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Part I
Bonding to Enamel



Introduction;;

Experiments on bonding of acrylic resins to enamel and dentine began in the ear-
ly 1950s in England with Dr. Oskar Hagger. He developed a monomer based on
glycerophosphoric acid dimethacrylate that was chemically cured with sulphinic
acid [1]. This was shown in a Swiss patent (no. 211116, 1951) to bond to tooth
structure. His work led to the development of Sevitron, an early commercial adhe-
sive [2, 3]. In the U.S., Dr. Michael Buonocore made the second, and more impor-
tant, advance in adhesive dentistry, by demonstrating that acid etching of enamel
led to improved resin–enamel bonds using Sevitron-like resin formulations [4].
His rationale for acid-etching enamel was that little adhesion was obtained on un-
etched enamel, which he correctly surmised lacked microscopic porosities for
resin infiltration. He knew that concentrated (85 wt%) phosphoric acid was used
in industry to pre-treat metal surfaces prior to painting or resin coating; thus, it
was logical for him to use 85% phosphoric acid for 30 s to etch enamel, followed
by water rinsing. The results of his work were very controversial at the time. Many
researchers regarded Dr. Buonocore’s approach as unconventional and reckless
because he advocated the use of dangerous, industrial-strength acids in the oral
cavity. Over the next 10 years, many investigators confirmed the utility of acid-
etching enamel to increase resin–enamel bond strengths. The concentration of the
phosphoric acid was subsequently reduced to 50% [5], and more recently to
32–37%. With the recognition that primary tooth enamel surfaces were largely
aprismatic, etching times of 120 s were commonly used for bonding procedures
for primary teeth [6]. Those etching times have been reduced to 60 s [7] and, more
recently, 20–30s [8–10] for aprismatic enamel for bonding of pit and fissure
sealants and orthodontic brackets.

Phosphoric acid etching worked so well for retention of pit and fissure sealants
that it was natural to adopt the same acid on bur-cut enamel cavosurface margins
[11].Both a reduction in the acid concentration as well as etching time [12–14] had
been proposed. Despite the availability of alternative enamel etchants such as
pyruvic, citric, oxalic, nitric or maleic acid, phosphoric acid still remains the
etchant of choice, with the contemporary adoption of a reduced etching time to
15 s for both prismatic and aprismatic enamel. The solutions used to etch enamel
were also made into gels to permit better control of these acids, since acid etching
of dentine was erroneously thought to devitalize pulps [15]. For bonding to cut
enamel, it was further observed that even a 5-s etching time [16, 17], or a phos-
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phoric acid concentration as low as 3% [18], was sufficient to create adequate
retentive patterns and bond strengths in cut enamel.

The goals of enamel etching are to clean the enamel of the surface organic pel-
licle in uncut enamel, to remove the enamel smear layer in cut enamel and to par-
tially dissolve the mineral crystallites to create retentive patterns [19] for the infil-
tration and retention of resinous materials. There is a general consensus that acid
etching increases the surface energy and lowers the contact angle of resins to
enamel [20, 21]; however, there is poor correlation between the length of resin tag
formation or the depth of resin penetration with the strength of resin–enamel
bonds [13, 18, 22]. Etching cut enamel for 15 s, for example, has been shown to cre-
ate sufficient micromechanical retention that is comparable to that achieved with
60 s of etching, without compromising microleakage along the bonded enamel in-
terface. It has been shown that optimal enamel–resin bonds could be achieved as
long as the etched enamel surface was clean and free from saliva contamination
[23–25]. Increasing the length of the resin tags does not contribute substantially to
the increase in cumulative surface area that is created by acid etching of cut enam-
el [26]. This is attributed to the ability of resin to penetrate the microporosities
that are created within the partially demineralized enamel [27, 28]. A marked in-
crease in surface area is achieved via the creation of these microporosities among
the apatite crystallites, in which resin can infiltrate and result in the formation of
a layer of enamel–resin composite which consists of inter- and intra-crystallite
resin encapsulation (Fig. 1.1), as well as resin infiltration into the interprismatic
boundaries (Fig. 1.2). First reported by Gwinnett and Matsui [29], this phenome-
non of enamel hybridization parallels what was subsequently reported on dentine
by Nakabayashi et al. [30].
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Fig. 1.1. Intra-crystallite
resin encapsulation of
central hole regions of
partially dissolved apatites
(arrows) in bonded enam-
el (unstained, undeminer-
alized TEM)



