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Abstract

Objective To reevaluate proven strengths and weakness of glass ionomer cements (GICs) and to identify agreement versus
conflicting evidence in previous reports regarding the transition between GIC and the tooth, and the existence of an “interphase”.
Materials and methods Relevant electronic databases (PubMed, Embase via Ovid and Medline via Web of science) were
searched for publications of evidence relating to the transition zone at the GIC-tooth interphase. Studies were examined and
grouped according to characteristics of GIC-tooth attachment area quantified by X-ray and optical microscopy techniques in 2D
and 3D.

Results Inclusion criteria comprised of in vitro studies that showed images of the conventional GIC-tooth substrate attachments
using at least one of the following techniques: SEM, CLSM, or uCT. The search identified 419 studies, from which 33 were
included. Ten studies demonstrated the existence of an interphase layer and five studies quantified the layer thickness (1-15 ).
Twenty-nine publications studied different failure modes of the GIC-tooth interphase. Eleven studies described discontinuities
inside the GIC bulk.

Conclusion The GIC-tooth interphase attributes evolve with time. Good attachment is evident even under compromised surface
preparation. The GIC-tooth attachment area is resistant to acidic dissolution as compared to both tooth and GIC bulk. In general,
studies revealed mostly intact GIC-tooth interphases with only some cracked interphases.

Clinical significance GIC bonds to the tooth structure and forms an acid resistant attachment zone that might enhance caries
inhibition. Due to fluoride release and ease of use, GIC provides a cost effective treatment, ideal for low income or high caries
populations.

Keywords Glass ionomer cement - Interface - Interphase layer - GIC-tooth attachment - Integrity and interaction interphase

Introduction

Glass ionomer cement (GIC) is an acid-base biomaterial
consisting of an acid-degradable fluoro-aluminosilicate glass
powder, a polymeric acid dissolved in water and tartaric acid
[1]. Tt has been in extensive clinical use since 1972, when the
first commercial cements were developed [2]. GIC forms
strong chemical bonds to the dental hard tissues (dentine and
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enamel) as well as metals in clinical use (e.g., orthodontic
brackets) [3]. It is able to adhere to prepared tooth structure
in the moist environment of the mouth and has been used to
seal marginal gaps at the interfaces between restoration and
the tooth substrate [4, 5]. Due to a reactive chemistry, GIC
releases fluoride continuously with a desirable positive effect
on tooth tissues while possibly inhibiting caries formation [6].
GIC reportedly leads to fewer allergic reactions, and reduced
dental sensitivity with low cytotoxicity and mutagenicity than
resin-modified glass ionomer cements, ceramics, gold alloys,
and composite materials as alternatives to amalgam [7].
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However, due to reduced mechanical and esthetic properties,
the use of GIC is limited [8].

GIC has been used successfully in various forms. As a
liner, it can be used to replace calcium hydroxide and other
similar base materials in all cavities under class I and II
composite restorations [9]. It is considered as an alternative
sealing material replacing mineral trioxide aggregate (MTA)
due to less crown discoloration [10]. GIC was used as perio-
restoration in root caries and when reinforced with hydroxy-
apatite, it enhances fibroblast proliferation and their attach-
ment [11]. Additionally, it buffers bacterial acidic
byproducts and increases the pH of the medium and it totally
inhibits the growth of S. mutans and S. sanguinis [12].
Endodontically, GIC was used for cementation of glass fiber
posts and showed similar push out bond strength tests as
compared with resin-modified glass ionomer cements and
self-adhesive resin cement with a similar depth of dentine
penetration [13, 14]. When used to bond orthodontic
brackets to tooth surfaces, it leads to significantly less white
spot formation on enamel as compared with di-acrylate or-
thodontic cements [15]. An important application is the use
as a fissure sealant in situations where drying of the tooth and
moisture control are a problem. This is particularly useful for
patients with high-risk caries [7, 16, 17]. Consensus on caries
management has led to recommend that GIC be used in
atraumatic restorative treatment as a restoration in primary
and permanent teeth [18, 19]. In a 1-year randomized con-
trolled trial, atraumatic restorative treatment was compared
to standard dental care and was found to be more cost effec-
tive [20]. Indeed, GIC-based dental materials are associated
with lower secondary caries [21]. GIC was even advocated
as a bulk material in the cavity, due to minimum shrinkage
and wet surface attachment [22]. However, GIC lacks color
stability and is not as strong as metallic restorations and
evidence shows that GIC is brittle and easily cracks, due to
the low flexural strength [23]. Thus, there is a lack of clarity
about the state of interaction between GIC and tooth sub-
strate and when it fails at this interface.

