MISSOURI
E Missouri University of Science and Technology

Scholars' Mine

Chemical and Biochemical Engineering Faculty Linda and Bipin Doshi Department of Chemical
Research & Creative Works and Biochemical Engineering

01 Apr 2016

The Role of Poly(Acrylic Acid) in Conventional Glass
Polyalkenoate Cements

Adel M.F. Alhalawani
Declan J. Curran
Daniel Boyd

Mark R. Towler
Missouri University of Science and Technology, mtowler@mst.edu

Follow this and additional works at: https://scholarsmine.mst.edu/che_bioeng_facwork

Cf Part of the Biochemical and Biomolecular Engineering Commons, and the Biomedical Devices and
Instrumentation Commons

Recommended Citation

A. M. Alhalawani et al., "The Role of Poly(Acrylic Acid) in Conventional Glass Polyalkenoate Cements,"
Journal of Polymer Engineering, vol. 36, no. 3, pp. 221 - 237, De Gruyter, Apr 2016.

The definitive version is available at https://doi.org/10.1515/polyeng-2015-0079

This Article - Journal is brought to you for free and open access by Scholars' Mine. It has been accepted for
inclusion in Chemical and Biochemical Engineering Faculty Research & Creative Works by an authorized
administrator of Scholars' Mine. This work is protected by U. S. Copyright Law. Unauthorized use including
reproduction for redistribution requires the permission of the copyright holder. For more information, please
contact scholarsmine@mst.edu.


http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/che_bioeng_facwork
https://scholarsmine.mst.edu/che_bioeng_facwork
https://scholarsmine.mst.edu/che_bioeng
https://scholarsmine.mst.edu/che_bioeng
https://scholarsmine.mst.edu/che_bioeng_facwork?utm_source=scholarsmine.mst.edu%2Fche_bioeng_facwork%2F1111&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/241?utm_source=scholarsmine.mst.edu%2Fche_bioeng_facwork%2F1111&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/235?utm_source=scholarsmine.mst.edu%2Fche_bioeng_facwork%2F1111&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/235?utm_source=scholarsmine.mst.edu%2Fche_bioeng_facwork%2F1111&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1515/polyeng-2015-0079
mailto:scholarsmine@mst.edu

DE GRUYTER

) Polym Eng 2016; 36(3): 221-237

Review

Adel M.F. Alhalawani, Declan J. Curran*, Daniel Boyd and Mark R. Towler
The role of poly(acrylic acid) in conventional glass

polyalkenoate cements

DOI 10.1515/polyeng-2015-0079
Received March 2, 2015; accepted June 9, 2015; previously published
online July 29, 2015

Abstract: Glass polyalkenoate cements (GPCs) have been
used in dentistry for over 40 years. These novel bio-
active materials are the result of a reaction between a
finely ground glass (base) and a polymer (acid), usually
poly(acrylic acid) (PAA), in the presence of water. This arti-
cle reviews the types of PAA used as reagents (including
how they vary by molar mass, molecular weight, concen-
tration, polydispersity and content) and the way that they
control the properties of the conventional GPCs (CGPCs)
formulated from them. The article also considers the effect
of PAA on the clinical performance of CGPCs, including
biocompatibility, rheological and mechanical properties,
adhesion, ion release, acid erosion and clinical durabil-
ity. The review has critically evaluated the literature and
clarified the role that the polyacid component of CGPCs
plays in setting and maturation. This review will lead to
an improved understanding of the chemistry and proper-
ties of the PAA phase which will lead to further innovation
in the glass-based cements field.
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1 Introduction

Conventional glass polyalkenoate cements (CGPCs),
commonly referred to as the glass ionomer cements,
were developed in the early 1970s at the laboratory of
the Government Chemist in London, England [1]. These
adhesive materials have been subjected to continuous
improvement and diversification [2]. CGPCs are acid-base
cements typically formed by the reaction of an organic
aqueous solution of polyalkenoic acid, mainly a copoly-
mer of poly(acrylic acid) (PAA) (Figure 1) with an inor-
ganic acid-degradable fluoro-alumino-silicate glass. The
reaction between both components results in a composite
cement material consisting of reacted and unreacted glass
particles embedded in a polysalt matrix [2-4]. GPCs are
used in dentistry due to a selection of clinical advantages
as follows [2, 5-9]:
(a) Single-step adhesion characteristics of both enamel
and dentine.
(b) Biocompatible and considered bioactive.
(c) High-dimensional stability.
(d) Harden and form a cement and exhibit good resist-
ance to cohesive failure, upon aging.
(e) Satisfactory aesthetics and have negligible shrinkage
upon setting.

These features have made them attractive candidates for
expanded applications in hard tissue repair. However, whilst
their use in orthopedic applications has long been mooted,
their non-dental clinical use has been limited to ear, nose
and throat applications [10-13]. This is due to certain outages

in their properties, including the following [2, 14]:

(a) Clinical literature supporting defective osteoneogen-
esis and fatal encephalopathy arising from aluminum
ions (AI*) release in vivo.

(b) Relatively poor mechanical properties vs. conven-
tional acrylic bone cements.

(c) Sensitivity to ambient room conditions, such as tem-
perature and humidity, during mixing.

(d) Susceptibility to both water desiccation and contami-
nation during cement maturation.
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Figure 1: General structure of the repeating unit for PAA (reprinted
with permission from [2]).

The majority of research into CGPCs has focused on

changing the glass composition because it is capable of

controlling both setting chemistry, strength [15, 16] and

ion release. However, the polyacid phase also plays a

major role in controlling rheological (working and setting

times) and mechanical properties, chemical adhesion to
substrates, ion release and durability [17]. These charac-

teristics can be influenced by altering the molar mass [18,

19], concentration [20], molecular weight [21, 22] and poly-

dispersity index (PDI) [23] of the polyacid alongside other

factors such as the powder: liquid ratio [24-26], and the

addition of surface conditioners and chelating agents [8].
Moshaverinia et al. [7] have reviewed the literature

describing the trends of modifying the polymer phase in
GPCs. They focused on the advantages and disadvantages
of various PAA-based polymers currently used in GPC
systems (including new acrylic acid copolymers, amino
acid containing polyelectrolytes, N-vinylpyrrolidone and
N-vinylcaprolactam modified terpolymers). This review,
however, focuses on the chemistry and properties of PAA
and their subsequent effect on the early performance,
characteristics and clinical applicability of CGPCs. The
aim of this review is to complement existing works by
evaluating three important questions:

(a) How does the chemistry of PAA influence setting and
maturation reactions of CGPCs?

(b) To what extent can the different properties of PAA
(molar mass, molecular weight, concentration, PDI and
content and incorporation of chelating agents) affect
the mechanical and rheological properties of CGPCs?

(c) How does the PAA phase of CGPCs influence their
clinical performance?

