered using cellulose nanofi-
bers, titanium oxide nanoparticles, nano clays and nano-
ceramics.**®° However, conventional GIC is not obsolete from
clinical dentistry yet. There is a progressive growth in the
number of manuscripts published on glass ionomer cement
and its modifications every year. A graphical representation of
the number of publications for the last 20 years is shown in
Fig. 1. The current review focuses on different modifications of
polyalkenoic acid to improve the physicochemical, antimicro-
bial, aesthetic and handling characteristics of GIC. This review
also touches upon computational studies of GIC reported
so far.

1.1. History of GIC

In 1908 Black et al. demonstrated the use of amalgam and gold
in dental restoration mainly for cavity filling. But less adhesion
of gold and amalgam to the dental tissues affected their
manipulation and efficiency.?® Wilson and co-workers resolved
the issue using glass ionomer cement. Several modifications of
GIC were introduced thereafter.’® Adding additives such as
tartaric acid to polyalkenoic acid led to improved rheological
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Fig. 1 Number of publications reporting on glass ionomer cement in the
last 20 years found using the platform of google scholar. Different key-

words were used for collecting manuscripts (e.g. glass ionomer cement,
GIC and polyalkenoic acid).

properties and accelerated the setting speed of aluminosilicate
polyacrylate (ASPA II).*' Crisp and Wilson tried the combi-
nation of methyl alcohol and polyacrylic acid in the liquid
composition (ASPA I11).** The extended setting time due to the
esterification of carboxylic acid in polyacrylic acid was the
major advantage of ASPA III. However, discoloration happened
during the clinical trial and the system was abandoned.?® Later
copolymers of acrylic acid and itaconic acid with 5-15% tartaric
acid were identified as an improved liquid composition as they
reduced stereoregularity of a polymer and prevented the gela-
tion (ASPA IV). ASPA IV was the first marketed product.®*
During 1970 silver reinforced GIC or miracle mix was marketed
by GC America and 3M ESPE. The dental product division of 3M
company launched the first resin modified GIC named Vitre
bond™ in 1990.% In the early 1990s light cured resin modified
GIC was introduced into the market. The next year a tricure
system named Vitremer™ was developed by 3M ESPE.*® The
nano ionomer technology based RMGIC was introduced in the
market in 2007 (Ketac™). The evolution of GIC in the market
still continues in the form of modifications and new

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram representing the history and advances of glass ionomer cement.

formulations to improve the strength and toughness of GIC.
Significant innovations have been made in dental restoration
materials, each of them represented as patented technologies.
Novel polymer modified glasses for the GIC were developed
by Alireza et al. using click chemistry and reverse addition
fragmentation transfer polymerisation (RAFT) method.’” In
2013 Marcel Marchiori Farret et al. were granted a patent for
antimicrobial orthodontic glass ionomer cement, which is
designed to prevent microbial growth during different ortho-
dontic procedures.*® The silver nanoparticle incorporated GIC
developed in 2018 can enhance the antimicrobial properties of
the GIC developed by Meledandri and Carla Joy.*® Early tooth
decay can be prevented by bioactive glass facilitating reminer-
alization invented in 2020.*° Amino acid integrated RMGIC was
invented in 2023, in which r-arginine was incorporated into the
RMGIC to inhibit microbial growth.*" These innovations high-
light the active research on sustained oral health and effective
patient-centric treatments. A schematic diagram showing the
history and advancement of glass ionomer cement in the last
few decades is presented in Fig. 2.

1.2. Mechanism of cement formation in GIC

Polyalkenoic acid (PAA) plays a significant role in the formation
of GIC. The cement-forming reaction consists of several stages
that include (a) attack of protons of PAA by the glass powder,
(b) release and migration of the liberated ions from the glass
to the aqueous phase, (c) unwinding, or relaxation of the
“twisted” polymer chains due to neutralization or ionisation
of polyalkenoic acid, (d) ion binding between the charged
polyalkenoic acid chains and glass powder, (e) gelation and

© 2024 The Author(s). Published by the Royal Society of Chemistry

(f) continuous ion binding that leads to the hardening of the
cement.*? Different mechanisms of GIC formation are shown in
Fig. 3.

2. Polyalkenoic acid

Polymers rich in carboxylate ions that are used as liquid
components of GIC are called polyalkenoic acids or polyacids.
Polyalkenoic acids are either homopolymers of acrylic acid or
copolymers of acrylic acid with unsaturated di- or tri-carboxylic
acid (e.g. maleic acid, itaconic acid, and 2-butene-1,2,3-
tricarboxylic acid) at different molar ratios.** Chemical struc-
tures of these acids are shown in Fig. 4. Polyalkenoic acid
played an important role in providing the strength and adhe-
sion of GIC to the tooth structure. A homopolymer of acrylic
acid (i.e., polyacrylic acid) with molecular weight >30 kDa
results in gelation at high concentration.** It also showed that
inter/intramolecular hydrogen bonding at high concentration
of polyacrylic acid leads to a very rigid matrix, which causes
steric hindrance and limits the formation of salt bridges in
GIC subsequently reducing its mechanical properties. Copoly-
merization of acrylic acid resolves this issue to a large extent
as irregularly arranged copolymers of acrylic acid reduce
inter/intramolecular hydrogen bonding within the polymer
matrix.***® Atai et al.’ prepared poly(acrylic acid-co-itaconic
acid) via a precipitation photopolymerization technique and
studied the effect of its molecular weight and copolymer
composition on the mechanical properties of GIC. The result
showed that increasing the amount of itaconic acid improved
the mechanical properties of GIC by providing more free spaces

Mater. Adv,, 2024, 5, 2719-2735 | 2721
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Fig. 3 Different mechanisms for the formation of glass ionomer cement.

and carboxylic groups for reaction with calcium fluoroalumino
silicate glass powder (A). In another study, Dandan zhou et al.*®
demonstrated the effect of 4-pentenoic acid (PA) in the copoly-
mer of acrylic acid and itaconic acid (AA-co-IA) in improving the
mechanical properties of GIC. The result showed that 5 wt% PA
in the polyalkenoic acid composition improved the flexural
strength and compressive strength of GIC and the results were
better than those of the commercial control (Fuji IX) and the
experimental control (AA-co-1A).