With the advent of contemporary dentine adhesives that contain hydrophilic
resin monomers to enhance their coupling with wet dentine substrates, there was
a paradigm change by applying these adhesives simultaneously to enamel and
dentine [31, 32]. Two main strategies are currently in use for bonding to enamel
and dentine: the total-etch technique and the self-etch technique [33]. These adhe-
sives are currently available as three-step, two-step and single-step systems de-
pending on how the three cardinal steps of etching, priming and bonding to tooth
substrates are accomplished or simplified [34]. Two-step systems are subdivided
into the single bottle, self-priming adhesives that require a separate etching step
and the self-etching primers that require an additional bonding step. The recently
introduced single-step, self-etch adhesives further simplify bonding procedures
into a single-step application. Both the two-step self-etching primers and the sin-
gle-step (all-in-one) self-etch adhesives contain increased concentration of ionic
resin monomers with acidic phosphate or carboxylic functional groups, rendering
them aggressive enough to etch through the smear-layer-covered, cut dentine [35]
and enamel [36]. Despite a less pronounced enamel-etching pattern, a similar re-
tention mechanism via nanoretention of the partially dissolved apatite crystallites
with resin has been observed with the use of self-etch adhesives on enamel [37].
Irrespective of how they are packaged, single-step self-etch adhesives are supplied
as two-component assemblies, separating the functional acidic monomers that are
liable to hydrolytic degradation from the water component which must be present
to effectuate hard-tissue demineralization in order to maintain adequate shelf
lives. They are mixed together immediately before use, and the mixture of hy-
drophilic and hydrophobic resin components is then applied to the tooth sub-
strate. Some of the commercially available single-step, self-etch adhesives are dis-
guised as “single-bottles” by hiding the catalysts in a sponge (AQ Bond/Touch &
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Fig. 1.2. Adhesive (A) 
infiltration into interpris-
matic boundaries (B)
within enamel hybrid 
layer. Arrow indicates 
central hole region of
a partially dissolved crys-
tallites (stained, deminer-
alized TEM).



Bond, Sun Medical, Shiga, Japan; Parkell, Farmington, N.Y.) or applicator tip (AQ
Bond Plus/Brush&Bond, Sun Medical Inc./Parkell) which must be used for activat-
ing the adhesive [38]. No-mix, single-step self-etch adhesive is also becoming
available (iBond, Heraeus Kulzer, Hanau, Germany) that can accomplish etching,
priming and bonding simultaneously to enamel and dentine immediately after
dispensing [39].

The Enamel Smear Layer:
A Potential Problem in Bonding to Cut Enamel

During the early stages of enamel bonding, few researchers understood that bur-
cut tooth surfaces were covered by the smear layer [40, 41]. These adherent layers
of cutting debris masked the underlying prismatic enamel and could not be rinsed
off with water (Fig. 1.3). Resins applied to smear-layer-covered surfaces bonded to
the relatively weak smear layers, rather than to the underlying hard tissues. The
early adhesives were relatively hydrophobic and could not penetrate these smear
layers. When the bonds were stressed to failure at approximately 5 MPa, examina-
tion of both sides of the failed bonds revealed that they were covered with smear-
layer material, i.e. the apparent bond strength of 5 MPa was actually a measure of
the cohesive strength of smear layers [42]. Minimal or no adhesive penetration in
enamel surfaces could be identified even when contemporary hydrophilic single-
bottle adhesives were employed in the absence of phosphoric acid etching [43].

Morphological studies on smear layers have focused primarily on the dentine
smear layer, with the intention of preserving or modifying it with dentine-adhe-
sive primers, as these studies were performed during a period when it was consid-
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Fig. 1.3. An SEM image 
of the enamel smear layer
after cutting enamel with
a diamond bur



ered a taboo to place acid directly on dentine. The preservation of the smear lay-
ers and the smear plugs within dentinal tubules was considered beneficial in re-
ducing the hydraulic conductance in bur-cut dentine [44, 45], as dentine perme-
ability increased rapidly during acid-etching with even 6% citric acid, reaching a
maximum value as early as 15 s of etching [46]. The inclusion of bacteria in den-
tine smear layers also generated concerns about their rapid propagation following
dissolution of the smear plugs by oral fluids that could result in their colonization
within the dentinal tubules and subsequent pulpal infection [47].

Although enamel [48] and dentine smear layers [49] appear similar when ex-
amined with scanning electron microscopy, it is anticipated that considerable ul-
trastructural difference should exist between the two types of smear layers and
should reflect the composition of the underlying hard tissue substrates from
which they are derived. Despite our current knowledge on the ultrastructure of
dentine smear layers, that of the enamel smear layer has not been elucidated. Den-
tine smear layers consisted of globular particles approximately 0.05–0.1 mm in di-
ameter [50, 51] that were separated by water-filled channels [52]. These globular
particulates probably represent fractured apatite crystallite aggregates that are
burnished together by the denatured collagen remnants. Due to their higher or-
ganic content, acid etching of dentine smear layers may not result in their com-
plete dissolution, with the possibility of entrapment of remnant minerals within
the gelatinous, denatured collagen matrices [53]. A recent transmission electron
microscopy (TEM) examination of the enamel smear layer by the authors showed
that the latter is composed of pieces of fractured apatite crystallites that are tight-
ly bound (e.g. by saliva glycoproteins) together to form a surface crust over the
cut-enamel surface (Fig. 1.4). These fractured apatite chips are considerably larg-
er and probably reflect the larger size of the original enamel apatite crystallites
from which they are derived.
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Fig. 1.4. Under TEM,
the enamel smear layer
(between arrows) appears
as fractured apatite crys-
tallites that are burnished
to form a crust over the
cut prismatic enamel
surface (P). A adhesive,
S space