Recent evidence has shown that in spite of compromised
properties, clinical meta-analysis works favor GIC-based
materials for cervical restorations, where they show excellent
often superior longevity as compared with other treatment
alternatives [24, 25]. The main advantage of this material
over the alternatives lies in the interaction with the tooth
substrate. GIC attaches to the underlying dentine or enamel
by one or several mechanisms. These include (1) GIC-tooth
interlocking—it has been proposed that GIC eliminates the
smear layer and partially erodes the substrate surfaces pro-
viding mechanical retention; (2) adsorption—this mecha-
nism assumes that chemical bonds (ionic, hydrogen) or
forces (Van der Waals) act together; and (3) diffusion—
various authors propose that mobile ions exchange at the
GIC-tooth transition zone where an “interphase” of gradual
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transition between the two material phases is formed [26].
With time, after GIC application, chemical bonds are formed
between carboxyl groups (COO-) in the GIC and the tooth
substrate hydroxyapatite mineral particles comprising calci-
um and phosphate [22]. Any etched detached ions (calcium
and phosphate) from the tooth are trapped in the unreacted
GIC cement and form a distinct zone/layer at GIC-tooth in-
terphase. This interphase layer contains calcium, phosphate,
aluminum, fluoride, and silica depending on the composition
and on GIC interaction with the substrates [27]. The inter-
phase interaction layer between GIC and tooth substrates has
been given various, often-confusing terms [18]. The GIC
sealing and its interphase with tooth substrates have been
characterized using polarized-light microscopy [28, 29],
scanning electron microscopy (SEM) [30, 31], transmission
electron microscopy (TEM) [32, 33], confocal laser scanning
microscopy (CLSM) [34, 35], micro-computed tomography
(LCT) [36, 37], X-ray photoelectron spectroscopy (XPS)
[29, 30, 38, 39], energy-dispersive X-ray spectrometry
(EDX) [40, 41], Fourier transform infrared spectroscopy
(FTIR) [39, 42], Raman spectroscopy [43—45], and electron
probe microanalysis [46, 47].

The present study aims to systematically review the evi-
dence regarding the interaction interphase layer and attach-
ment integrity between GIC and tooth substrates. Evidence
for the presence of pores and cracks studied using SEM,
CLSM, and pCT is surveyed to (1) better understand the mor-
phology of GIC-tooth interaction interphase and (2) to outline
proven strengths and weakness of GIC in clinical practice.

Methods
Inclusion criteria
This systematic review was limited to studies

» Showing images of conventional GIC and the attachment
zone to human tooth tissue.

* In vitro studies that used at least one of the following
techniques: SEM, CLSM, or uCT.

Exclusion criteria

e Clinical, in situ, in vivo and animal studies.

* Use of bovine teeth.

+ Studies that examined the attachment of GIC to composite
or resin modified GIC.

» Studies lacking visual representation/figures showing the
attachments observed by the authors.



Clin Oral Invest (2020) 24:2189-2201

2191

Outcomes

The continuity of the interphase between conventional GIC
and human teeth tissue was assessed. Not all data in each
study was depicted in the images published and available for
inspection. Both qualitative (e.g., failure types) and quantita-
tive (e.g., interphase interaction layer thickness) observations
were assessed.

Information sources

PubMed, Embase via Ovid, and Medline via Web of Science
were searched. Furthermore, reference lists of identified full
texts were screened and cross-referenced. The search period
was from 1 January 1978 to 29 October 2019. Neither authors
nor journals were blinded to the evaluators. No language re-
striction was set; native speakers translated one study pub-
lished in language other than English (Chinese).