2722 | Mater. Adv., 2024, 5, 2719-2735

View Article Online

Materials Advances

a) Attack of protons of PAA by the

glass powder

b) Unwinding, or relaxation of the “twisted”

polymer chains due to neutralization

+
~
«

*Ode+
C

9
Tooth structure

> (e) Dental adhesion

2.1. Polymerisation techniques used for the synthesis of
polyalkenoic acid

Different polymerisation techniques were used for the synth-
esis of polyalkenoic acid including conventional free radical
polymerization (e.g. photopolymerisation and thermal poly-
merisation), living radical polymerization e.g. reversible addi-
tion-fragmentation transfer polymerization (RAFT) and atom
transfer radical polymerisation (ATRP).**">" Microwave-assisted
polymerization is also effective for the synthesis of polyalkenoic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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acid.”>> Compared to conventional free radical poly-

merisation, living radical polymerization techniques help to
achieve proper control over the molecular weight and the
molecular weight distribution of the polymer.>* Here polymer
radicals do not terminate vig an inherent termination reaction
and polymerization continued anytime by the addition of
monomers. The ability to control the polymerization reaction
can result in in the synthesis of polymers having desired
characteristics that are specific to particular applications,
which are crucial for various applications in dentistry.

The molecular weight and molecular weight distribution of
polyalkenoic acid play a major role in the properties of glass
ionomer cement. The molecular weight of polyalkenoic acid
influences a wide range of clinically relevant parameters,
including setting time, working time, solubility, acid erosion,
compressive strength, flexural strength, toughness, fracture
toughness, and abrasive wear rate of GIC.** For example,
increasing the molecular weight of polyalkenoic acid increases
solution viscosity that reduces the working time of GIC. How-
ever, varying the molecular weight of polyalkenoic acid in GIC
has no effect on the chemistry of the setting process as the
setting reaction takes place with individual acid groups on the
polymer chain. A positive correlation between the molecular
weight of polyalkenoic acid and the mechanical properties of
GIC was reported in many studies. However, the molecular
weight has no significant influence on Young’s modulus or on
hardness at higher molecular weights (> 10°). At low molecular
weights, free volume considerations become important, and

© 2024 The Author(s). Published by the Royal Society of Chemistry

the molecular weight of the polymer influences the hardness
and modulus via a reduction in the glass transition tempera-
ture. Wilson et al. demonstrated the effect of molecular weight
of polyalkenoic acid on different characteristics of GIC using
commercially available polyalkenoate acids of molecular weight
ranging from 11.5 kDa to 1080 kDa.*® The study demonstrated
that high molecular weight polyalkenoic acid increases the
mechanical properties of GIC.*> Fleming et al. demonstrated
the influence of the number average molecular weight of
polyalkenoic acid on the compressive fracture strength (o)
and modulus (E) of GIC using polyacrylic acid with molecular
weights ranging from 5000 to 200 000. The result showed that
as the number average molecular weight increased, ¢ the E
value of GIC also increased and peaked at 40 000-80 000 Da.
Both ¢ and E values decreased as the number average molecular
weight increased further to 200 000 Da.>

2.1.1. Conventional free radical polymerisation for the
synthesis of polyalkenoic acid. Free radical polymerization is
one of the simple and most useful chemistries widely used in
the production of dental biomaterials.*® In free radical poly-
merization, successive addition of free radicals (initiator free
radicals/monomer free radicals/oligomer free radicals/prepoly-
mer free radicals) takes place forming polymer chains. During
the beginning stage of GIC, gelation of polyacrylic acid at
higher concentration was a major challenge. Different techni-
ques were used to resolve the gelation issue of polyacrylic acid
that include copolymerisation of acrylic acid. A free radical
solution polymerisation technique is a simple and widely used

Mater. Adv,, 2024, 5, 2719-2735 | 2723
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technique for the copolymerisation of acrylic acid using differ-
ent monomers such as itaconic acid,*® maleic acid,*® vinyl
pyrrolidine®” etc. Initially, Crips et al. developed a composition
of poly(acrylic acid-co-itaconic acid) and reported improved GIC
characteristics.?” In the study, poly(actylic acid-co-itaconic acid)
was synthesised via a free radical solution polymerisation
technique using propan-2-ol as the chain transfer agent. Cul-
bertson et al. demonstrated the effect of N-vinyl pyrrolidone on
the composition of polyalkenoic acid and showed that low
levels of N-vinylpyrrolidone in polyalkenoic acid elevate the
mechanical strength of GIC via reducing inter/intra molecular
interactions between polyalkenoic acid chains.”” Dong et al.
synthesised polyalkenoic acid via free radical polymerisation
using a multiarm chain transfer agent.’® The study demon-
strated that low viscous multi-arm polyalkenoic acid at high
molecular weight leads to enhanced mechanical properties of
GIC. As reported in many studies, molecular weight of polyalk-
enoic acid plays a very crucial role in the mechanical properties
of GIC.****° However, it is difficult to control the molecular
weight of polyalkenoic acid via conventional free radical poly-
merisation techniques.®®'