Following this brief introduction to CGPCs, Section 2
aims to answer the first research question by providing a
historical background of PAA and the effect of its chem-
istry on the setting and maturation reactions of CGPCs.
The main objective of Section 3 is to answer the second
research question by providing a detailed evaluation as to
how different properties of the PAA component may influ-
ence the characteristics of CGPCs, particularly mechanical
and rheological properties. Section 4 provides a critical
evaluation of the role of PAA in the clinical performance
of CGPCs and thus answering the third research question.
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2 Poly(acrylic acid) in conventional
glass polyalkenoate cements:
historical background and basic
behavior

2.1 Background and general characteristics
of the PAA component of CGPCs

Poly(acrylic acid) was patented in 1966 by Gene Harper of
Dow Chemical and Carlyle Harmon of Johnson & Johnson
and has been used in a range of healthcare applications
including diapers, cosmetics and paint, ion-exchange
resins and adhesives, and as a thickening, dispersing,
suspending and emulsifying agent in pharmaceuticals
[27]. The most commonly used polymeric materials for
GPC formulations are PAA and copolymers of acrylic and
itaconic acid [poly(AA-co-IA], or acrylic and maleic acid
[poly(AA-co-MA)] with other monomers such as 3-butene
1,2,3-tricarboxylic acid (Figure 2) also being employed
from time to time [3]. Each repeat unit of PAA has an ioniz-
able group, carboxylic acid (COOH). Partially neutralized
PAA has a sufficient charge density making it a superab-
sorbent (water soluble) polymer. In the presence of water
at neutral pH, the PAA chains will lose their protons and
acquire a negative charge, giving them the ability to absorb
and retain water molecules [2, 28, 29], as shown in Eq. (1):

n CH,=CH-CO,H+H,0—*°»n CH,=CH-H,0+COOH
1)
Commercial PAA solutions are usually prepared by

free radical polymerization of the polymer/monomer (such
as acrylic acid) in aqueous solution and concentrated to

A 9 B § §
VLOH HO/L—)LOH
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o
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Figure 2: The structure of poly(alkenoic acid)s containing
(A) acrylic, (B) maleic, (C) itaconic, (D) methacrylic and (E) 3-butene-
1,2,3-tricarboxylic acid units (reprinted with permission from [2]).
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40-50% for clinical use [2]. Depending on the production
process of PAA, the final product can be either in liquid or
anhydrous (freeze-dried) form. Although the PAA used in
the formation of early GPC compositions was in aqueous
form and almost all CGPCs available from suppliers utilize
liquid polyacid, Hill et al. [30] reported the advantage
of using powdered, anhydrous PAA over aqueous PAA.
Anhydrous PAA is better suited for prolonging the setting
time of CGPCs. The finely ground PAA will have to dissolve
in the water first and then attack the glass particles; this
slows the setting reaction to some extent, allowing for
the use of high-molecular-weight PAA and consequently,
improved strength of the GPC matrix [30]. The majority
of available studies [21, 30-33] detail anhydrous CGPC
systems which contained anhydrous PAAs, confirming the
theory presented by Hill et al. [30].

2.2 The role of PAA in the setting reaction of
CGPCs

CGPCs are set by an acid-base reaction between a poly-

electrolyte such as PAA and an acid-degradable glass. The

cement-forming reaction consists of a number of overlap-

ping stages, including the following [2, 34, 35]:

(a) The attack by the PAA protons on the glass cations.

(b) The release and migration of the liberated ions from
the glass into the aqueous phase.

(c) Neutralization and ionization of the polyacid result-
ing in unwinding, or relaxation, of the “twisted”
polymer chains contributing to increasing the cement
viscosity.

(d) Ton binding between the charged polyacid chains and
glass cations.

(e) Gelation due to an increase in the pH of the pre-
formed cement.

(f) Continuous ion binding leading to the hardening
phase.

The PAA component of CGPCs plays a significant role in
the cement-forming reaction. Additionally, changes in the
cement properties, ranging from molecular transport to
mechanical properties, result from several physio-chem-
ical processes including, but not restricted to [2, 36], the
following:

(@) Conformational changes in the polymer chain
(changes in their ordered structure): PAA is a confor-
mation changing polymer that undergoes unwinding/
relaxation processes during the cement-forming reac-
tion. This may modulate ion release and control the
network properties [37].
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(b) Binding of the polymer chains to the glass cations: as
cations become bound along the polymer chain, the
polymer becomes in effect a polyelectrolyte. Cations
already bound to the polymer chains may introduce
charge repulsions reducing the cation binding. These
repulsions may be decreased by counterions in the
vicinity of the polymer shielding the charges. Further,
dipole-dipole interactions in the polymer domain
between cation pairs on the chain and cation pairs
in solution may also influence cation binding to the
polymer [2, 38]. In effect, changes in GPC properties
would be expected.

(c) Hydration surrounding polyanion and cation regions:
as mentioned earlier in this article, PAA is a supera-
bsorbent polymer that has the ability to absorb and
retain water molecules at neutral pH. The extent and
rate of interaction between hydrated cations and pol-
yanions disrupts the hydration regions surrounding
both, therefore changing the setting reaction of the
CGPC and probably its long-term strength.

The extent of ion binding (between PAA anions and glass

cations) depends on a number of characteristics of the

polyion including, but not restricted to [2, 22, 39]: the
following:

(a) Polymer structure: longer chain PAA results in long-
range entanglements and hence stronger cation-
anion bonds. Further discussions will be provided
later in this article.

(b) Acid strength: strength of the PAA refers to its ability
to ionize and lose protons in a solution, i.e. stronger
PAAs will provide more sites for cations to bind result-
ing in stronger bonds.

(c) Degree of dissociation: PAA neutralizes in water due
to its ability to dissociate. Degree of dissociation refers
to the fraction of the original polymer structure that
has dissociated. Higher degree of PAA dissociation
will result in higher rates of cation attack for binding.
Further, the quicker the PAA dissociation in the GPC
matrix, quicker is the setting reaction and stronger is
the structure.

(d) Degree of conformation: the polymer conformational
changes can determine the proximity of binding sites
to one another and hence affecting the binding pro-
cess [38].

The ability of PAA to bind to basic cations released
from the glass is determined largely by the ionic radius
and complexation constant (the strength of the cation-
releasing base, in interacting with the acid polyion, for the
formation of a complex in aqueous solution) of the cations
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involved. Put another way, the smaller the ionic radius of
the glass cation, the greater the binding strength. Simi-
larly, the greater the complexation constant, the stronger
the acid-base complex. For example, zinc ions (Zn*) are
likely to be more stable than calcium ions (Ca*) when
bonded to PAA, because zinc has a smaller ionic radius
and greater complexation constant. Apart from its ability
to bond to bone, the main advantages of PAA are low tox-
icity coupled with high solubility in water which allows
solutions of 50% by mass to be produced [2, 3, 40, 41].
Some of the PAA factors proportionally affect the rate of
the setting reaction of GPCs [Eq. (2)].

Setting reaction=f(M, C, R, H) 2

where M is the molar mass or molecular weight of the
polyacid, C is the concentration of the polymeric solution,
R is the powder:liquid ratio and H is the presence of addi-
tives or chelating agents.