As smear layers are acid labile [54], the occurrence of an enamel smear layer did
not present a challenge in bonding that involves the use of phosphoric acid etch-
ing; however, the presence of an enamel smear layer may become a potential prob-
lem when non-rinsing self-etch adhesives are used for bonding to bur-cut enam-
el. Similar to bonding with dentine smear layers, the less aggressive versions of
self-etch adhesives must be acidic enough to etch through enamel smear layers to
create micromechanical retention within the underlying prismatic enamel, with
the creation of a hybridized complex [55] that consisted of a superficial hybridized
enamel smear layer and a subsurface layer of hybridized prismatic enamel. For the
more aggressive non-rinsing self-etch adhesives, it is likely that the enamel smear
layer is completely dissolved or dispersed within the polymerized adhesive.As the
inorganic content of enamel is higher than dentine, it is possible that enamel
smear layers may have a higher buffering capacity for the acidic resin monomers
than dentine smear layers [56]. This should be substantiated with further studies.

Application of Total-Etch Adhesives to Enamel;;

Unfilled bis-GMA-containing hydrophobic resins similar to those employed in pit
and fissure sealants have traditionally been used for coupling of resin composites
to etched enamel. Early studies in the 1970s showed that retention of resin com-
posites to acid-etched enamel was independent of the use of an intermediate, un-
filled coupling resin [57–60]. Irrespective of their viscosities, resin tags that were
formed by either resin composites or unfilled hydrophobic resins into the etched-
enamel prisms were all in the range of 5–10 mm. These studies were all performed
in an era in which the concept of hybridization of dental hard tissues was un-
known to the research community. Even at that time, Tang et al. [61] pointed out
an important relation between the viscosity and adhesive penetration in etched
enamel. They showed that adhesives with low viscosity produced both inter- and
intraprismatic penetration in enamel after polymerization. Conversely, highly vis-
cous adhesives result in the former type of penetration only. This difference in
penetration of the adhesive in enamel was also reflected quantitatively in the ten-
sile strengths of the resin-enamel bonds.

Several recent studies have shown that the use of a low-viscosity, unfilled resin
is not necessary for effective coupling of orthodontic brackets to etched enamel
[62–63]; however, only bond strengths to uncontaminated enamel were evaluated
in those studies, without taking into consideration the effect of moisture contam-
ination of the etched enamel during bracket bonding [64], or the ability of resin-
sealed enamel to resist demineralization that could be induced by acidic beverages
[65], or acids derived from plaque retained around brackets. It has been shown
that in the absence of adjunctive fluoride treatment, significant protection against
enamel demineralization may be achieved when acid-etched or hypomineralized
enamel tissues were sealed with pit-and-fissure sealants, unfilled resins or dentine
adhesives [66–70]. The results of these studies were also confirmed by Kuhar et al.
[71]. Using electron paramagnetic resonance to monitor the diffusion of labeled
molecules through acid-etched enamel, they showed that enamel permeability in
both unetched bur-cut enamel and acid-etched enamel was substantially reduced
with the application of a dentine adhesive such as Scotchbond Multi-Purpose Plus
(3 M ESPE) to these exposed surfaces.
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Bonding to Phosphoric Acid-Etched Cut Enamel;;

With the advent of the total-etch technique, it was natural to bond to etched enam-
el and dentine simultaneously with low-viscosity, solvented dentine adhesives that
utilized hydrophilic monomers in primers. Jedrychowski et al. [72] demonstrated
that a greater resistance to dislodging of resins by shear forces could be achieved
when an NPG-GMA type of adhesion promoter was used on acid-etched human
permanent enamel. Nakabayashi et al. [26] and Hotta et al. [73] found that in the
absence of hydrophilic adhesion promoters, penetration of MMA-TBB resin into
acid-etched enamel was in the range of 10 mm. The depth of resin penetration,
thus, was similar to the results obtained previously with either unfilled hydropho-
bic resins or the use of resin composites alone. Conversely, when hydrophilic
monomers, such as Phenyl-P or 4-META, were incorporated into the hydrophobic
MMA-TBB resin, the depth of resin penetration increased to 16 and 23 mm, respec-
tively. Improved resin penetration into etched enamel was also achieved when
HNPM was added to TEGDMA in an orthodontic adhesive [74]. A recent study
showed that enamel bond strengths achieved with the use of most total-etch sin-
gle-bottle adhesives were at least equal to that of a conventional unfilled resin [75].
The use of dentine primers did not exhibit an adverse effect on long-term enamel
bond strength and marginal adaptation when compared with enamel bonding
resins; however, care must still be exercised when these primers are used on etched
enamel that has been contaminated with saliva [76].