2.1.2. Living radical polymerisation (LRP) for the synthesis
of polyalkenoic acid. Living radical polymerization (controlled
polymerization) techniques were introduced for the synthesis
of polyalkenoic acid with controlled molecular weight and
molecular weight distribution.®>** Examples of LRP include
atom transfer radical polymerisation (ATRP) and reverse addi-
tion fragmentation transfer polymerisation (RAFT). ATRP
allows facile synthesis of styrenic and (meth)acrylate homopo-
lymers and copolymers with predetermined degrees of poly-
merisation and narrow polydispersity. Dong Xie et al. developed
4 arm star shaped poly(acrylic acid) via the ATRP technique.’®
The GIC formulated with the multi-arm polyacrylic acids
showed significantly lower viscosities in water as compared to
those formulated with their linear counterparts. Due to the
lower viscosities, the molecular weight of the polymer can be
significantly increased for achieving enhanced mechanical
strength while maintaining the ease of mixing and handling.
The results showed significantly improved compressive
strength for GIC prepared using optimised multi-arm poly-
acrylic acid as compared to Fuji II after aging in water for 3
months. Xie et al.*>' formulated resin-modified GIC using photo
curable methacrylate tethered hyperbranched polyacrylic acid
(HBPA). Here HBPA was synthesised via the ATRP technique
using 2-(2-bromopropionyloxyl)ethyl acrylate as the initiator.
The study demonstrated improved mechanical properties for
the GIC formulated using hyperbranched polyacrylic acid com-
pared to that of Fuji II LC as the control. The result showed that
the compressive strength and diametrical tensile strength of
experimental GIC were 53% and 125% higher than those of Fuji
II LC. In another study Xie et al. demonstrated the effect of
glycidyl methacrylate tethered 4-arm star-shape poly(acrylic
acid) through ATRP for light-cured glass-ionomer cement
(LCGIC).*® The LCGIC system showed 13% and 86% higher
compressive strength, and diametrical tensile strength com-
pared to Fuji II LC. RAFT polymerization is one of the most
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powerful techniques for preparing complex polymer architec-
tures with low molecular weight distribution, predictable mole-
cular weights, and high chain end-groups.®® One of the many
benefits of RAFT polymerization is that it can be conducted in
an aqueous solvent. The use of aqueous solvents allows fast
polymerization kinetics as well as comes under the umbrella of
green chemistry. However, an aqueous solvent can cause
potential harm to the polymer, such as hydrolysis and amino-
lysis. Hence careful consideration of polymerization conditions
is required for optimum control of the polymerization process.
The application of RAFT agents thiocarbonylthio compounds
for mediating radical polymerizations has occupied the fore-
front of precision polymer development across both industry
and academia.®® Alireza et al combined the RAFT poly-
merisation technique and click chemistry for the preparation of
RMGIC.®” The study demonstrated that poly(acrylic acid-co-
itaconic acid) containing alkyne groups was synthesised via
the RAFT polymerisation technique and coupled with an azide
terminated silane group modified glass powder via click chem-
istry. The results of working and setting times demonstrated
that the combination of RAFT and click chemistry for the
preparation GIC can be used successfully. However, the study
did not show favourable mechanical properties in comparison
to the control group. The RAFT-mediated self-condensing vinyl
polymerization technique is a promising tool that gives hyper
branched polymers with precise control over the branching
structure of the polymers. Besides, it is easy to incorporate
additional functionalities at the branch points and the chain
ends. Furthermore, this technique allows for the additional
decoration via post-polymerization modifications, and the
tuneable branching frequency will be adjusted to yield desired
polymers.®® Wetzel et al. investigated the impact of polyacrylic
acid characteristics such as linear and branched polymers on
the setting and mechanical properties of glass ionomer cement.
The study showed that branched polyacrylic acid with higher
molecular weight resulted in fast setting properties and
increased compressive strength, similar to the behaviour of
linear polyacrylic acid.®®

2.2,
acid

Green chemistry route for the synthesis of polyalkenoic

In addition to the development of GIC, polyalkenoic acid has
become an integral part of various industries associated with
dentistry due to their biocompatibility and adhesive properties.
The current focus on sustainability has encouraged the scien-
tific community to explore more green pathways for the synth-
esis of polymers or other biomaterials of interest, which can
reduce the environmental hazards without affecting the quality
or inherent properties of the system. Not much work has been
reported specifically on green chemistry routes for the synth-
esis of polyalkenoic acid. However, conventional polyalkenoic
acid synthesis involved water based reactions and in most cases
high reaction efficacy is ensured within 4 to 6 h. The purifica-
tion step is also very simple as it involved rotary evaporation of
the reaction mixture followed by freeze drying. Green chemistry
route is followed in the synthesis of polyalkenoic acid since its

© 2024 The Author(s). Published by the Royal Society of Chemistry
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invention. Recent studies showed that researchers around
the globe have claimed green synthesis routes for GIC
using different additives such as carbohydrates,”®”* organic
acids’>”* and other plant-based””””” materials to enhance its
properties. For example, Dola Sundeep et al. investigated the
effect of silver nanoparticles synthesized from the Mangifera
indica leaves and studied the antimicrobial effect against
Escherichia coli and Staphylococcus aureus at different concen-
trations in GIC.”® According to their study, this greener
approach to synthesize silver nanoparticles containing GIC
showed effective antimicrobial activities. David Aguilar-Perez
et al.”® studied the effect of green synthesized copper nano-
particles in GIC on potential microbials such as Streptococcus
mutants and Streptococcus sanguine and human dental pulp
fibroblasts (HDPFs).