2.3 The role of PAA during CGPC maturation

The setting reaction of CGPCs is regarded as continuous
and the extent to which the ionic network develops has
a direct impact on mechanical properties with strengths
usually developing rapidly in the first 24 h [2, 42-44]. The
strength of CGPCs increases quickly in the early stages of
the reaction, within the first few days of maturation, and
then increases at a slower rate over the following year [45,
46). Tt was first postulated by Crisp and Wilson [44] that
this hardening process is based on the gelation of the pol-
ymeric acid by cross-linking, or forming inter- and intra-
molecular salt bridges, of the polymeric carboxyl groups
with AIP* and Ca* from the glass phase. Later in 1976, Crisp
et al. [46] attributed the increase in strength with time up
to 1 year, to an increase in cross-link density. Crisp’s con-
clusions were later confirmed by Matsuya et al. [45], who
used infrared (IR) spectroscopy and nuclear magnetic
resonance (NMR) to show that an increase in cross-link
density was the reason for increased strength. Wasson and
Nicholson have otherwise found that the strength of the
cement increased with time even when the glass powder
was mixed with acetic acid which did not form insoluble
salts with Al>* and Ca* ions. Meanwhile, they attributed
the hardening reaction to the silica component which
leached from the glass powder and formed a hydrated sili-
cate in the matrix [34, 35]. These results were supported
by Cattani-Lorente et al. [47] and Hatton and Brook [48],
who concluded that the strengthening of CGPCs during
maturation resulted from additional cross-linking and
the development of a silica gel phase. It is presumed that
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restricted chain pullout and increased cross-linking are
the most likely causes of increased strength while the inor-
ganic phase acts as a reinforcing phase in the strength of
CGPCs [2, 31]. Maturation of a CGPC does not always result
in increased strength in all modalities [47]. The literature
has considered the effect of maturation on both compres-
sive and biaxial flexural strength. Pearson and Atkinson
[49] showed that the flexural strength increased with
maturation up to a period of about 3 months but decreased
thereafter. The flexural strength of Opus-fil (Davis Schott-
lander & Davis Ltd., Letchworth, Herts, UK), a conventional
restorative GPC, increased to 73 MPa at 56 days, and then
decreased to 53 MPa after 100 days of maturation. This
phenomenon of decreasing the strength of some GPC for-
mulations with maturation has been attributed to hydra-
tion of the ionic bonds within the cement matrix resulting
in the loss of matrix-forming ions into solution, and con-
sequently decreasing the integrity of the GPC [50, 51]. This
phenomenon has also been attributed to the erosion and
the plasticizing effect of water on these materials and to the
slower rate of the reaction, as the cement ages in aqueous
solution, resulting from the lesser number of COOH groups
available to form ionic bonds [35, 52].

3 The influence of PAA properties
on the physical characteristics of
CGPCs

3.1 Effect of the PAA molar mass

Hill et al. [53] showed, using dynamic mechanical
thermal analysis and dielectric thermal analysis, that
GPCs exhibit sharp loss peaks similar to thermoplastics.
Berry [54] demonstrated that the fracture surface energy
of a thermoplastic polymer was much greater than the
energy required to break all the polymer chains crossing
the crack plane. Hence, GPCs may be classed as thermo-
plastic polymer composites with ionic cross-links liable
to continual breaking and reforming. The strength of
thermoplastic polymers is related to long-range entangle-
ments that serve to restrict chain motion. Originally, these
entanglements were viewed as physical knots. However,
most polymer chains are too inflexible to form a physical
knot and a model has been developed that views a chain
as being trapped in a tube of entanglements formed by
neighboring chains, as shown in Figure 3A. This model,
known as the reptation model, assumes that a polymer
chain only crosses the fracture plane once. This theory was
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Figure 3: Schematic illustration of the polymer reptation model (A) Reptating entangled chain, (B) chain scission (reprinted with permission

from [31]).

first proposed in 1986 by Doi and Edwards [55] and was
based on the theories postulated previously by Edwards
[56] that polymer chains were contained within a hypo-
thetical tube constructed by the forces imposed by the
chain’s nearest neighbors. By calculating simple Brown-
ian motion of a polymer chain within this hypothetical
tube, Edwards proposed a mathematical expression of the
rate of motion of the chain along its tube and postulated
that the long-chain polymers become solid once a certain
cross-link density is exceeded [55-59]. This proved to fit
for many thermoplastics and explained the variation of
chain interaction with temperature. Several studies have
elaborated on the Edwards model, and variations are still
being produced for specific applications [60, 61].

In 1998, Griffin and Hill [31] derived an equation
[Eq. (3)], based on a previous study by Prentice [59], relat-
ing the molar mass of the PAA (M) to the fracture surface
energy per unit area of fracture plane (z). 7 can also be iden-
tified as the work that needs to be done to remove chains
from a unit area of crack plane, whereas M_ is the critical
molar mass required for entanglements to occur. Detailed
derivation of Eq. (3) can be found in the literature [31, 59].

zoe( M-M_)? 3)

Further, based on the reptation theory, as the molar
mass increases, a critical molar mass (typically about 10
however, its value is generally lower) will be reached where
the stress to extract a chain from its tube is greater than
that required for homolytic chain scission, as depicted
in Figure 3B. In other words, for molar masses greater
than a critical value, the force required to remove the
chain will be greater than the force required to break the
carbon-carbon bonds of the polymer backbone, making
the surface fracture energy independent of molar mass,
and hence the matrix toughness is no longer related to the

molar mass of the PAA. Similarly, at low molar masses,
below approximately 2.7x10% chain entanglements will
not form, making the fracture surface energy independ-
ent of molar mass because the chain length is too short
to form entanglements and the tube concept no longer
applies. Griffin and Hill [31] conducted a study which eval-
uated the influence of the PAA molar mass on the mechan-
ical properties of GPCs. Their results are summarized in
Table 1, which shows that the molar mass of PAA affects
a range of mechanical properties, including compressive
strength, flexural strength, fracture toughness, toughness
and plastic zone size, but will have no significant effect
on Young’s modulus of the cement matrix. These results
(Table 1) are in good agreement with those later reported
by Fennell and Hill [32, 33, 62].

The compressive strength of CGPCs increased with
increasing PAA molar mass (Table 1). This was found to
be in good agreement with the literature [21, 46]. Wilson
noted that higher molar mass cements failed with marked
plastic deformation, while lower molar mass cements
failed in a brittle fashion [21], confirming the Edwards
model. Additionally, it was postulated [35], and later sup-
ported in the literature [45, 63, 64], that the change in the
mechanical properties of GPCs, by changing the molar
mass, results from the formation of the silicate network
during the maturation period. Other studies however have
illustrated that the role of the silicate phase is small and
confirmed on the significant role of the increased cross-
linking of the polyacrylate chains in dominating the
fracture behavior of GPCs [31]. Hence, the cross-linking
reaction of PAA chains is not only important in the early
stages of the setting process of GPCs but also in dominat-
ing the long-term fracture behavior [31].

Griffin and Hill [31] evaluated the influence of PAA
molar mass on the fracture properties of GPCs being



226 —— A.M.F. Alhalawani et al.: Poly(acrylic acid) in conventional glass polyalkenoate cements

DE GRUYTER

Table 1: Influence of PAA molar mass on the fracture properties of 4.55i0,-1.5P,0,-3AL,0.-4Ca0-CaF, GPCs (*E5, E7, E9 and E11 PAAs have
number average molar masses of 3.25x103, 6.66x10%, 2.29x10* and 1.08x10°, respectively) [31].

Property Formula

Cement preparation “E5 E7 E9 E11

Compressive o F
strength (o) (MPa) ¢ a7
(SD)

42.63(2.14) 53.75(3.16) 54.84(1.61) 70.33(3.17)

Young’s modulus =2 Independent of molar mass
(GPa) € Cements were prepared by

mixing the glass powder with
Flexural strength o= 3Ps2 different molar mass PAAS 10.90(0.84) 14.00(1.07) 14.36(1.32) 22.50(0.36)
(@) (MPa) (SD) 20t concentrated at 40% in a
Fracture toughness weight ratio of 5:1 and then 0.41(0.02)  0.52(0.02)  0.54(0.01) 0.98(0.04)
(K) (MPa m*/2) (SD) K,=PW, adding this mixture to water

containing 10% m/v (+) tartaric
Toughness (G) K2(17) acid, in a weight ratio of 4:1. 23 37 49 167
(0 m) ! G, :T Samples were aged for 1 day.
Plastic zone size R =K7fc 9.2 9.9 13.0 42.3
(R) (wm) ooy

investigated (Table 1). They have indicated that Young’s
modulus was independent of the molar mass of the
polymer phase of GPCs, agreeing with the literature
[30, 65]. Young’s modulus is not predicted to rise with
increased molar mass, according to the reptation theory
[62, 66], but is, instead, dominated by the strength and
number of interactions in the polymeric phase, in particu-
lar the number and strength of ionic cross-links. Altering
the molar mass of the PAA will not affect the concentra-
tion or number of functional carboxylate groups present
for cross-linking [62, 66], which provides evidence of why
Young’s modulus is independent of the molar mass of the
polymer phase.