Search strategy

The following search, combining four search blocks and
employing Boolean operators, was adapted for each database:

(((((((((((Glass 1onomer cement) OR GIC) OR
Conventional GIC) OR Conventional glass ionomer cement)
OR restorative glass ionomer cement) OR glass ionomer fill-
ing) OR glass ionomer restoration) OR Resin modified glass
ionomer cement))) AND ((((((dentin) OR dentine) OR
Enamel) OR Tooth substrate) OR Dental hard tissue))) AND
(((((((((((Interface) OR Intermediate layer) OR (Junction be-
tween GIC and Tooth)) OR GIC Tooth binding) OR GIC
tooth attachment) OR Chemical bonding) OR GIC tooth in-
teraction zone) OR GIC marginal adaptation) OR Absorption
layer))) AND ((((((((((((((((SEM) OR Scanning electron mi-
croscopy) OR EDX) OR Energy dispersive x-ray spectrosco-
py) OR CLSM) OR Confocal laser scanning microscopy) OR
XPS) OR X-ray photon spectroscopy) OR FTIR) OR Fourier
transform infrared spectroscopy) OR Raman spectroscopy)
OR Micro-ct) OR Micro computed tomography) OR X-ray
microtomography)).

Data management

For data extraction, a spreadsheet was used to collect the data
across all studies.

Selection process

Titles and abstracts were screened by two authors (HM, AS),
who compared their findings. In case of disagreement, titles
were included to obtain full texts. Full texts were assessed
independently after removal of duplicates. In cases of

disagreement, studies were included after screening by con-
tent (figure and method).

Data collection and analysis

Data was collected by two evaluators (HM, AS) and double-
checked by two other evaluators (KE, PZ). Disagreements
were resolved through discussion.

The following items were summarized: author details, year
of publication, techniques used, storage medium, pretreatment
usage, presence/analysis of enamel interphase, presence/
analysis of dentine interphase, interphase interaction layer,
structural integrity, failure types observed and presence of
pores in the GIC bulk.

Results were compared between studies and common and
conflicting findings of different evaluators were identified.
Risk of bias assessment was not performed, as the included
papers spanned 40 years, during which image quality and
instruments resolution changed substantially.

Results
Selection criteria

From 419 identified studies, 84 were scrutinized, and 33 stud-
ies were finally included (Fig. 1). In these, 26 different GIC
materials were reported. To simplify and standardize compa-
rability between the studies, characteristics were grouped into
attributes of the interaction interphase layer, as well as mea-
sures of structural integrity (porosity, gaps at the GIC-tooth
interphase, and cracking of the bulk). Figure 2 gives a graph-
ical illustration of the main groups of features found in litera-
ture. A summary of the main observations is given in Table 1.

GIC-tooth interaction interphase

Following placement of GIC on the tooth, during setting, a
distinct interphase appears. It comprises an intermediate layer
between the GIC and the tooth substrate. In 10 studies that
showed this interphase layer, the time for the formation was 1
to 10 days of contact between GIC and tooth substrates [44,
45,55,62,67,68,71, 72,75, 76]. It develops due to chemical
interaction between the filling and tooth. This interphase com-
prises a layer of hybrid composition, and typically appears less
dense and more transparent than both the adjacent tooth sub-
strate and GIC bulk.

Different authors use conflicting terms to identify this in-
terphase, with names including “interfacial layer,” “distinct
zone of interaction,” “demineralized dentine,” “acid-base re-
sistant layer,” “mineral infiltration zone,” “absorption layer,”
“hybrid layer,” “interdiffusion zone,” and “intermediate layer”
[45, 48, 55,57, 61, 62, 67, 68, 70-72, 75, 76]. The interaction
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Records identified through Records identified through Records identified through
PubMed searching Embase Searching Medline searching
(n =168) (n =63) (n =188)
— A A X
5 Records identified through database searching (n = 419)
B
S
€=
b A\ 4
[=
§ Records after duplicates removed (n = 201)
A
g’ Records screened R Records excluded Records excluded
S (n=201) I (n=117) i according to our
g inclusion criteria after
n reading the abstracts
N A 4
> Full-text articles Full-text articles (n =51) excluded due to :
= assessed for eligibility > Shown no images of conventional GIC.
‘& (n=84) Techniques other than SEM, CLSM and uCT were used.
w Composite-GIC interphase were studied.
Studies were not in vivo.
ko] A\ 4
()
S Included studies Shown images of conventional GIC.
Tc' (n =33) > SEM, CLSM and pCT techniques were used.
- Studies were in vivo.