2.3. Effects of the concentration of polyalkenoic acid on GIC

The concentration of polyalkenoic acid has a major role in
determining the strength of GIC. The theory of reptation model
considers individual polymer chains and states. Each polymer
chain is forced to wriggle in an anisotropic curvilinear motion,
called “reptation” at high concentration of the polymer
solution that leads to dense chain entanglements. Crips et al.
studied the effect of working time and mechanical strength of
GIC with respect to the concentration of polyalkenoic acid.*?
The study showed that increased polyalkenoic acid concen-
tration accelerates the cement forming reaction rate. It was also
reported that an increase in the concentration of polyalkenoic
acid increases its viscosity thereby restricting the appropriate
mixing of glass powder and polyalkenoic acid solution. Viscos-
ity increase will adversely affect the cement forming reaction.
Most of the commercial GIC formulations use ~45-50 wt%
solutions of polyalkenoic acid. The viscosity of polyalkenoic
acid can be controlled by optimising the concentration of the
solution based on its molecular weight or by optimising the
molecular weight of the polymer based on the required concen-
tration. In both the cases, the effect of water during the
preparation of GIC should be considered. An optimum amount
of water is needed for the proper setting reaction and to attain
desired end properties. In general, the increased concentration
of polyalkenoic acid resulted in improved matrix formation
through the assimilation of metallic ions and formation of
salt bridges. It was also postulated that increased polymer
concentration leads to increased intra- and intermolecular

CO,H CO,H
H—R 1  on H—S1 — oH
OH—R 1 H OH—S—+—H
CO.H CO.H

(+)-Tartaric acid (-)-Tartaric acid

Fig. 5 Different stereoisomers of tartaric acid.
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interactions resulting in compressed macromolecular chains
and hence decreased formation of salt bridges.****

2.4. Effects of molecular interactions of polyalkenoic acid on
GIC

It was reported that inter/intramolecular interactions of poly-
alkenoic acid reduce the extent of formation of salt bridges in
GIC. Carboxylic acid groups are very closely attached in the base
composition of polyalkenoic acid in the conventional GIC e.g.
polyacrylic acid or poly(acrylic acid-co-itaconic acid/maleic
acid).®®* During the cement forming reaction, carboxyl groups
of polyalkenoic acids are converted to carboxylate ions to form
inter- or intramolecular AI’" tricarboxylate/Ca>" dicarboxylate
complexes. The negative charge on the polyalkenoic acid chain
drastically increased while most of the carboxylic acid groups
were ionised. It leads to strong bonding of hydrogen atoms in
the remaining un-ionised carboxyl groups and is not replaced
by multivalent metal ions. In effect, the inter or intra molecular
hydrogen bonding between polyalkenoic acid chains intro-
duces steric hindrance to metal ions to react at carboxyl groups.
This strong steric hindrance of metal ions to react with carboxyl
groups thereby reduces the Ca®>*/Al** di- and tri-carboxylate salt-
bridges being formed in the set cement and reduces its
mechanical properties.>**%>

2.5. Effects of additives in polyalkenoic acid in improving the
properties of GIC

The presence of different additives in polyalkenoic acid for-
mulations plays a major role in tailoring different properties of
GIC via interfering with different cement forming mechanisms.
Chelating agents extract metal ions from glass powder and
thereby suppress the ionization and unwinding of polyalkenoic
acid which prolongs the working time and ensures the build-up
of metal ions in polyalkenoic acid solutions for crosslinking.
Different studies showed that the acidic chelating agents have
multiple advantages. Commonly used chelating agents are
tartaric acid,®®®” oxalic acids,®® phosphoric acid and citric
acids.® Stereochemistry of tartaric acid plays a major role in
the chelation process. Different types of tartaric acids (e.g
(+)-tartaric acid, (—)-tartaric acid and (+)-tartaric acid) being
used as chelating agents in GIC. Among them (+)-tartaric acid is
most effective in manipulating the working time and setting
time of GIC. Chemical structures of different stereo isomers of
tartaric acid are shown in Fig. 5. Although there are many

CO,H CO,H

OH—S—{—H H—R 1 —oH

oH—R+ 4 H—S1 — OH
CO,H CO,H

meso-Tartaric acid
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complexing agents used to manipulate the setting reaction of
GIC, none has the unique combination effects exhibited by
(+)-tartaric acid. As (+)-tartaric acid is a stronger acid than
polyalkenoic acid, it enhances the decomposition of the glass
powder and subsequently chelates the metal ions released.
After a certain point in the reaction, (+)-tartaric acid can no
longer bind with more metal ions, which then become available
for the crosslinking of polyalkenoic acid. Hill et al. studied the
effects of various additives on the setting of the glass-ionomer
cement by means of cone and plate viscometry.”® It was
demonstrated that low concentrations of (+)-tartaric acid accel-
erated the development of viscosity of the cement paste, while
high concentrations retarded it. At intermediate concentra-
tions, (+)-tartaric acid had an interesting, uniquely favourable
effect on setting characteristics. Tartaric acid induces a lag
period in the setting process at the beginning, during which the
viscosity of the cement paste remains constant. This lag period
is followed by a sharp, almost exponential, increase in viscosity.
Thus, (+)-tartaric acid is found to have a dual effect on the
setting reaction, ie., first inhibits the gelation and then accel-
erates the setting time. The sharpening of setting curves also
helps the hardening of the cement which reflects in its
mechanical properties such as compressive strength and dia-
metrical tensile strength.