In several studies, flexural strength has been observed
to increase with molar mass [62, 66, 67], as evident from
the data obtained by Griffin and Hill (Table 1). However,
this increase is more pronounced for GPCs produced using
higher molar mass acids [31, 66]. This may indicate that,
although chain pullout is the predominant mechanism
involved in fracture, it may not be the only one. CGPCs
produced from PAA with molar masses lower than the
critical molar mass result in flexural strengths far lower
than that predicted by reptation theory, as the carbon-
carbon bonding strength determines the overall strength.
This may reflect the fact that cements utilizing low molar
mass PAA are more brittle and the sensitivity to inherent
flaws on the tensile edge of the sample will be increased.
However, cements based on PAA with molar masses
higher than the critical molar mass have a greater degree
of plasticity, which reduces the sensitivity of the samples
to surface flaws and consequently increases the flexural
strength [62].

Fracture toughness, toughness and plastic zone size
have also been observed to increase with molar mass
(Table 1). This was attributed to the continuing cross-
linking reaction of the polymer phase of GPCs, restrict-
ing chain motion and/or molecular flow taking place at
the crack tip [31, 33]. The application of reptation theory
to GPCs has been criticized, but it is capable of making
quantitative predictions for analysis of GPC’s fracture
behavior [31].

3.2 Effect of the PAA molecular weight

The weight average (M, ) and number average (M) molec-
ular weight of the polyelectrolyte also affect the rheologi-
cal and mechanical properties of GPCs, as shown in Eq.
(4a). The molecular weight averages are defined mathe-
matically using Eqgs. (4b) and (4c):

Cement strength

M, M (4a)

w ™ Rheological properties
_ZN iMi2 (4b)
" SNM,
NM.
M =2 i i (4C)
" YN,

i

where M, is the mass of a specific isotope and N, is the
number of molecules whose weight is M.

The simplicity of Eq. (4a) has resulted in a number of
studies that have found similar trends with regard to the
influence of the PAA molecular weight (M_or M, ) on the
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Table 2: Effect of PAAM, on the rheological properties of CGPCs.

PAA (M) (K) Viscosity (cP) Working time (min) Setting time (min)

3.5 16 - -
27 50 9.25 6.50
76 200 4.75 5.00
230 3.5K 2.75 3.25

mechanical and rheological properties of CGPCs [21, 23,
30, 68]. Increasing the PAA molecular weight, in order to
improve cement strength, increases the cement viscosity
for clinical handling and decreases working and setting
times [21, 22] (see Table 2). In particular, it can be seen that
the use of low-M_ PAA results in non-measurable rheolog-
ical properties. Very low M_(<3.5 K) results in very low
viscosity resulting in a weakened cement and, at the same
time, very long rheological properties when compared
with the minimum requirements noted by ISO 9917-1:2007
for dental-based cements. In general, higher M, PAA
would provide more unbonded carboxylic (-COO) groups
to bind with glass cations resulting in quicker interac-
tion and hence shorter setting time; i.e. this occurs due
to the faster ability of cross-linking between the polymer
chains and the released cations while the low viscos-
ity allowed for longer working time [22]. In such a case,
the resulting cement is expected to be putty-like. Results
presented by Wilson et al. have been later confirmed by
a number of studies in this field [69, 70]. In the clinic, a
long working time (sufficient for placement of the cement
before its workability diminishes) and a sharp setting time
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(to prevent unfavorable acid-tissue interactions) are desir-
able properties.

The effect of the PAA molecular weight on the fracture
properties of CGPCs is controlled, to a large extent, by the
PAA molar mass. The conceptual framework of reptation
theory and the ideas of entanglements help in illustrat-
ing the effect of polymer molecular weight on the proper-
ties of CGPCs. The application of the reptation model to
CGPCs was successful in describing the dependence of the
fracture properties of CGPCs on the PAA molecular weight.
Wilson et al. [21] conducted a study investigating the
influence of the PAA molecular weight on the mechanical
properties of GPCs. Table 3 brings together their results.
As shown in Table 3, the compressive strength of GPCs
increases with the molecular weight. In the literature [20,
21, 31, 32], there were little differences in compressive
strengths reported with M_ of PAA in excess of 100 K which
confirmed the suggestion by Hill et al. [30] that a critical
M, for PAA was approximately 100 K when anhydrous PAA
was investigated. A recent study by Gomes et al. [71] con-
sidered M, for PAA between 50 K and 1250 K and observed
that the highest compressive strength and compressive
elastic modulus (E) were associated with an M_ of PAA
of 50 K. Young’s modulus was also evaluated by Wilson
et al.; values in Table 3 show little variation, as expected,
with PAA molecular weight, confirming that molecular
weight does not influence the chemistry of the setting
reaction. In a similar fashion to compressive strength, the
flexural strength was markedly increased with increased
molecular weight. However, it was realized that the flex-
ural strength ceases to rise at very high M (>5x10°). This

Table 3: Dependence of the fracture properties and acid erosion of 12.39Si-16.44Al-7.14Ca-10.40F-7.26Na-4.54P-41.830 GPCs on PAA
molecular weight [*E5, E7, E9, E11, E13 and E15 PAAs have weight average molecular weights (MW) of 1.15x104, 2.27x104, 1.14x10%, 3.83x10%,

1.08x10° and 1.49x10¢, respectively] [21].

Property Cement preparation *E5 E7 E9 E11 E13 E15
Compressive 30.40(2.53) 41.95(3.30) 45.80(8.66) 50.14(1.48) 65.88(5.39) 57.48(2.05)
strength (o) (MPa)
(SD)
Young’s modulus 1750 (314) 1754 (374) 1220(150) 1313(132) 1429(132) 1580 (145)
(GPa) (SD) Cements were prepared by
Flexural strength ~ Mixing the glass powder (508) 7 06 (1.05)  8.05(0.61) 9.63 (0.41) 10.98(0.78) 13.74(0.57) 13.25(1.90)
(‘7/) (MPa) (SD) with 7 g of different molecular
Fracture toughness Weightanhydrous PAAs and 0.13(0.01) 0.10(0.01) 0.23(0.02) 0.26 (0.04) 0.33(0.04) -
(K) (MPa m*72) (SD) then adding 11 g of this

[; . .
Toughness (G:) mixture to water containing 10 15 30 38 61 _
(m?) 10% by mass (+) tartaric acid.
Flaw size (R) (um) ~ Samples were aged for 1 day. 91 106 142 171 155 -

Mechanical wear
increased.
Acid erosion

Both mechanical wear and acid erosion decreased as the molecular weight of the PAA
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behavior is similar to that of thermoplastics; at M, higher
than 5x10°, the flexural strength becomes independent
of the molecular weight as a result of reaching a critical
stress sufficient to cause chain scission. This explanation
agrees with the reptation chain pullout model presented
by Prentice [59]. Further, fracture toughness, toughness
and flaw size measurements also increased with PAA
molecular weight. It was illustrated that the increase in
toughness resulted from both PAA cross-linking reac-
tions and the interface between the glassy phase and the
polymer matrix. Additional testing included wear and
erosion as a function of molecular weight, both decreased
with increased molecular weight (values are not tabulated
in the original article) [21]. Hence, it can be seen that a
large number of mechanical properties are dependent on
the PAA molecular weight since the longer the polyacid
chain, the larger the number of cross-links required to
be broken to free the chain. It is relatively easier to pull
out a low-molecular-weight chain than to pull out a high-
molecular-weight chain. In addition, increased strength
can be attributed to limited motion of the bonded polyacid
molecules due to their long-chain entanglements [21, 72].
Values in Table 3 were compared to other experimental
data in the literature [22, 30, 73] and were found to have
similar patterns.