Fig. 1 Flowchart of the study. » number of studies, SEM scanning electron microscopy, CLSM confocal laser scanning microscopy, pCT micro-

computed tomography

interphase forms as a result of ion exchange following
dentine/enamel etching due to chemical interactions with the
polyacrylic acid [8].

The extent of the interaction interphase has been the subject
of several studies that reported thicknesses of 14.5 um [44],
5-7 um [55], 2.8-3.4 um [70], 1 pm [61], 1-2 um [62], and
0.4-0.5 um [67]. SEM and CLSM were both used to charac-
terize the interphase size, as reported in 11 of the studies [44,
45, 55, 62, 67, 68, 70-72, 75, 76]. Interestingly, 10 of the
included studies (Table 1) suggested a complete lack of any
interaction interphase [48-51, 56, 58, 61, 63, 74, 78].

Enamel and dentine can each form interaction interphases
with GIC, only 2 studies observed interphase formation where
GIC is in contact with both tooth tissues [62, 75]. Ngo et al.
[62], using the SEM, found interphases including GIC-enamel
and GIC-dentine attachments. Interphases were observed ei-
ther with or without acid etching (precondition) of the tooth
samples. The work by Yilmaz [75] only detected a layer near
the preconditioned dentine surface and found no interphase
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layer when GIC was applied to pristine dentine or enamel
samples.

Structural integrity

From the 33 included studies, 29 examined the structural in-
tegrity of GIC restorations, including analysis of both the fill-
ing itself and the interphase with teeth substrates [44, 45,
49-51, 53-62, 64-75, 77, 78].

Structural integrity of GIC-tooth interphase

The quality of GIC attachment to the tooth is determined by
the interphase integrity. The ideal restoration should exhibit
intact cohesion. Interphase integrity was found to be compro-
mised in 14 of the 29 studies. The authors reported either
adhesive failure (Fig. 2d) exhibiting a complete detachment
of GIC from the tooth or a mixed mode of failure (Fig. 2c),
where GIC remnants remain partially attached to the tooth
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Fig. 2 A schematic illustration of the GIC characteristics analyzed in this review

substrate [50, 51, 53, 56, 58-60, 64, 65, 71, 74, 75, 77, 78].
Six of the studies found complete detachment following me-
chanical testing [50, 51, 53, 65, 71, 77]. Even without me-
chanical loading, GIC attachment may be compromised as
shown by Grossman and Mickenautsch [59]. The authors
found that 16% of the interphase length was detached.

GICs are well known for their self-adherence to tooth sub-
strates and require no conditioning [44]. However, the quality
of attachment of GIC to tooth substrates might change accord-
ing to the use of pretreatments (e.g., etchant or conditioner).
Conflicting reports exist regarding the effects that pretreat-
ment of the tooth substrates has on interfacial integrity.
Among the 33 included studies, a majority (25) used pretreat-
ments [45, 48-53, 55-58, 60-63, 65, 68-73, 75-77]. Five
studies used none [44, 54, 67, 74, 78] whereas 3 studies did
not mention anything about the application of pretreatments
[59, 64, 66]. An intact attachment was found in 12 of the 25
studies that included pretreatment of their samples [45, 49, 55,
57, 61, 62, 68-70, 72, 73, 75]. However, intact attachments
were also seen in three [44, 54, 67] of the 5 studies where
samples were not pretreated [44, 54, 67, 74, 78] as shown in
Table 1. This suggests that 50% of interphases of all tested
GICs result in detachment, regardless of any applied pretreat-
ment. The attachment quality was also affected by the type of
tooth conditioner. Citric acid application was more favorable
than EDTA [65].