Nicolson et al. studied the role of tartaric acid in GIC using
Fourier transform infra-red (FT-IR) spectroscopy.”’ The study
supports the initial reaction of (+)-tartaric acid with the glass
powder. Prosser et al. used C'* nuclear magnetic resonance
(NMR) spectra to study the effect of tartaric acid on GIC.%> The
study demonstrated that metal cations can be complexed faster
with tartaric acid than polyalkenoic acid. These metal cations
may either come directly from the glass powder or may origi-
nate from metal tartrate. One of the important findings of the
study which is contradictory to previous reports/literature is
that pK; and pK, values for the meso-tartaric acid are greater
than those of (+)-tartaric acid and (—)-tartaric acid. Therefore,
meso-tartaric acid would be expected to enhance the setting
characteristics of GIC to some extent. In conclusion, chelating
agents in the cement matrix can facilitate the extraction of
metal ions from the glass powder and introduce a small delay
in the crosslinking of polyalkenoic acid chains with cations
present in the glass powder that subsequently helps in increas-
ing the working time and attaining a sharp setting time for the
conventional GIC. In another study Permana et al. demon-
strated the effects of dicarboxylic acids such as tartaric acid
and oxalic acid on the compressive strength of GIC.%® The study
reported an optimum compressive strength for GIC in the
presence of 10% (w/w) of both the dicarboxylic acids. However,
compared to oxalic acid containing GIC, significant enhance-
ment in compression strength was seen in tartaric acid added
GIC. Prentice et al. investigated the influence of oxalic acid on
different parameters of GIC such as the initial setting time,
working time, hardness and compressive strength.”® At a
concentration greater than 1% (w/w), oxalic acid showed a
significant effect on the working and initial setting time of
GIC. However, the study also showed that more than 7% (w/w)
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oxalic acid significantly reduced the hardness of the corresponding
GIC samples. Another study investigated the influence of different
concentrations of phosphoric acid on GIC (0-7% (w/w)). The study
demonstrated a significant improvement in mechanical properties
by the addition of 2% (w/w) phosphoric acid and after that there
was a reduction in its mechanical properties.”

2.6. Effects of chemical compositions of polyalkenoic acid in
improving the properties of GIC

The chemical composition of polyalkenoic acid plays a major
role in different properties of GIC. As shown in the GIC forming
mechanism, carboxylic acid groups in polyalkenoic acid facil-
itate cement forming reactions and dental adhesions. Higher
concentrations of free carboxyl groups in polyalkenoic acid lead
to improved mechanical and biological properties. However,
higher concentrations of carboxyl groups also led to gelation via
inter or intramolecular hydrogen bonding of polyalkenoic acid
chains, thereby interfering with cement forming reactions and
subsequently modulating different properties of GIC. This can
be avoided by adding a short spacer molecule in each polymer
chains. Towards this strategy different modifications of poly-
alkenoic acid chains were investigated. Kao et al. incorporated
N-acryl glutamic acid into poly(acrylic acid-co-itaconic acid).”®
The polymeric chain with a copolymer of acrylic acid, itaconic
acid and N-acryl glutamic acid resulted in a significant
improvement in mechanical properties such as compressive
strength, diametrical tensile strength, and surface hardness.
Amino acid modifications of polyalkenoic acid were reported
with improved mechanical properties of GIC. Xie et al. demon-
strated the use of methacrylate and acrylate modified photo-
curable amino acid derivatives of glutamic acid and beta-
alanine for the synthesis of polyalkenoic acid.”® Among differ-
ent derivatives of amino acid modified polyalkenoic acid inves-
tigated, poly(methacryloyl glutamic acid-co-acryloyl beta-
alanine) showed a higher mechanical strength. Wu et al. mod-
ified polyalkenoic acid with six different amino acids and
investigated their surface and mechanical properties.”” Amino
acid modified GIC showed higher mechanical properties than
commercially available control. Xie et al. developed a biocom-
patible monomer, methacryloyl-beta alanine, and used it as a
replacement for 2-hydroxyethyl methacrylate (HEMA) in
RMGIC.”® The study demonstrated an improvement in the
mechanical properties of methacryloyl-beta alanine modified
GIC compared to the control.

2.7. Biocompatibility

Biocompatibility of GIC has been studied extensively. Brodbeck
et al. demonstrated that polyalkenoic acid could prevent the
failure of implanted biomedical devices by limiting macrophage
fusion and monocyte adhesion in vivo using the rat cage implant
system.”® No studies reported the systemic toxicity of GIC. How-
ever, a freshly mixed GIC can be toxic. It may be attributed to the
high acidity of freshly prepared GIC (pH 1.6-3.7) vs. completely set
GIC (pH 5.4-7.3) and the release of metal ions such as aluminium
and fluoride and/or free polyalkenoic acid at the initial stage.
In vitro cytocompatibility of conventional GIC (CGIC) has been
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investigated by different research groups. It was shown that
cytotoxic behaviour of CGIC depends on its setting reactions.
Sultan Gulce Iz et al. studied the cytocompatibility of GIC with and
without chlorhexidine and those coated with varnish.'® The
results showed that among the tested GIC, Fuji IX covered with
varnish was the most biocompatible. The addition of chlorhex-
idine lowered the cell viability considerably. The study also
supports the use of varnish to prevent water loss and reduce the
cytotoxicity of GIC. The biocompatibility of commercially available
glass ionomer cement reinforced with cellulose microfibers or
cellulose nanocrystals in rats was investigated. Three test speci-
mens of each cement were implanted in the dorsal subcutaneous
tissue of 15 rats. After 7, 30, and 60 days, the animals were
slaughtered and histopathological analyses were done. All the
samples tested positive for biocompatibility. Among them GIC
with cellulose nanocrystals demonstrated tissue regeneration
potential with more fibroblasts and less macrophages and mono-
nuclear cells at 7 days and a thinner fibrous tissue capsule at 60
days. However, instances of negative clinical feedback were also
reported. For example, Steinbrunner et al. revealed that very thin
mixtures of CGIC, when used as a pit and fissure sealant,
generated more pronounced tissue reactions than a thick mixture
of the same product when used as a filling material.'>* Their study
discussed the exposure of pulp to CGIC and severe pulp reactions
including abscess formation following the exposure. CGIC used as
luting agents caused severe pain in certain cases. The possible
causes of these clinical reactions can be incorrect handling (e.g
pronounced drying of the prepared tooth prior to cementation),
insufficient dentin thickness, excessive pressure during cementa-
tion or increased solubility resulting from the inhibited setting
reaction.