In 2011, Dowling and Fleming [23, 68] investigated
the ways of improving the mechanical properties of GPCs,
in particular compressive strength and elastic modulus,
using PAA molecular weight mixtures, different blend
ratios and different PAA concentrations without impact-
ing viscosity of the PAA solution. The PAAs in their studies
were conventional aqueous solutions with M ranging
between 5 K and 200 K. They have suggested, in line with
the observations of Martin et al. [74], that the critical M,
would be approximately 80 K, lower than that (100 K)
suggested by Hill et al. [30] and based on work by Pren-
tice [59]. Additionally, Dowling and Fleming [23] sug-
gested the entanglement M_ for PAA to be below 5 K, for
aqueous PAAs, compared with the 7 K suggested by Hill
et al. [30] for anhydrous PAAs. Their results have con-
firmed the aforementioned discussions by Wilson and Hill
groups. By replacing 10-30% of a lower M PAA (~15 K)
with a higher M, PAA (~80 K), significant increases in
compressive strength and elastic modulus were observed
with minimal increases in the viscosity of the PAA solu-
tions. It is important to note that although the approach
of mixing different molecular weights at different ratios
to improve the mechanical properties is encouraging,
no marked increases in compressive strength and elastic
modulus were observed compared with those for the
control cements with highest M, PAA (~80 K) investigated.
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The use of 50 K M, PAA with a particle size <50 um would
result in the optimum polymerization and end-use char-
acteristics of GPCs for clinical use. The use of M PAA
higher than 50 K is favorable as it results in marked plastic
deformation due to the wider distribution of the polymer
chain lengths. It is important, though, to note that the use
of M_>500 K would not improve the mechanical proper-
ties since the cement matrix reaches a point of critical
stress sufficient to cause chain scission and the mechani-
cal properties become independent of M, . Attention must
also be paid to the use of different molecular weight PAAs
as they result in different molecular weight distributions.
The short chains in the high-molecular-weight PAA would
contribute to the quick setting reaction with the released
cations through faster disentanglement and dissolution
and hence resulting in improved mechanical properties,
while the long chains in the low-molecular-weight PAA
would contribute to slightly delaying the matrix from
quick setting [2, 21, 22].

3.3 Effect of the PAA concentration

Continuing our earlier discussions on the reptation model,
the theory also considers individual polymer chains and
states that when the concentration of a polymer solution is
high enough to produce dense chain entanglements, each
chain is forced to wriggle in an anisotropic curvilinear
motion, called “reptation”. Increasing the PAA concentra-
tion involves reducing water content, i.e. increasing the
relative amount of chemically bonded atoms with stable
electronic configuration, alternatively called covalent
bonds, or the number of COOH groups resulting in better
distribution of stresses through the structure. In other
words, higher concentration of PAA results in cements
with higher numbers of polyacid chains, thus affecting
GPC characteristics. Figure 4 illustrates this concept and
shows that the strength of the cement depends on the
stress transfer between volume elements, which would
improve if the PAA molecular weight or concentration
were increased [75, 76].

CGPCs have utilized the PAA at a concentration of
about 45% [40]. Since then, various studies have con-
sidered the effect of changing the PAA concentration on
the physical (rheological and mechanical) properties of
GPCs. The effect of the PAA concentration on rheological
properties was studied by Crisp et al. [20]. Table 4 pro-
vides the active region (a region in which identifying the
properties of GPCs is possible) of PAA concentration for
different rheological properties and comments on each.
It is clear that increasing the PAA concentration increases
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Figure 4: Schematic illustration of the (A) Cement volume, (B) effect of increasing molecular weight and (C) effect of increasing

concentration.

Table 4: Effect of the PAA concentration (% w/w) on the rheological properties and handling characteristics of CGPCs [20].

Parameter Active region Comment

Viscosity 28-52 Linear relationship; however, the viscosity increases rapidly at PAA concentrations >48% w/w.

Powder:liquid ratio 38-50 Increasing the PAA concentration corresponds to a reduction in the P:L ratio resulting in
increased viscosity maintaining the cement consistency. PAA concentration <38% w/w
resulted in no effects on the P:L ratio.

Working time 38-50 Within this active region, increasing the PAA concentration decreased the working time. This
corresponds to the increased viscosity of the cement. Below 38% w/w, there is no effect on
the working time, while the use of ratios >50 is not recommended for clinical purposes.

Setting time 28-48 The setting time decreased for PAA concentrations between 28% and 38% w/w. However, an

increase in the setting time was recorded corresponding to concentrations between 29% and
43% w/w. Subsequently, the setting time drops until a plateau is reached.

the cement viscosity resulting in a quicker setting reac-
tion. In general, the more concentrated PAA results in
improved matrix formation through the assimilation of
metallic ions and formation of salt bridges; however,
this improvement happens at the expense of rheological
properties [2, 20]. It was also postulated that increasing
polymer concentration results in higher polymer conduc-
tivity and lower pH. This is expected to increase intra- and
intermolecular interactions resulting in compressed mac-
romolecular chains and hence increased surface reactiv-
ity [76-78]. Thus, it can be noted that the concentration
of the polymer phase is an important factor affecting the
setting reaction, whereas a suitable balance is important
to allow the cement components to react and to attain
optimum properties [20]. These results observed by Crisp
et al. were confirmed by similar studies in the literature
[2, 23, 35, 68].

The literature [23, 31, 68, 79, 80] also researched and
commented on the effect of PAA concentration on the
mechanical properties of GPCs. Table 5 brings together the
results observed by a series of studies by Fennell and Hill
[32, 33, 62], which focused on the influence of PAA concen-
tration and molar mass on the fracture properties of GPCs.
It can be seen that, generally, cement strength increases
with PAA concentration (30-50%). Further increases

in PAA concentration (up to approximately 45-50%)
increases the number of chains crossing the fracture plane
leading to more energy being expanded and hence higher
toughness and strength [62]. However, a slight fall and
variation in some mechanical properties can be seen for
PAA concentrations higher than 50% offering justification
for why a PAA concentration of 45% is preferred for the
preparation of GPCs in the dental clinic. This slight fall/
variation for cements prepared with PAA concentrations
higher than 50% can be attributed to the deficiency of
metal cations in the polysalt matrix present for cross-link-
ing and/or due to incomplete dissolution of the polyacid
particles [32]. Moreover, Young’s modulus was observed
to be independent of PAA molar mass (Table 1); however,
it was found (Table 5) to increase with the PAA concen-
tration up to approximately 50%. The increase in Young’s
modulus was due to the reduced water content as the PAA
concentration increases. Water molecules are likely to
cause a plasticizing action, spacing the polymer chains
apart, and hence lower chain entanglement density or
decreased number of COOH groups for cross-linking would
be expected resulting in lower or unpredictable Young’s
modulus [62]. Generally, the viscosity and mechanical
properties of GPCs increase with the PAA concentration
regardless of the PAA molecular weight. However, an
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Table 5: Influence of the PAA concentration on the mechanical properties of GPCs [32, 33, 62].