Most of these adhesives contain solvents that could displace residual moisture
from acid-etched enamel and increasing resin penetration, allowing enamel to be
bonded in the presence of moisture contamination. As the moist-bonding tech-
nique is required for bonding of most total-etch adhesives to dentine [77], it is dif-
ficult and impractical to bond to dentine and enamel simultaneously by keeping
dentine moist and maintaining etched enamel dry at the same time. Recent stud-
ies have shown that while most total-etch adhesives were not affected by the pres-
ence of moisture on the etched-enamel surfaces [78–80], bonding to enamel con-
taminated with moisture has been poor in the absence of some of these adhesives
[154]. There were also some adhesives that achieved higher bond strengths when
bonding was performed on moist enamel [79, 81].

The incorporation of hydrophilic resin monomers in contemporary total-etch
dentine adhesives allows optimal infiltration of the acid-etched enamel, promot-
ing the hybridization of enamel and better inter- and intra-crystallite resin encap-
sulation. The hybrid layers created by these dentine adhesives on etched enamel
are rendered more acid-resistant when compared with unbonded enamel. This
can be readily appreciated when adhesive-infiltrated enamel was acid rinsed to
bring these hybridized enamel tissues into relief prior to scanning electron mi-
croscopy (SEM) examination, or when undemineralized resin-enamel interfaces
were demineralized in acids for observing the thickness of the enamel hybrid lay-
ers; however, such an acquired acid resistance should be regarded as relative, as
demineralization of the resin–enamel interfaces with either EDTA or formic acid
resulted in complete dissolution of the mineral phase that were trapped within the
hybrid layer, and only stained enamel proteins could be identified. As these speci-
mens were demineralized en bloc before embedding with epoxy resin, apatite
crystallites that were encapsulated by the adhesive resin should be present if hy-
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brid layers were truly impermeable. This may be partially explained by the pres-
ence of hydrophilic resin monomers in the adhesive that have an affinity for water
via hydrogen bonding [82]. Although resin infiltrated, acid-etched enamel is gen-
erally thought to be more acid resistant and offers significantly better protection
against subsequent demineralization when compared with unbonded enamel, the
presence of these water channels within the resin-bonded enamel may account for
the occasional lack of protection when adhesive-bonded cut enamel is subjected
to artificial caries challenge (Fig. 1.5).

Bonding to Phosphoric Acid-Etched Uncut Enamel;;

The ability of total-etch adhesives to bond to less retentive aprismatic enamel en-
ables aesthetic clinical procedures, such as porcelain veneers, to be performed
[83]. Despite the lack of difference between bond strengths in ground and intact
enamel after phosphoric acid etching [84–85], the ultrastructure of the resin–
enamel interface in phosphoric acid-etched uncut enamel remains the most vari-
able and by far the most difficult to interpret, due to the mélange of aprismatic and
prismatic etching features along the same interface [86]. Much of this depends on
whether the phosphoric acid is applied with or without agitation (i.e. dynamic vs
static etching). This is comparable to dynamic and static priming with respect to
the application of self-etching primers on enamel [87]. Generally, the surface
aprismatic enamel is more resistant to etching due to the parallel arrangement of
the apatite crystallites which permit a high packing density of these crystallites.
There is also no interprismatic organic substance that acid can readily diffuse
through to effectuate subsurface etching. Static etching results in the retention of
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Fig. 1.5. Polarized photo-
graph of the resin–enamel
interface in Single Bond
(3 M ESPE) after artificial
caries challenge in the 
absence of adjunctive 
fluoride protection. A
thin-wall lesion (pointer)
extends from the superfi-
cial artificial caries zone
(AC) into the sound enam-
el (E) beneath the cavo-
surface margin. Arrow:
adhesive; C composite,
D dentine



the bulk of the aprismatic enamel which demonstrates a less aggressive, coral-like
etching pattern that is characterized by the presence of random-occurring surface
pits on the surface of the etched aprismatic enamel. Depending on the thickness
of the original layer of aprismatic enamel, only sporadic islands of etched apris-
matic enamel may appear on the surface (Fig. 1.6), with the underlying prismatic
enamel exposed to a greater extent. Nevertheless, the increase in microporosities
created along the etching front as well as the subsurface creates a high-energy sur-
face which is optimal for resin infiltration and results in hybrid layers that are
8–10 mm thick (Fig. 1.7).