2.8. Dental tissue adhesion

Glass ionomer cement is a self-adhesive material that adheres
to dental tissues such as dentin and enamel without prior
treatment due to the formation of ionic bonds (linkages formed
by electrostatic attraction between oppositely charged ions)
between the carboxyl groups (COO™) of polyalkenoic acid in
GIC and the Ca®" ions present in the hydroxyapatite crystals of
the tooth. It was also reported that GIC bonds better in enamel
compared to dentine because of the higher inorganic content in
enamel. Many studies demonstrated the mechanism of adhe-
sion via different methods.'”>'** Smith et al. used infra-red
spectroscopy to demonstrate enhanced dental adhesion of GIC
and showed that carboxylate groups of polyalkenoic acid che-
late with Ca®>* ions in hydroxyapatite to improve adhesion.'**
Ionic interactions of carboxylate groups of polyalkenoic acid
and the tooth surface were also studied using spectroscopic
methods. Wilson et al. demonstrated the ability of metal ions to
form a salt bridge between pendent carboxylate groups in
polyalkenoic acid and negatively charged appetite in the sur-
face of enamel for enhanced dental adhesion.'®® Another study
investigated the presence of excess phosphate and calcium ions
in the surface layer of adhering cement that diffuse through the
enamel surface. It can be attributed to the ability of polyalk-
enoic acid to cross the interface and interact with the surface
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119 illustrated an

layer of the enamel. Van Meerbeek et a
interlocking mechanism between the self-etching effect of
polyalkenoic acid and the hydroxyl apatite coated collagen fibril
network of dentine to explain the enhanced adhesion of GIC.
Different factors must be considered for improving the adhe-
sion of GIC including surface wetting, micromechanical inter-
locking and improved ionic bonding between the carboxylate
group of polyalkenoic acid and calcium ions in the hydroxya-
patite surface, and the material must have comparable strength
to enamel or dentine it replaces to prevent material failure and
proper mixing of the cement to avoid the formation of air voids
as they act as point of stress and result in reduced adhesive
strength of GIC to the tooth surface.

3. Effects of antimicrobial activity of
polyalkenoic acids on GIC

The chemical compositions of polyalkenoaic acid play a major
role in the antimicrobial activities of GIC. Polyalkenoic acids
show distinctive ion exchange characteristics and alter the
setting properties of the GIC significantly to prevent the foster-
ing environment which is hostile to microbial proliferation.
Polyalkenoic acid enhances the dental adhesion to the tooth
structure and facilitates the controlled release of different ions
such as fluoride, aluminium, etc., which provide potential
antimicrobial effects. This controlled ion-releasing mechanism
maintained the cement matrix disrupting the bacterial meta-
bolic pathways effectively and hindering the formation of
biofilms. Marjully Eduardo et al. studied the antimicrobial
effects of GIC that contains sodium trimetaphosphate (TMP)
nanoparticles and chlorhexidine diacetate.'”” The study
showed that 1.25% of chlorhexidine diacetate and 14% of
TMP increased the antibiofilm activity of GIC against S. mutans.
In another study, Zahra Jowkar et al. investigated the antimi-
crobial effects of different nanoparticles such as silver, tita-
nium dioxide, zinc oxide, etc. in GIC.'® The study showed the
use of nanoparticles after the conditioner increased the
micro shear bond strength (uSBS) values for the clinical prac-
tice because of the enhanced antibacterial properties. E. A.
Elshenawy et al. demonstrated the effect of quaternized
chitosan-coated mesoporous silica nanoparticles on GIC.'*
An increased bacterial inhibition zone and fluoride release
kinetics of GIC were reported. Table 2 summarises different
modifications of polyalkenoic acid and glass powder to improve
the mechanical and antimicrobial properties of GIC.

3.1. Computational studies and polyalkenoic acid

The development of glass ionomer cement with improved
physicochemical properties is critical for the potential out-
comes of dental restorations. Computational studies are a
promising tool for predicting and designing novel formulations
with intended properties. Computer simulations, modelling,
and data analysis are promising tools to better understand the
chemical and physical interactions of different components of
GIC and their behaviour under various circumstances. These
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Table 2 Different modifications of polyalkenoic acid and glass powder to improve the mechanical and antimicrobial properties of GIC

Study details Antimicrobial activities Ref.
Polyalkenoic acid was modified using cinnamon and The modified polyalkenoic acid in GIC introduced significantly D. I. Sherief
thyme essential oils. GIC prepared using the modified  higher inhibitory effects against both Streptococcus mutans and et al.'"*
polyalkenoic acid formulations was evaluated for its Candida albicans growth. Compressive strength (CS) of 5%

mechanical, fluoride release and antimicrobial activities cinnamon-modified GIC (MPa = 160.32 £ 6.66) showed no

significant difference when compared to unmodified GIC
(MPa = 165.7 + 5.769)