Property Cement preparation PAA concentration
30% 35% 40% 45% 50% 55% 60%

Compressive Cements were 34(2) 44 (3) 50 (3) 73(7) 76 (6) 88 (5) 73 (4)

strength (o) prepared by mixing

(MPa) (SD) the glass powder (4.5

Young’s Si02-1.5P205-3A1203- 2.93(0.23) 3.07(0.28) 4.05(0.47) 5.04(0.75) 5.67(0.59) 4.90 (0.37) 3.55(0.27)

modulus (GPa) ~ 4Ca0-CaF,) with E7

Flexural strength PAAs concentrated 5.14(1.28) 5.53(1.14) 8.65(1.31) 10.08(1.83) 11.01(1.38) 19.18(0.65) 18.14(0.72)

(o,) (MPa) (SD) between 30% and

Fracture 60% m/m and then 0.25(0.03) 0.27(0.10) 0.40 (0.05) 0.42(0.08) 0.52(0.16) 0.50 (0.04) 0.51 (0.04)

toughness (K)  adding this mixture

(MPam'/?) (SD)  to water containing

Toughness (G)  10% m/v (+) tartaric 21 24 39 35 48 51 73

(Jm?) acid. Cements were

prepared with 0.4
glass volume fraction
and were aged for

1 day

optimum PAA concentration (ranging between 35% and
50%) exists for each PAA molecular weight, above which
the mechanical properties decrease [23].

3.4 Effect of the PAA polydispersity index

The PDI is a measure of molecular weight distribution
(MWD) of the PAA [Eq (5)]. MWD results from the unequal
growth of the polymer chains during polymerization [23, 81].

MWD ( PDI)—M‘”

—ﬁn 5)

Most studies in the field have considered the effect of
changing molecular weight, while less attention is paid
to PDI. Studies by Hill et al. [30], Wilson et al. [21] and
Dowling and Fleming [23] have shown that increasing PDI
results in increased strength. Dowling and Fleming, for
example, investigated the influence of PDI of a series of
PAA solutions, with number average molecular weights
ranging from 5 K to 200 K and concentrations ranging
from 10% to 60%. PDI values between 1.5 and 2.2 were
used in the study of Dowling and Fleming and were con-
sidered narrow. Otherwise, high PDI (>3) is indicative of a
wide distribution of PAA chain lengths and can be called
“polydisperse PAA”, which is generally advantageous for
processing purposes since low-molecular-weight frac-
tions or low M_ result in higher viscosities and behave like
lubricants [21, 23]. This behavior was attributed to the fact
that longer PAA chains, associated with higher M PAA,
have a disproportionate effect on the viscosity, while a

mono-disperse PAA, with a narrower distribution of PAA
chain lengths, would provide a proportionate effect on the
viscosity when concentrated in solution [31].

The chain length of the polyacid is known to be an
important parameter affecting a wide range of clinically
relevant parameters such as rheology, acid erosion, solu-
bility, mechanical properties and abrasive wear. Increas-
ing the chain length of the polymer results in lower
viscosity and hence higher strength because the narrow
distribution of PAA chain length results in larger chain
entanglements and hence lower stress cracking sensitivity
[21, 30].

3.5 Effect of the mixing ratio of PAA solution
and glass powder

Variations in the powder:liquid (P:L) ratio can, under-
standably, influence both mechanical and rheological
properties of GPCs. Fleming et al. [26] manipulated the
ratio for ChemFil (Dentsply, Germany), a commercially
available restorative cement, and examined the effects
on rheological and mechanical properties. Using the
manufacturer’s recommended ratio as a baseline (100%
powder), other formulations were mixed at 90%, 80%
and 50% of the recommended powder content, with a
constant volume (1 ml) of aqueous polyacid. Table 6 sum-
marizes key results from the literature. Decreasing powder
content, while keeping liquid content constant, results in
reduced strength but longer rheological properties. Xie
et al. [82] studied the effect of increasing glass content on



DE GRUYTER

Table 6: Properties of ChemFil mixed with 100%, 90%, 80% and
50% of the recommended powder content [26].

Property 100% 90% 80% 50%
Compressive strength (MPa) 102 94 83 56
Working time (s) 90 90 108 120
Net setting time (s) 150 168 186 210

the GPC strength and rheological properties. They showed
that increasing the P:L ratio in the cement resulted in
increased compressive strength but decreased setting
time. Further, they showed that increasing the P:L ratio
from 1to 2 increased the compressive strength from ~40 to
~140 MPa, while a non-significant increase resulted when
the P:L ratio increased further from 2 to 2.5. Beyond 2.5,
the compressive strength dropped significantly. Results of
Xie et al. [82] are in good agreement with those presented
by Fleming et al. [26].

The higher the amount of glass powder, the higher the
cement strength [83]. This correlation has been explained
through the particles of the glass powder that remain
unchanged due to the lower level of acid. The “unreacted”
glass cations, within the cement structure, act as reinforc-
ing filler particles and prevent crack propagation within
the cement matrix, resulting in improved strength [24,
83]. Reducing the volume of reinforcing glass particles (or
increasing the amount of liquid used for a specific formu-
lation) reduces the ability of GPCs to resist compressive
forces during loading and consequently failure occurs at
lower compressive loads. Variations in the rheology of the
cements with P:L ratio can be explained in similar terms.
First, the increased PAA ratio will inevitably provide a
more fluid cement upon mixing, and decreasing the glass
volume fraction provides fewer available matrix-forming
ions relative to active bonding sites on the polyacid chain
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[2, 24, 84]. There must be an optimum P:L ratio, providing
that the cement has sufficient working and setting times
for the application of the cement at this optimum ratio.

3.6 Effect of additives/chelating agents

It has been postulated that the polymer phase is respon-
sible for the strength of the cement while the incorpora-
tion of chelating agents was assumed to affect various
properties of GPCs [85, 86]. Tartaric acid (Figure 5), as
a co-additive to the PAA backbone, is often added to
GPCs as a rate-controlling additive [2]. Wilson et al. [85]
showed that tartaric acid was effective in the extraction
of ions from the alumino-silicate glass. The expected
effect would be of shortening the setting time and accel-
erating the rate of cement hardening. However, the paper
reported that d-tartaric acid was also an effective com-
plexing agent for improving working and setting times
of cement pastes [86] and postulated that the addition
of tartaric acid first delays the setting reaction and then
enhances ion bridging as a result of withholding cations
from the polyanion chains. (+)-Tartaric acid (5-10 wt.%)
(Figure 5A) improves the rheological properties of GPCs
by extending the working time and sharpening the onset
of the setting time [40]. Results of Wilson et al. were
confirmed by Prosser et al. [87], who showed by means of
BC Fourier transform NMR spectroscopy that tartaric acid
reacts preferentially with the glass and prevents the early
binding of cations to the polyanion chains, resulting in
increased working time. Tartaric acid is fully complexed
at pH=~3, and complexing by PAA then occurs with the
pH of the set cement rising to pH=5 [87]. This change in
complexing species occurs due to the stability of calcium
and aluminum tartrate compounds at low pH (pH=3-4).
In the presence of (+)-tartaric acid, calcium salts form

C Ho o
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Ho— | —H
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Figure 5: Structure of different tartaric acids (A) (+)-Tartaric acid, (B) (-)-tartaric acid and (C) meso-tartaric acid.
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more slowly and aluminum salts form more rapidly. It
has also been noticed that the conformation of the acid is
also of paramount importance as neither (-) (Figure 5B)
nor (+)-tartaric acids influence the setting process in
the same way as the (+)-isomer (meso form shown in
Figure 5C) does, whilst their use is contraindicated. A
modest increase in strength has also been noticed with
the addition of (+)-tartaric acid. These strengthening
effects have been attributed to reduction in bulk homoge-
neities and indirectly improving the surface of the speci-
men by increasing flow properties [40, 86, 87].

Other additives including, but not restricted to, phos-
phoric [88], amino [89], maleic [90], itaconic [91] and
oxalic acids [92] have been studied and discussed in other
review papers [3, 7, 40]. Yet, they are not the focus of this
review article.