Dynamic etching brings fresh acid to the etching front, helps to dislodge loos-
ened islands of etched enamel, and results in almost complete removal of the sur-
face aprismatic enamel. This process exposes more of the underlying prismatic
enamel that demonstrates minimal or mild etching patterns (Fig. 1.8). Even so, a
high degree of variation exists between the two methods of acid application which
is dependent upon the original thickness of the surface aprismatic enamel layer. It
is generally understood that the formation of resin tags are minimized in phos-
phoric acid-etched uncut enamel, and that the predominant mode of microme-
chanical retention is achieved via the creation of surface and subsurface microp-
orosities that result in an admixed zone of enamel hybridization (ca. 8–10 mm
thick) consisting of both aprismatic and prismatic enamel (Fig. 1.9). Dissolution
of the surface apatite crystallites results in preferential dissolution of the carbon-
ate-rich crystallite cores (Fig. 1), forming central hole regions [88–89] that permit
intra-crystallite resin infiltration [37].
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Fig. 1.6. An SEM image 
of uncut enamel after 
static application of 32%
phosphoric acid for 15 s.
The bulk of the aprismatic
enamel is dissolved,
exposing the underlying
etched, porous prismatic
enamel with recognizable
prism boundaries (point-
ers). Remnant islands of
porous aprismatic enamel
are still observed (arrows).
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Fig. 1.7. A TEM image of
the resultant hybrid layer
after the application of
All-Bond 2 (Bisco). Rem-
nant islands of aprismatic
enamel (between arrows)
are seen. The enamel 
hybrid layer consists 
of both aprismatic (Ap)
and prismatic enamel 
(asterisk). P primer,
R resin

Fig. 1.8. An SEM image 
of uncut enamel after 
dynamic application of
phosphoric acid. The
aprismatic enamel (Ap) 
is almost completely 
dissolved, with partial 
exposure of the rod heads
of the prismatic enamel
(arrow). Complete disso-
lution of the aprismatic
enamel on the right side
reveals differentially
etched enamel prisms (P)



Bonding to Primary Enamel;;

Due to the thicker layer of aprismatic enamel in the primary enamel [57], early
recommendations for etching primary enamel called for doubling the etching
time that was initially proposed for etching permanent enamel (i.e. 2 vs 1 min);
however, Simonsen [7] reported that there was no difference in the retention rate
of pit-and-fissure sealants when primary occlusal enamel surfaces were etched for
120 vs 60 s. Since that time, recommended etching times for permanent enamel
have been reduced to 15 s. Similarly, a shorter etching time of 15 s was found to be
satisfactory on intact primary enamel [25, 78]. Hosoya and Goto [90] reported that
there was no difference between the appearance of prism structures by etching
unground primary enamel for either 60 or 30 s. With further reduction in etching
time, there was a higher incidence of the absence of prism structure after phos-
phoric acid etching.

The TEM micrographs of the hybrid layers in phosphoric acid-etched uncut
primary enamel showed a thick layer of hybridized aprismatic enamel that was de-
void of resin tags (Fig. 1.10). Conversely, resin-enamel interfaces in primary teeth
with the aprismatic layer completely removed by grinding revealed the presence
of resin tags and the underlying hybrid layer in prismatic enamel that is not un-
like that observed in permanent enamel. No difference in bond strength-to-pri-
mary enamel was observed when different total-etch and self-etch adhesives were
applied to primary enamel followed by thermocycling [91]. Similar results were
reported by Shimada et al. [92]. These authors showed that, although the etching
effect appeared to be more aggressive for primary enamel, there was no difference
between bond strengths of primary and permanent enamel when they were bond-
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Fig. 1.9. The TEM images
of the corresponding 
hybrid layer (Hap), show-
ing the concurrent pres-
ence of aprismatic (aster-
isk) and prismatic enamel
(arrows) along the surface
of the hybrid layer. S space
between the hybrid layer
and the underlying 
unetched prismatic 
enamel (P)



ed using a total-etch or a self-etch adhesive, when bond strengths were assessed
using the micro-shear bond strength test. Schmitt and Lee [93] also reported that
there was no difference in microleakage when three-step or two-step total-etch ad-
hesives were used in the primary or permanent dentition.

Application of Self-Etch Adhesives/Resin Cement to Enamel;;

Self-etch dentine adhesives and resin cements are becoming increasingly popular
in restorative dentistry, preventive dentistry and orthodontics. With water being
an integral component in these non-rinsing adhesives [35], the ambiguity in pro-
viding the optimal moisture condition for enamel and dentine bonding in the to-
tal-etch technique is eliminated [94]. Although enamel smear layers are devoid of
smear plugs, post-operative sensitivity associated with the removal of the dentinal
smear layer and smear plugs is also reduced when these non-rinsing adhesives are
used for bonding to dentine [95]. The prospective uses of self-etch adhesives
would be even more promising if they are equivalent in performance for clinical
procedures such as the bonding of pit-and-fissure sealants [96] or orthodontic
brackets [97–99], in which conventional phosphoric acid etching is still adopted as
the mainstream technique; however, the use of self-etch adhesives is aggressively
promoted by orthodontic manufacturers and is gradually gaining acceptance by
clinicians, as it has been shown that a phosphoric acid concentration as low as 2%
is adequate for bonding of brackets [100], with the additional benefit of prevent-
ing enamel damage when the brackets are removed at the end of treatment [101].
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Fig. 1.10. When All-Bond
2 is applied to phosphoric
acid-etched uncut primary
enamel, a hybrid layer 
is formed exclusively in
aprismatic enamel (Hap).
This is probably due to the
thicker layer of aprismatic
enamel in the buccal 
surfaces of the primary
enamel. A adhesive
(stained, demineralized
TEM)