A curious observation for GIC-dentine samples was that
the interphase zone was more resistant to recurring acid etch-
ing. Indeed following such etching of visibly intact inter-
phases [55, 62], the neighboring dentine and GIC were always
eroded as compared to the attachment zone.

Structural integrity of the bulk

When GIC cracks are seen near the interphase with tooth
structure, the fillings are classified as exhibiting cohesive fail-
ure (Fig. 2b). A lack of structural integrity in the bulk of
restorations was reported in 15 studies [44, 45, 49, 54, 55,
57, 61, 62, 66-70, 72, 73]. Seven studies considered crack
formation, in which 5 studies identified dehydration [49, 53,
58, 73, 74], and 2 studies associated stress during mechanical
tests as main causes for structural cracking. Those authors
demonstrated that cracks appear at a distance from the inter-
phase with the tooth [50, 69]. Birkenfeld and Schulman [49]
speculated that faulty sample handling and preparation might
also lead to cracking. The reported cracking on GIC surfaces
usually did not lead to full fracture of the GIC restoration at the
base of cavity, but this is not the same as when mechanical
tests were used, where force was applied until complete failure
of GIC bulk occured [53, 69].

In addition to cracks, the bulk of GIC contains pores.
Porosity, defined as the presence of empty spaces inside
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fluorescence staining with thodamine B [44, 45, 68, 69, 72],
and two of them used time lapse imaging to observe cement
luting, dehydration, and rehydration [58, 73]. Two reports
from the same research group looked at the effects of mechan-
ical loading on the GIC-dentine attachment [45, 72]. Sidhu
et al. [69] used real-time imaging of a shear test to examine
GIC failure modes, which was 100% cohesive. The CLSM
technique was capable of showing the interphase layer in 5 of
the 8 studies (Table 1).

Imaging with pCT was reported in 3 studies; two of them
evaluated whole samples [52, 67], whereas the third assessed
sliced samples [77]. Pixel sizes varied between 9 and 14 um
and virtual slices of the samples were presented in the publi-
cations. The uCT technique demonstrated pores but was not
capable of showing the interphase layer.

Discussion

Despite the drawbacks, GICs contribute significantly to the
range of solutions available to the treating dental surgeon.
Many clinicians advocate limited if any use for these mate-
rials, for diverse reasons not all of which are substantiated
with scientific findings. Understanding the details of when
GIC advantages outweigh known shortcomings is thus of
merit and may have important financial consequences. It is
also in line with recent clinical studies that show excellent
performance of cervical lesions treated with GIC-based mate-
rials [24, 25]. All studies surveyed here observed that GIC has
a reproducible ability to attach to both enamel and dentine
surfaces. Despite a well-documented use and antibacterial ef-
ficacy, GIC is heavily criticized because of its low stress-
bearing ability, color instability, and solubility. However,
GIC also has a long track record with some excellent results
reported for specific dental conditions.

Thirty-three studies were finally included as a basis for this
systematic review. All included works reported on detailed
structural features of the GIC-tooth interphase and restoration
integrity. Importantly, an array of methods and consequent
different sample preparation conditions lead to heterogeneity
in the findings, often resulting in conflicting experimental ob-
servations. Here, we attempt to standardize and reconcile re-
ports from a wide range of research groups.

Interphase attributes

Agreement in the literature

An interaction interphase layer is formed and seen when GIC
comes into contact with pretreated dentine [45, 55, 67, 68, 71,
75, 76]. It has been proposed that such pretreatment exposes

collagen and facilitates diffusion of GIC into the porous
demineralized substrate [72]. That may be a reason why many
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studies pretreated dentine, although GIC is self-etching and
may not require pretreatment to form a sound interface with
the tooth substrates.

Following GIC application, the interphase layer appears
after 1-10 days [44, 45, 55, 62, 67, 68, 71, 72, 75, 76]. Two
studies claim that the interphase layer contains elements orig-
inating from both GIC and the tooth substrates, basing this
conclusion on evidence as presented by transmission electron
microscopy and Raman spectroscopy [44, 71]. The interphase
interaction layer was shown to comprise mainly fluoridated-
carbonate-apatite, with the tooth serving as source of apatite
that leaches out from dentine/enamel across the GIC-tooth
attachment region [44, 57, 67]. Specifically, Geiger and
Weiner [57] postulated that the interphase layer either (1)
forms by dissolution and precipitation of fluoride salts of the
GIC carbonate apatite crystals together with the tooth sub-
strate, etched by the polyacrylic acid or (2) forms by diffusion
of fluoride ions from GIC into the crystals of dental substrates.
However, it is not clear if this takes place on the tooth side or
the GIC side of the tooth-filling interface.