4 The influence of the PAA
component on the clinical
performance of CGPCs

This review considers the role of PAA in the setting chemis-
try and maturation of CGPCs and then discusses the effect
of changing various aspects of the PAA phase, includ-
ing molar mass, molecular weight, concentration, PDI,
content and inclusion of chelating agents on the mechani-
cal and rheological properties of CGPCs. This section
focuses on the clinical aspects of these biomaterials.

4.1 Biocompatibility

Biocompatibility refers to “the ability of a biomaterial
to perform with an appropriate host response in a spe-
cific application” [93]. This definition was later modi-
fied by Williams, who redefined biocompatibility of a
biomaterial as “the ability to perform as a substrate that
will support the appropriate cellular activity in order
to optimize tissue regeneration, without eliciting any
undesirable local or systemic responses in the eventual
host” [94]. Many studies have been performed in vitro
and in vivo to evaluate the biocompatibility of PAA-
based systems. A study by Brodbeck et al. [95] demon-
strated that PAA could prevent the failure of implanted
biomedical devices by limiting macrophage fusion and
monocyte adhesion in vivo using the rat cage implant
system. Other studies [96, 97] have also commented on
the anti-corrosion performance of the PAA, the ability to
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functionalize such water-soluble polymers with bioac-
tive molecules and their compatibility towards human
osteoblast-like cells.

The biocompatibility of CGPCs has been investigated
and reported over the past several decades. There are no
studies reporting the systemic toxicity of CGPCs, attrib-
uted to their positive preclinical biocompatibility results
[98]. A single study [99] reported a case of allergy reac-
tion to CGPCs, in which a generalized urticaria occurred
after the application of CGPCs. In general, CGPCs do not
pose an acute systemic risk or chronic toxic behavior;
however, it is important to assess their systemic toxic-
ity prior to their market launch. A number of studies
[100-105] intensively investigated the cytotoxicity of
CGPCs. It was consistently illustrated that the cytotoxic
behavior of CGPCs depends on their setting reaction.
A freshly mixed cement may exhibit an antibacterial
activity or cytotoxicity, both diminishing as the cement
matrix hardens [106-109]. The literature postulated that
this behavior could result from the release of metal ions
such as aluminum and fluoride and/or free PAAs when
freshly mixed [110, 111]. The cytotoxic effect of freshly
mixed CGPC was also attributed to the high acidity
of the freshly mixed cement (pH 1.6-3.7) when com-
pared to that (pH 5.4-7.3) of the completely set cement
[112]. The antimicrobial properties of CGPCs have been
investigated in vitro and in vivo [113-120]. It was found
that freshly mixed CGPCs inhibited bacterial growth,
whereas completely set cement samples revealed no
antimicrobial effect. In addition to the antimicrobial
effect of CGPCs, these adhesive materials have resulted
in decreased microbial adhesion when compared with
other dental materials, for instance, resin-based com-
posites [98].

A number of clinical studies on CGPCs have ques-
tioned their biocompatibility. An implantation study by
Steinbrunner et al. [121] revealed that very thin mixes of
CGPC, when used as a pit and fissure sealant, generated
much more pronounced tissue reactions than a thick mix
of the same product when used as a filling material. Other
studies [104, 105, 122] showed that the exposure of pulp
to CGPCs has resulted in severe pulp reactions, including
abscess formation. CGPCs used as luting agents caused
severe pain in certain cases [123]. The possible causes of
these clinical reactions can be the incorrect handling (e.g.
pronounced drying of the prepared tooth prior to cemen-
tation), insufficient remaining dentin thickness, exces-
sive pressure during cementation or increased solubility
resulting from inhibited setting reaction [120, 124, 125].
Further details on the biocompatibility of CGPCs are pre-
sented elsewhere [9, 126, 127].
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4.2 Rheological and mechanical properties

The mechanical and rheological properties of GPCs are
often interrelated. Generally, increasing the rheological
properties has been shown to decrease the mechanical
properties, while strength has increased with a shortened
working and setting times. The strength of GPCs increases
with time as a result of cross-linking in the polysalt matrix.
The previous sections of this article have commented
on the chemistry of these novel materials and discussed
the effect of various properties of PAA on the mechanical
and rheological properties of CGPCs. GPCs are not only
required to set to give a strong material, but they must also
remain viscous for a sufficient time to allow manipulation
by the clinician after which they must present a degree of
hardness following placement to avoid failure.

4.3 Adhesion to substrates

CGPCs adhere to both dentin and enamel without prior
treatment [2, 128]. Many studies have considered the
mechanism of adhesion using information from spectro-
scopic techniques such as IR spectroscopy. Smith [129]
suggested that PAA carboxylate groups in the GPC chelate
Ca? ions in hydroxyapatite. Beech [130] postulated, from
IR absorption spectra, that adhesion is a result of ionic
attraction between carboxylate groups and the surface of
the tooth. Wilson [131] considered that metal ions could
form a salt bridge between pendant carboxylate groups in
the cement and the negatively charged apatite surface of
enamel. Further, Wilson indicated that effective adhesion
results from excellent wetting which is attributed to the
ability of the free COOH groups present in fluid cement to
form hydrogen bonds as shown in Figure 6. These hydro-
gen bonds are replaced by ionic bridges as the cement
sets. Belton and Stupp [132] showed that ionized rather
than unionized polyacrylate is responsible for adhesion.
Another possibility remains is that the polyacrylate chains
affect adhesion by crossing the interface and interact-
ing with the surface layer of the enamel apatite. Wilson
et al. [133] showed that the surface layer of the adhering
cement becomes enriched in phosphate and calcium ions
as these diffuse from the enamel surface. A more recent
laboratory study by van Meerbeek et al. [134] described
a micromechanical interlocking mechanism between the
self-etching effect of the polyacid component of the glass
ionomer and the hydroxyl apatite coated collagen fibril
network of dentine. Therefore, it was concluded that ionic
bonds are formed between the poly carboxyl groups of the
glass ionomers poly acid and the Ca? ions of the tooth,
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Figure 6: A schematic diagram illustrating the properties of the
acrylic acid monomer in the copolymer and its ability to form hydro-
gen bonds resulting in effective adhesion.

confirming the results presented by Smith [129]. Further-
more, a study by Yoshida et al. [135] showed the capabil-
ity of using novel biomaterial characterization techniques
such as x-ray photoelectron spectroscopy (XPS) in iden-
tifying the chemical bonding at biomaterial-hard tissue
interfaces. They demonstrated, using XPS, that the PAA
component of the glass ionomer system significantly
influences the chemical bonding potential. Further, they
have shown that a PAA based upon 10:1 acrylic/maleic
acid units has about two thirds of its carboxyl groups
bonded to hydroxyapatite vs. half of the carboxyl groups
of pure PAA. It is therefore important to note that adhesion
is not solely a result of ion bridging, but of interactions
between the polyacrylate chains and the enamel surface
of the tooth, displacing phosphate for example. In other
words, adhesion is dynamic in nature with bond inter-
change since ion exchange is continually taking place
between the oral fluids and the cement interface [8, 133].
Adhesion of CGPCs to surfaces improved through
chemical treatment [8]. Although CGPCs can adhere
to substrates chemically, surface treatment is of great
importance since effective adhesion can only occur when
an adhesive and a substrate are brought into molecular
contact. Some work on this topic has been reported. Hotz
[136] recommended pre-treatment with citric acid. Levine
et al. [137] and Causton and Johnson [138] studied the use
of mineralizing solutions. The use of citric acid was found
unfavorable as, although it resulted in improved adhesion
[136], it also opens up dentinal tubules and causes loss of
the smear layer. An experimental study [8] assessed the
effectiveness of adhesion of GPCs to substrates pre-treated
with chemical reagents that are less aggressive than citric
acid, which include PAA, ferric acid and tannic acid. Car-
boxylic acid hydroxyl containing PAA was found as one of
the most effective conditioning solutions, for both enamel
and dentin. The functional group of the PAA has the ability
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to form a multiplicity of hydrogen bonds to the substrate

surface. These bonds promote wetting, cleansing and,

probably, sorption of the conditioning agent by chelation.