N-Vinylcaprolactam (NVC) modified poly alkenoic acid ~ Microhardness and flexuaral strength of the GIC were improved in S. Aslani et al.'"!
and glass powder modified with yttria-stabilized nano the presence of zirconia and NVC

zirconia were studied

The effects of different essential oils (2.5%) such as ber- Mechanical properties of GIC were reduced in the presence of M. E. Elkorashy
gamot, peppermint, lemongrass and fennel incorporated essencial oil modified polyalkenoic acid. However, antimicrobial et al.'*?
polyalkenoic acid formulations on GIC were evaluated properties were improved. Bergamot modified GIC recorded the

highest mean inhibition zone

a-Lipoic acid-capped silver nanoparticles (AgNPs) in Polyalkenoate-AgNP-modified GIC exhibited significant antibiofilm G. C. Porter

polyalkenoic acid formulations were prepared and their activities and mechanical properties eta

1 113

effect on the corresponding GIC were evaluated
The antimicrobial activities of GIC (Fuji IX, Ketac Molar, The zones of inhibition for Fuji IX, Ketac Molar, and d-tech on R. G. Naik

and S. mutans were found to be 10.84 £+ 0.22 mm, 10.23 £ 0.15 mm, et al '™
d-tech) in different bacterial strains were evaluated and 15.65 + 0.31 mm, respectively. Whereas, those for L. acidophilus

were found to be 10.43 + 0.12 mm, 10.16 + 0.11 mm, and

15.57 + 0.13 mm, respectively.
The anti-microbial activities of GIC (Fuji IX) with different All the formulations showed antimicrobial activities. However, B. Neelima
additives such as chlorhexidine, propolis and chitosan  GIC with chlorhexidine sowed higher antimicrobial activities et al'®

were studied

for both S. mutans and L. acidophilus strains

Quaternary ammonium salt (QAS) modified polyalkenoic The effects of the substitute chain length, and the grafting ratio of D. Xie et al.'™®

acid in acid GIC were evaluated

QAS on polyalkenoic acid for their antibacterial and mechanical
properties were investigated

Effects of quaternized chitosan coated nanoparticles on  Bacterial inhibition zones and fluoride release increased pro- E. A. Elshenawy
GIC portionally to the amount of filler added. Mechanical properties et al.'®®

were improved
The study aimed to develop antibacterial GIC containing a GIC containing DMADDM improved the physicochemical and S.-P. Wang
quaternary ammonium salt (dimethylaminododecyl antibacterial properties. Modified GIC improved the management et al.''”
methacrylate, DMADDM) to improve the antimicrobial  of secondary caries
properties
Evaluation of the effect of magnesium oxide nanoparticles The study showed promising antibacterial effect of MgO nano- A. J. Noori

(MgO) on the antibacterial and antibiofilm formation of particles (MIC = 500 ug ml~* and MBC = 1000 pg ml~") on cariogenic et a

GIC (3M ESPE Ketac Molar)

Z 118

microorganisms such as Streptococcus mutans and Streptococcus

sobrinus
The copper nanoparticle (CuNP) incorporated GIC (Fuji 2-4% of CuNPs in GIC showed antimicrobial potential against Aguilar-Perez
IX, GC) was prepared and evaluated for its antibacterial ~Streptococcus mutans and Streptococcus sanguinis et al.™*®

activity against oral cavity strains

Table 3 Details of different computational studies that demonstrated the multifaceted effects of polyalkenoic acids on glass ionomer cement

Name of the computational study

Details of the study Ref.

Ab initio molecular dynamics
simulations

Density functional theory (DFT)

Density functional theory (DFT)

Ab initio molecular dynamics, Density
functional theory (DFT)

2728 | Mater. Adv, 2024, 5, 2719-2735

The study aims to understand the atomic scale structural and dynamic contributions of =~ K. V. Tian
different elements in bioactive glass ionomer cement. It also identifies multiple factors et al.'*
affecting the mechanical shortcomings of GIC. Understanding the structural and micro-

scopic details of the cement lead to potential improvements in its design and properties

The study focuses on computational modelling of the behaviour of polyalkenoic acids in GIC. ]J. Gaviria
It examines 15 different polyalkenoic acid formulations which contain acrylic acid, itaconic et al.'**
acid, amino acid derivatives and various spacer molecules to standardize the optimal com-

position. This is the first computational study that provides insight into the position of

polyalkenoic acid and its interactions within the cement forming network

The research focuses on finding suitable molecules for glass-ionomer materials in three  J. Gaviria
stages. It involves adding glycidyl methacrylate (GM) to polyacids and emphasizes the et al'®
importance of this step in understanding thermodynamic feasibility. The study optimizes

basic glass-ionomer structures using the most stable GM-added molecules and metal ions

like Ca®*, Zn>*, and AI*". Data showed that aluminium contributes to creating more compact

and robust glass-ionomer cement

The study evaluated the setting dynamics of two commercial glass ionomer cement over 24 F. V. Song
hours using Terahertz (THz) spectroscopy and neutron scattering. It uncovered key physical et al.***
interactions in cement setting, highlighting the importance of THz vibrations and interfacial
aluminium atoms. Also studied the effect of disordered structure throughout for tetra, penta

and hexa coordinated aluminium in glass ionomer cement. THz spectroscopy demonstrated

its utility for real-time monitoring and assessing of THz dielectric parameter changes
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studies can speed up the discovery of different polyalkenoic
acid formulations and glass powder without the need for
intensive laboratory testing, which can be time-consuming
and expensive. Gaviria et al. conducted a computational study
of polyalkenoic acid formulation in glass-ionomer cement
using three different components including acrylic acid and
itaconic acid, as well as a spacer molecule.””® The study
demonstrated the behaviour of 15 distinct spacer molecules
and optimised the structural arrangement to improve the
stability of polyalkenoic acid via the Gaussian 90 computational
package using density functional theory. The results demon-
strated that in addition to acting as spacer molecules, amino
acid derivatives can establish energy interactions with itaconic
acid and acrylic acid present in polyalkenoic acid formulation
and lead to compaction and energetic stabilisation of the
structure. Multiple computational studies have elucidated the
multifaceted effects of polyalkenoic acids on glass ionomer
cement as detailed in Table 3.