Aggressiveness of Self-Etch Adhesives;;

Unlike bonding to dentine, application of self-etch adhesives to enamel has been a
controversial issue, particularly when mild self-etch adhesives are used on uncut
enamel. Contemporary self-etch adhesive systems vary in their degree of aggres-
siveness which is dependent upon the concentration of the acidic resin monomers
present, as well as the acidity (i.e. pKa) of the specific acidic monomers. This dif-
ference in aggressiveness influences the ability of self-etch adhesives to penetrate
or dissolve enamel and dentine smear layers and to demineralize and bond to the
subsurface bonding substrates [35]. The more aggressive versions can completely
dissolve or disperse smear layers, forming thick hybrid layers in cut enamel and
dentine that approach those achieved with conventional phosphoric acid etching.
Conversely, the less aggressive versions incorporate smear layers as part of the
bonded interface, forming only thin hybrid layers in intact dentine or enamel that
are less than 1–2 mm thick. For bonding to uncut enamel, the efficacy of self-etch
adhesives is dependent upon their ability to demineralize the more acid-resistant
aprismatic enamel layer [36, 37]. Yoshiyama et al. [102] and Hara et al. [103] re-
ported that bonding of self-etching adhesives to ground enamel was inferior when
compared with single-bottle and multiple-step, total-etch systems which utilize
phosphoric acid as a separate conditioner. Whereas some studies supported the
manufacturers’ recommendations that the adjunctive use of phosphoric acid etch-
ing is necessary when bonding to this substrate [37, 84], others showed that there
were no differences among the bond strengths of mild self-etch and total-etch ad-
hesives to unground enamel [85, 92, 103–105].Although well-defined enamel etch-
ing patterns and resin tag formation are not prerequisites for achieving strong ini-
tial enamel bonds [37, 106], they have been associated with the stability [107] and
improved survival rate of enamel bonds created in vivo. Although the adhesion-
promoting ability of contemporary, mild self-etch adhesives may be equivalent to
that of phosphoric acid-etched enamel, the thin lamina-like resin penetration pro-
duced on unground enamel with mild self-etch adhesives may not sustain cyclic
stresses as favorably as deeper resin infiltration in both aprismatic and prismatic
enamel that is promoted by the use of more aggressive self-etch adhesives or phos-
phoric acid etching [108]. A significant decline in enamel bond strengths was ob-
served for some mild self-etching primer systems such as Imperva Fluoro Bond
(Shofu), Clearfil Liner Bond II (Kuraray), and Mac Bond II (Tokuyama) after ther-
mal cycling. Conversely, no significant decrease in enamel bond strengths was ob-
served for some total-etch single-bottle adhesives to enamel after thermal cycling.
Another important factor that influences the longevity of bonds made by mild
self-etch adhesives on enamel is the ability of thin resin–enamel interfaces to re-
sist fatigue stresses. A recent study by Nikaido et al. [109] on the bonding of
Clearfil Liner Bond II to bur-cut dentine with thick smear layers reported a sub-
stantial decline in microtensile bond strength after fatigue load cycling. Similar
tests should be performed in the future to evaluate the bonds made by mild self-
etch adhesives to enamel.
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Bonding to Cut Enamel;;

Studies on the bonding of self-etch adhesives to smear layer-covered dentine and
enamel were traditionally performed by manufacturers on thin smear layers that
were created using 600-grit silicon carbide papers; however, smear layers pro-
duced clinically are thicker but can be approximated by using 180-grit SiC paper
[110]. Although contemporary self-etch adhesives have been improved consider-
ably by increasing the concentration of acidic resin monomers in their composi-
tion [111–112], there is still the danger that they may be buffered by the mineral
content of thick smear layers [56]. Recent reports have suggested that some of the
less aggressive versions of self-etching primers failed to etch through clinically rel-
evant, thick smear layers produced by diamond burs [113], resulting in decreases
in tensile bond strengths after fatigue load cycling [112]. Conversely, there was no
drop in dentine bond strengths in specimens that were prepared using 600-grit sil-
icon carbide papers; however, no data are yet available on the ability of self-etch
adhesives to penetrate clinically relevant, thick enamel smear layers.