Enamel treated with 25% PAA resulted in a bond strength

of 7.1 MPa, which was found significantly higher than that

of the untreated enamel (3.2 MPa) [8]. Similar results were
achieved for dentine. There was no significant modifica-
tion in the morphology of the enamel surfaces. Although
surface modification improves the cement adhesion to
the substrate, the substrate surface must be treated with
caution. Surface modifications could lead to the creation
of air voids, which could act as foci for high stress, hence

lowering the strength of the adhesive joint [8].

GPCs have been used in dentistry for over 40 years and
have been considered as promising biomaterials in ortho-
pedics. GPCs have been reported to have great potential for
use as bone cements as an alternative to the conventional
acrylic cements [139]. The importance of the adhesion
property of CGPCs cannot be neglected; it plays an impor-
tant role in both dental and orthopedic therapies. Hence,
the following important factors must be considered for
improving the GPCs’ adhesion properties [2, 140]:

(a) Good initial wetting of the surfaces, achieved through

a low contact angle, high surface energy and/or low

viscosity.

Excellent intermolecular and interatomic forces

between the adhesive and the substrate to avoid cohe-

sive or adhesive failure in the substrate or within the
adhesive; both may compromise the applicability of
the material for clinical use.

(c) The polymer chain molecules must possess sufficient
mobility and be mutually soluble.

(d) The material must have comparable strength to the
tissue it replaces to prevent material failure.

(e) The solubility of both the adhesive and the substrate
must match to provide stronger interaction.

(f) Air voids in cements must be avoided as they act as
stress raisers and result in unsatisfactory adhesive
strength attributed to the reduced ability of the adhe-
sive to penetrate into the substrate surface.

(b)

4.4 lon release

The physical properties of CGPCs are dominated by the
polymer matrix, with the residual glass particles simply
acting as a filler [21]. Ion release takes part in the formation
of the cement matrix and contributes to the therapeutic
activity, giving these materials the potential to be used for
various clinical applications. The fluoro-alumino-silicate
glass-based CGPCs are known for their sustained release
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of clinically beneficial amounts of fluoride [51, 141, 142],
as shown by Wilson et al. [143], who found that the release
of fluoride continued for at least 18 months. Fluoride plays
an important biological role, particularly in dentistry, and
has the effect of improving the resistance of the tooth
material to acid attack, decreasing demineralization and
increasing remineralization, inhibiting dental decays,
and making the cement translucent [144-146]. Although
the therapeutic activity of CGPCs depends mainly on the
glass phase [144, 147-150], the polymer phase plays an
important role in attacking the glass cations and releas-
ing them or complexing them within its network. PAA or
copolymers of acrylic and itaconic or maleic acid have
been the most commonly used polymers in the prepara-
tion of GPCs. Towler et al. [151] showed that increasing
the concentration of PAA minimizes ion release from
GPCs. They also showed that agitation (sample rotation
at 1000 rounds per minute) or aging samples at higher
temperature (70°C) significantly increases the ion release
of Zn* ions from the cement matrix into the medium,
when compared to those aged at 37°C in static conditions.
Wren et al. [152] investigated titanium (Ti)-containing
glasses and found that the immersion of GPCs based on
such glasses into distilled water resulted in an increased
surface area after 1 day which then decreased over the
next 29 days of incubation. The increase in the surface
area was attributed to the dissolution of PAA within the
cement matrix (hydration processes) resulting in open
porosity and thus liberating ions bound within the cement
structure, which then sought anionic sites. The formation
of the siliceous hydrogel, during the hydration processes
of GPCs, might be another reason for the increased surface
area observed in their study [2]. The release of ions was
also influenced by the cross-linked PAA matrix. Studies
[152, 153] on Ti-containing glasses reported that there
was no Ti* release. Shen et al. [153] showed that sodium
was dissolved at higher rates than calcium and stron-
tium. These results were attributed to the anion-cation
reactions, suggesting that Ca? and Sr?** are complexed
more strongly by the PAA matrix than Na* ions. Ti, on
the other hand, is expected to be complexed by the PAA
at higher rates than those of the Na, Sr and Ca. Further,
these results illustrate that the PAA matrix continues its
degradation, post-setting and while immersed into water,
resulting in selective retention of cations. This is in agree-
ment with the literature [154], where it was indicated that
PAA readily complexes alkali metal cations. A study [141]
on fluoride release showed that acidity of the PAA com-
ponent of a CGPC and/or the powder:liquid mixing ratio
may affect the rate of fluoride release from CGPCs. Xu
and Burgess [155] proposed a mathematical equation [Eq.
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(6)] to model fluoride release from both conventional and
resin-modified glass ionomers,

[F1.=[F],(1-e™)+Bt ©)

where [F]_is the cumulative fluoride concentration, [F] is
the initial fluoride concentration, ¢ is the time, and b and
f are the mathematically derived constants.

4.5 Acid erosion and clinical durability

Clinical durability of a CGPC can be defined as the ability
of the cement matrix to withstand long-term clinical use
and resist failure [2]. Clinical durability depends on the
resistance to acid erosion. CGPCs have generally shown
failure rates between 20% and 30% after 2 years [156-159].
However, a clinical study by Mount [160] showed a failure
rate of only 2% over 7 years. The significant difference in
the failure rate can be attributed to the fact that the extent
of acid erosion varies inversely with the time allowed for
the cement to set prior to exposure [161]. It was reported [2]
that GPCs based on copolymers of acrylic and maleic acids
are less durable than those based on PAA, suggesting that
the extent of erosion depends on the type of the polyelec-
trolyte used. Crisp et al. [52] performed a chemical study
of the erosion of a GPC under acid attack. They found
that the chief species eluted were sodium and fluoride
ions and silicic acid, suggesting that the polyacid attack
occurred mainly on the glass particles rather than on the
matrix. They [52] also reported that GPCs begin to erode
at pH=4.0; however, a study by Wilson et al. [162] showed
that one brand of GPCs did not erode at all at this pH. In
general, the susceptibility of GPCs to acid erosion is low
even when pH is 2.7 [2].

5 Summary

PAA has been the most commonly used acid for the prepa-
ration of GPCs. This review has critically summarized and
evaluated the role of PAA in the performance of CGPCs.
The authors suggest that this critical review is crucial for
dental material scientists for building proper understand-
ing of the chemistry and properties of the PAA component
in GPCs, and hence, facilitating the development of new
cements that may overcome various disadvantages of the
commercial GPCs currently used in the clinic.

The current review has shown that PAA, due to its
ability to neutralize and ionize in the presence of water,
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initiates the GPC forming and setting/hardening reactions.
This review has also shown that the molar mass, molecu-
lar weight, concentration and PDI of the PAA and the
powder:liquid ratio of the GPC system were found to have
a similar effect on the mechanical and rheological prop-
erties of the cement being investigated. Increasing any of
these factors would increase the strength of the cement;
however, the rheological properties of the material are
shortened, representing a challenge in this field. The use of
additives such as tartaric acid improves the GPC rheologi-
cal properties by increasing the workability of the cement.
PAA contributes to the biocompatibility of the CGPC system
and controls its adhesion to the substrate. It was also found
that ion release is restricted as the molecular weight, molar
mass or concentration of the PAA increases.
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