The interphase is permeable to fluorescent dyes and water
such that flow from wet dentine to the ion-rich GIC matrix
region is straightforward [68, 72, 73, 76]. This presumably
contributes to the establishment of the interphase layer.

Disagreement in the literature

Only one study reported formation of an interaction interphase
layer in GIC placed on enamel. Ngo et al. [62] were the only
authors among the 9 studies examining GIC-enamel interfaces
that showed a distinct interaction layer. Although all other
authors examined the interface with high-resolution SEM,
none found this layer. We cannot rule out that a reason for
this discrepancy might be sample preparation differences:
Ngo et al. [62] used cryo-freezing of the sample and a low
temperature SEM, revealing a very thin interphase layer,
appearing somewhat like an imaging artifact. Those same au-
thors also observed that the interaction layer was absent in
cases when GIC was poorly attached to the tooth substrates
and it did not exist adjacent to voids. Further high-resolution
work is probably needed to confirm or refute the existence of
an interaction interphase near enamel. It seems likely that
similar to dentine, when enamel apatite is exposed to etching
and comes into close contact with freshly mixed GIC, an in-
terphase will form.

There also remains uncertainty regarding the precise loca-
tion of the interaction interphase layer related to dentine.
While some authors believe that it resides within the smear
layer, others believe it may be located on/within the surface of
the demineralized dentine [71]. The location appears to vary
by the protocol of etching used, e.g., with or without substrate
pretreatment. Thus, further work is needed to determine the
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relationship between substrate pretreatment and GIC, as well
as the exact location and composition of the interphase layer.

Continuity of attachment at the interface
Agreement in the literature

Many authors reported excellent adaptation and a tight contact
of GIC with the tooth substrates, suggesting good wetting
during placement. Such fillings typically form a continuous
intact contact with the tooth tissues [44, 45, 54, 55, 61, 62,
66-70, 72, 73]. The intimate contact between material and
substrate seems to improve with pretreatment of dentine and
enamel surfaces prior to the application [61, 62, 65, 66, 73,
75]. Several authors reported that applying pressure to the
GIC-dentine zone improved the sealing ability and reduced
the interphase porosity [45, 72]. The pH of the etchant and
the duration of application of the pretreatments affected the
GIC-tooth attachment. Thus, the attachment between the
enamel and GIC was intact when the enamel surface is
pretreated [61, 62, 73, 75], but appeared flawed when enamel
was not pretreated [49, 75].

The GIC-dentine interaction attachment is acid resistant as
shown by Ferrari and Davidson [55] and Ngo et al. [62].
Dentine with an interphase zone was less affected by acid
etching and was less susceptible to acidic material removal
as compared to the GIC and tooth substrates surrounding the
attachment area [55, 62]. This resistance to etching may be
due to incorporation of polyacrylic acid that may be less sol-
uble at low pH. This suggests that GICs may induce chemical
‘tempering’ and may help improve resistance to future caries
attacks, at least on the short term. There have been specula-
tions that the GIC-tooth substrate attachment might act as a
barrier against lactic acid dissolution of tooth tissues. Some
authors even report bactericidal affects that reduce accumula-
tion of microorganisms and may help hinder secondary caries
[57, 64].