In order to evaluate the ability of some of the latest two-step and single-step
self-etch adhesives to dissolve thick enamel smear layers, the authors applied these
adhesives to human enamel which was prepared using coarse diamond burs.After
applying the adhesives according to the manufacturers’ instructions, the unpoly-
merized adhesives were removed by rinsing the surface with acetone. Mild self-
etch adhesives, such as iBond (single-step; Heraeus Kulzer); Brush&Bond (single-
step; Parkell) and OptiBond Solo Plus Self-Etch System (two step; Sybron-Kerr),
did not completely remove the enamel smear layer (Fig. 1.11). For these adhesives
to bond efficiently to cut enamel, they must be able to diffuse through the remnant
smear layer and etch into the underlying intact enamel. For Clearfil SE Bond (two
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Fig. 1.11. An SEM image
of the retention of the
smear layer (S) in cut
enamel that is bonded
with very mild self-etch
adhesives. The unpoly-
merized self-etched 
adhesive is dissolved 
away to reveal the etching
aggressiveness



step; Kuraray) and AdheSE (two step; Ivoclar-Vivadent), the enamel smear layer
was completely dissolved, exposing mildly etched enamel prisms. With Xeno III
(Dentsply DeTrey), a more aggressive etching pattern with increased microporosi-
ties could be observed within the exposed enamel prisms.

The ability to completely dissolve the enamel smear layer probably provides the
morphologic background to explain the favorable bond strength and microleak-
age results following the use of Clearfil SE Bond on cut enamel in recent studies
[85, 114–116]. It is important to stress that most in vitro bond-strength studies
were performed on flat tooth surfaces that are highly compliant and with minimal
polymerization shrinkage stresses consequences. With the increase in cavity con-
figuration factors associated with clinically relevant, complex cavity preparations,
the ability to relieve these shrinkage stresses is restricted [117]. Recent studies
have shown that the microtensile bond strengths of different adhesives were sub-
stantially reduced when testing was performed on low-compliance, bonded-cavi-
ty preparations, when they were compared with results obtained from flat bond-
ing surfaces. It remains to be seen whether very mild self-etch adhesives that do
not completely dissolve the enamel smear layer can completely diffuse through to
bond to the underlying enamel, to obtain adequate bond strength to resist the
effect of polymerization shrinkage stresses in complex cavity designs.

It has been reported that with the use of mild self-etch adhesives for bonding of
compomers, dynamic priming resulted in higher enamel bond strengths than stat-
ic priming, and the best bond strengths were obtained when the enamel was
etched with phosphoric acid [87]. As some of these mild, single-step self-etch ad-
hesives have bond strengths comparable to that of compomers [118–120], it is an-
ticipated that their bonding to cut enamel would be enhanced with the use of dy-
namic priming, in a way that is comparable to the improved results achieved when
these adhesives were applied with dynamic priming to dentine prepared with
thick smear layer [121]. The differences in the ultrastructure of resin–enamel in-
terfaces after static (i.e. passive application) and dynamic priming (i.e. agitated
application) of one of these mild, single-step self-etch adhesive (One-Up Bond F,
Tokuyama), and its application to phosphoric acid-etched cut enamel is illustrat-
ed. This glass ionomer-based self-etch adhesive contained basic fluoroaluminosil-
icate glass fillers that can release fluoride after polymerization; however, there is a
possibility that acidic resin monomers will be buffered by the basic glass fillers if
the mixed adhesive is allowed to stand for a long time prior to application. With
static priming, the mixed self-etch adhesive was left on the surface of the cut
enamel for 20 s without agitation, as recommended by the manufacturer. The re-
sults showed that One-Up Bond F, when applied without agitation, had a very mild
etching effect that did not always etch through the enamel smear layer (Fig. 1.12).
Under such a circumstance, the hybrid layer consisted only of the hybridized
enamel smear layer and did not incorporate the underlying prismatic enamel. In
other areas that had thinner enamel smear layers, the self-etch adhesive diffused
through the smear layer and incorporated the demineralized smear layer as part
of the enamel hybrid layer. A hybridized complex was formed that consisted of a
surface layer of hybridized enamel smear layer and a narrow zone of hybridized
enamel.

With dynamic priming, One-Up Bond F was applied to cut enamel for 20 s with
continuous agitation, but without any rinsing. The enamel smear layer was com-

Etched Enamel Structure and Topography: Interface with Materials 17



pletely dispersed and dissolved, and a 100- to 200-nm thick hybrid layer was
formed that consisted exclusively of hybridized prismatic enamel.When the adhe-
sive was applied after phosphoric acid-etching pretreatment, the enamel smear
layer was also completely dissolved and rinsed away. A thicker hybrid layer was
formed in areas where there was differential etching of the enamel prisms
(Fig. 1.13). These results suggested that potentially weak interfaces may be created
when very mild self-etch adhesives are applied to bur-cut enamel with thick smear
layers, using the static application technique recommended by manufacturers.
The bonding capacity created by these weak interfaces may not be sufficient to re-
sist the polymerization shrinkage stresses that are exerted along the cavity walls
of deep, complex cavities during the initial stages of restoration, and to resist long-
term masticatory or parafunctional stresses.