3.2. Efficacy of GIC in clinical scenario

As discussed above glass ionomer cement has many advantages
compared to other dental restorative materials because of its
high biocompatibility and remineralisation potential. However,
low mechanical properties exclude its use as long-term restora-
tions in extensive lesions and restorations in load bearing
areas. Many studies discussed the clinical performance of glass
ionomer cement with modifications. In one of the studies,
Olczak-Kowalczyk et al. performed a clinical assessment of
GIC (Equia Fil from Ivoclar Vivadent) and a composite material
(Tetric EvoCeram from Ivoclar Vivadent) in permanent teeth of
young patients. A total of 100 cavities on approximal surfaces
were filled with the composite material or GIC in 49 patients
aged from 12.08 to 19.58 years. The clinical efficacy of Equia Fil
and Tetric EvoCeram after two years were assessed to be
95.83%, and 100%, respectively. However, the difference was
not statistically significant (P = 0.145)."*° In another study,
Heintze et al. evaluated the longevity of different materials for
Class I and Class II restorations including glass ionomer
cement. Multiple clinical trials having a total of 8181 restora-
tions were tested. Among them 2121 and 238 restorations were
of GIC and compomers, respectively. The study demonstrated a
mean overall survival rate of 80% after 6 years for GIC and
compomers together. According to the study, the significantly
higher rate of replacement for RMGIC was mainly due to
fracture, excessive wear or retention loss. The study also stated
that the bulk fracture or chipping of class II restorations for
RMGIC was mainly because of its low flexural strength
(>80MPa), which is the minimum value required by the ISO
standard 1949 for posterior restorations. In addition, low
compressive strength and microhardness also contributed to
the high replacement rate.'*®

3.3. Life cycle assessment of GIC

Life cycle assessment (LCA) provides a robust methodology to
determine the environmental impact of a material, product or
service supported by the standard BS EN ISO 14040:2006. LCA is
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increasingly being used in dental healthcare to assess environ-
mental impacts of dental equipment, clinical procedures and
oral hygiene devices. There are only a few studies reported on
life cycle assessment of dental restorative materials. In one of
the studies, Smith et al. demonstrated the LCA of three differ-
ent restorative materials (e.g. dental amalgam, resin-based
composite and GIC) and their associated packaging."”” The
study prefixed multiple inclusion and exclusion criteria. For
example, patient travel, staff travel, procurement, energy, water,
waste, and nitrous oxide were included in the study. However,
the impact of capital items was excluded from the study. The
results showed that a dental amalgam restoration had a carbon
footprint of 14.8 kg CO,-eq, compared to 14.75 kg CO,-eq for a
composite filling, while a GIC filling has a carbon footprint of
only 8.6 kg CO,-eq.

4. Conclusion

Glass ionomer cement has a long and intriguing history in the
field of dental materials because of unique features such as
fluoride release, biocompatibility, and adherence to oral tis-
sues. GIC creation includes an interaction between powder and
liquid components, in which liquid components consist of
concentrated polyalkenoic acid solution. Polyalkenoic acid
plays an important role in GIC where its characteristics can
be altered by varying the chemical compositions of polyalk-
enoic acid formulations. Different polymerisation techniques
such as free radical polymerisation, live radical polymerisation,
atom transfer radical polymerisation (ATRP), and reverse addi-
tion fragmentation transfer (RAFT) were tried to control the
molecular weight and polydispersity index of polyalkenoic acid.
Various parameters including molecular weight, molecular weight
distribution, polyalkenoic acid concentration, molecular interac-
tions and the presence of additives/chelating agents influence
different characteristics of polyalkenoic acid formulations (liquid
compositions) and thereby the physicochemical properties of GIC.
Different modifications of polyalkenoic acid were implemented in
multiple studies to improve the properties of GIC such as working
time, setting time, compressive strength and diametrical tensile
strength. The chemical structure of polyalkenoic acid also plays
an important role in the biocompatibility and dental tissue
adhesion of GIC. Computational studies for developing different
structures of polyalkenoic acid to improve different properties of
GIC are also promising.

5. Future scope

Glass ionomer cement has come a long way since its develop-
ment in the 1970s, and its characteristics, performance, and
clinical applications have improved with time. To fully realise
the potential of GIC in dentistry, additional research and
development are required in various areas. One of the most
promising applications for glass ionomer cement in the future
is as a bioactive material that actively drives tissue regeneration
and repair. Incorporating growth factors, stem cells, or other
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biologically active substances into the cement matrix can
accomplish this. This material has the potential to revolutio-
nise the area of regenerative dentistry by providing novel
treatment options for problems like periodontal disease, caries,
and pulpitis. Glass ionomer cement may also be utilised in
minimally invasive dentistry to rebuild and reinforce weakened
or broken teeth without the need for major drilling or removal
of healthy tissue in the future. This can be accomplished
through inventing novel bonding and shaping processes for
cement, as well as increasing its mechanical and aesthetic
features. The potential application of glass ionomer cement
in orthodontics, prosthodontics, and endodontics must be
investigated. GIC has the potential to play an even larger role
in the future of dentistry with continuous research and devel-
opment activities.
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