Disagreement in the literature

While many authors agreed that adaptation between GIC and
tooth substrates in pretreated samples is improved, some au-
thors reported disrupted attachment observations, despite pre-
treatment [56, 58, 60, 71]. This appears to be due to induced
mechanical stress on these samples, since the authors report
thermocycling [56], changes in humidity [58, 60] or mechan-
ical testing designed to characterize failure patterns [71].
While mechanical tests lead to partial (mixed failure) or com-
plete (adhesive failure) separation of GIC from tooth sub-
strates, there appear to be significant effects of sample prepa-
ration: non-intact interfaces were always reported in studies
where SEM was used [50, 51, 53, 65, 71, 74, 77, 78], whereas
CLSM studies, which do not require dehydration for imaging,

showed intact attachment [45, 72]. One group reported that
GIC performance is actually better than the contact formed by
resin-modified GIC due to the absence of the HEMA compo-
nent. Those authors hypothesized that resin-reinforced GIC
were inferior since the HEMA absorbs water, leading to sep-
aration from the substrate [68]. Sample preparation for imag-
ing may thus have a strong effect on previous reports in the
literature therefore new evidence is called for.

GIC structural failure and defects
Agreement in the literature

GIC is a hydrophilic material and stays intact in a 80% relative
humidity environment; any increase or decrease in humidity
leads to a change in the GIC structure [74]. It swells and
disintegrates when fully saturated with water, and it shrinks
and cracks when dehydrated [73]. Studies that used CLSM or
SEM without sample dehydration prior to imaging did not
report any cracks [56, 62, 67, 71, 76]. However, applying
forces during mechanical tests produces stress inside the bulk
of the material that leads to the breakage of bonds between the
matrix and GIC particles [50, 69]. It has been shown that
dehydration of dentine produces high stress [79, 80], which
may contribute to cracking at the interface. Many factors thus
affect the bonding durability of the GIC-tooth interphase and
forces developing in either the GIC or the tooth substrates
influence crack formation [50, 53, 73]. A large number of
studies employed sample dehydration when observing crack
formation over time [58, 73] or as a part of sample dehydration
for SEM imaging purposes [49, 53, 74]. Cracks are mostly
cohesive, appearing at the bulk of GIC close to the attachment
with tooth substrates due to the low cohesive strength of GIC
[55, 57, 58, 61, 62, 66, 69, 73, 74]. Indeed, cohesive failure
was predominant among the included studies in the present
review reported three times as much as adhesive failure, re-
gardless of pretreatment, or of whether mechanical testing was
applied, or if samples were stored wet or dry (Table 1).
Cohesive failure inside the bulk of GIC suggests that (1)
GIC-tooth flexural strength is higher than in the bulk of GIC
and (2) although GIC cracks in the bulk, it remains attached to
the tooth substrates where a thin layer of GIC material covers
the tooth substrate surfaces [55, 62, 66, 69, 71].

Another recurring structural defect was the rather frequent
presence of pores inside the bulk of GIC. Material handling
procedures and consequent air entrapment were found to be
correlated to the appearance of pores or voids in GIC [48, 51,
59, 62, 66, 74]. The prevalence of pores is higher when GIC is
mixed using automated machines rather than by manual
mixing [62]. Pores either at the interphase or in the bulk of
GIC are likely to increase the chance of fracture leading to
restoration failure [50, 51, 59, 64, 74].
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Disagreement in the literature

There are reports of cracks related to GIC that include
mixed and adhesive failures, the latter being less common
[49-51, 53, 65, 71, 75, 77]. 1t is possible that the differ-
ence between failure modes relates to the specifics of the
GIC brands used; this is because cement manufacturers
use different glass particle types, sizes, geometries, and
overall different glass filler content. Cracks will typically
initiate at the interfaces between glass particles and the
matrix which is the weaker link as compared to the inter-
face of the GIC and the substrate [62]. GIC cracks cannot
be repaired; however, adding water to freshly cracked
GIC might reduce the gap size even if does not complete-
ly heal it [68, 73]. One group [53] used considerations of
the Griffith-Irwin theory to argue that cohesive cracks
observed near the interface with tooth tissue may actually
represent weak interfacial bonding. However, some of the
bond strengths reported were very high (almost 40 MPa)
as compared to composite bonding systems suggesting
excellent attachment of GIC to the tooth substrate. Of
additional concern are the presence of pores and the oc-
casional observation of material inside pores. The latter is
rarely mentioned although many authors reported the
presence of GIC pores. Only one report showed that
spherical bodies do occupy GIC pores near the GIC-
dentine attachment area, as observed when the tooth is
humid [76]. Pores may certainly contribute to the emer-
gence of cracks in the bulk and hence further work is
necessary to explore the possible contribution of porosity
to the preferential cohesive failure of GIC.

Study limitation

The present study surveyed research spanning multiple de-
cades during which electron and confocal imaging microsco-
py was completely revolutionized. It is thus likely that tech-
nological limitations of either GIC production or the imaging
methods used may have strongly influenced the reported re-
sults. One of the limitations in our study was the partially
descriptive nature of many observations, often limited to the
outer surface of the samples investigated. Much of the data
reported is qualitative and many images are of compromised
quality. Adding complementary techniques including TEM,
XRD, FTIR, and Raman imaging may therefore help resolve
some of the conflicting reports in the literature. We note that
the studies included multiple generations and different GIC
types (n =26) where composition varies. Nevertheless, com-
parisons of the different studies included make it possible to
revisit some of the prevailing conceptions regarding this group
of materials.
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Reappraisal of images

All papers were re-appraised to allow comparison of the
reported information, but only a small subset of images
was available for direct comparison. It was visibly clear
that the quality of micrographs and images increased in
the more recent works. This is due to the technological
developments and increasing utilization of automated
computerized systems with improved and more rapid
detection systems used to examine GIC-tooth substrate
interphases. However, 36% of the included studies (both
old and new studies) lacked significant amounts of data
to be able to properly assess and compare the analyses
provided. Specifically, some results were not well doc-
umented in the pictures provided; some of the captions
did not clearly describe the presented photos; and dif-
ferent papers by different authors did not report all
background technical information (e.g., dehydration) that
is pertinent to understanding critically important effects
on the results shown.

Future study recommendations

Newer technology and high sensitivity detectors, im-
proved computer-aided electron, and confocal imaging
show great promise to better understand basic properties
of the GIC-tooth interface. While uCT studies pave the
way to quantify 3D data down to the micrometer
lengthscale, the small difference in density between mate-
rials and minute dimensions of the interphase render the
task difficult to image these materials using conventional
nCT. Phase-contrast enhanced puCT as is available
from specialized instruments (synchrotron radiation facil-
ities, e.g., ESRF, Grenoble, France, [81]) may provide
additional 3D insights using tomography methods based
on edge-enhanced radiography obtained e.g. from laser-
like sources in large X-ray facilities. Such future
measurements [81] with accentuated interphases may in
turn reveal details regarding intact GIC restorations ob-
tained in a clinically relevant setting.

SEM is a reliable source for the evaluation of GIC-tooth
interphase morphology; however, it is generally destructive
and requires dehydration that is likely to change the real struc-
tural relations of the sample. Therefore, using complementary
techniques where samples can be examined wet, with no fur-
ther dehydration steps, is recommended. Other options in-
clude FIB-SEM and cryo-based system where the hydration
state of the sample may be preserved. Most studies in the
literature tested only limited time-spans such that stability
and dynamic changes are poorly investigated. New studies
mapping material attributes over time, ideally for more than
3 months are needed.
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Conclusion

Despite many advantages, GIC has compromised me-
chanical properties, specifically low strength. Yet, it ap-
pears to present good bonding to the tooth structure,
and due to fluoride release and ease of use, it provides
a cost effective treatment, mainly for cervical or small-
sized (incipient) tooth cavities [25]. The main findings
of the present review include:

* Formation of GIC-tooth Interaction interphase layer may
take 1-10 days as a result of a chemical ion diffusion
process, in which ions from GIC and from the tooth sub-
strate are exchanged.

* The thickness of the interaction interphase layer ranges
from 1 to 15 p. The thickness and location of this layer
varies with the mode of application, duration, and types of
pretreatment.

* The GIC-tooth attachment area is notably resistant to acid-
ic dissolution.

» Although GIC is self-adhesive to tooth substrates, pre-
treatments tends to improve the quality of attachment,
possibly by improving wetting.

* GIC is susceptible to cohesive cracking in the bulk, often
not far from the interface with the tooth tissue.

* The GIC-dentine interphase changes over time due to in-
teractions between the restorative material, tooth and wa-
ter as shown by die penetration.
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