The original claim that compomers are self-etching and do not require addi-
tional adhesive application has been shown to be largely unfounded [122–125].
With the continuous upsurge of interest in providing bonding protocols that are
more user-friendly to clinicians,3 M ESPE has recently introduced Rely-X Unicem,
a self-adhesive, fluoride-releasing, dual-curable, resin composite cement that does
not require the adjunctive use of dentine adhesives. The bonding of Rely-X
Unicem to cut enamel using field emission-environmental scanning electron mi-
croscopy (FE-ESEM) permits the assessment of bonded specimens under wet con-
ditions [126]. With the replacement of the original back-scattered electron detec-
tion mode (BSE) with the gaseous secondary electron mode (GSE), the quality of
ESEM has substantially improved recently [127] and has immense potential in the
direct assessment of marginal gaps in specimens that have not been subjected to
dehydration under a high vacuum environmental of a conventional SEM. This re-
places the more labor-intensive method for discerning true marginal gaps in
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Fig. 1.12. Stained, dem-
ineralized TEM shows the
static application of a mild
single-step, filled, self-etch
adhesive, One-Up Bond F
(Tokuyama) to cut enam-
el. Incompletely deminer-
alized smear-layer 
remnants (pointer) are 
retained within the 
adhesive. The hybrid layer
is formed completely
within the smear layer
(Hs). A adhesive. Arrow
indicates glass ionomer-
type fillers



bonded restorations using the resin-replica technique [124]. ESEM is also useful
for examining brittle dental hard tissues, such as enamel, or glass ionomer-based
dental materials that are liable to crack after desiccation.

Figure 1.14 shows the resin–enamel interfaces recorded with FE-ESEM after the
application of Rely-X Unicem to cut enamel in the manner that is recommended
by the manufacturer (i.e. with the cement applied under some pressure). Under
this condition, the self-etch cement applied to a flat bonding enamel surface
showed good integrity along the bonded interface, with no marginal gap forma-
tion. A thin hybrid layer that was less than 1 mm thick was also observed between
the self-etch resin cement and the underlying cut enamel. Although these results
are promising, further studies should be performed to assess the marginal integri-
ty when this resin cement is used in thin layers for luting indirect restorations as
well as fiber posts to root canals. The amount of curing stress generated in resin
cements varies with the film thickness as well as the degree of compliance (i.e.
ability to relieve shrinkage strain) of the bonding substrates [128]. In the presence
of low compliance (i.e. restricted shrinkage strain), such as bonding of rigid, full
coverage crowns or cast dowel cores and posts, the negative effects of polymeriza-
tion shrinkage in bonded resin cements can be extreme. This is due to the very
limited free surfaces around these adhesive joints that are available for flow of the
setting cement to compensate for shrinkage stress development during the gel
phase of polymerization [129]. Under these circumstances, the bonds formed
between low-compliant adhesive joints may be spontaneously disrupted by devel-
oping shrinkage stresses [130–131].

When the thin hybrid layer of Rely-X Unicem was examined using TEM, it
appeared similar to the very mild self-etch adhesives such as One-Up Bond F. The
hybrid layer formed by the self-etch resin cement actually was a hybridized com-

Etched Enamel Structure and Topography: Interface with Materials 19

Fig. 1.13. Stained,
demineralized TEM shows
the application of One-Up
Bond F to phosphoric
acid-etched, cut enamel.
Better bonding is achieved
with hybrid layer forma-
tion (Hp) within the 
prismatic enamel instead
of the smear layer. Pointers
indicate prism bound-
aries; arrow indicates 
glass ionomer-type fillers.
A adhesive



plex that consisted partly of the surface hybridized enamel smear layer and a thin,
incomplete underlying layer of hybridized prismatic enamel (Fig. 1.15). Bonding
of the resin cement was limited to the hybridized enamel smear layer in some re-
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Fig. 1.14. Field emission-
environmental SEM 
(FE-ESEM) image of the
application of a self-
adhesive resin cement,
RelyX Unicem (3 M ESPE),
to cut enamel. The integri-
ty of the bonded interface
is maintained in the ab-
sence of a low-viscosity
resin or adhesive. A thin
hybrid layer (pointer) can
be seen between the 
resin cement (U) and the
prismatic enamel (E)

Fig. 1.15. Unstained,
undemineralized TEM
shows that Rely-X Unicem
bonded very superficially
to cut enamel. A thin,
hybridized complex is
formed that incorporates
the enamel smear layer
(Hs) and a single layer 
of enamel crystallite
(pointer) from the pris-
matic enamel (Hp).
Enamel (P) that is not 
infiltrated by the resin 
cement (RC) is fractured
away, leaving empty
spaces (S). F glass filler
particle. Arrow indicates
fumed silica fillers



gions of the interface, where the self-etch resin cement probably did not diffuse
through the original smear layer to etch the underlying enamel. This finding cor-
responded well with the work of De Munck et al. [132] that RelyX Unicem bonded
only superficially to enamel.While the idea of bonding indirect restorations with-
out the use of even self-etch or total-etch adhesives is certainly very attractive
from the clinical perspective, further studies should be performed to investigate
the use of this self-adhesive cement with the adjunctive application of mildly
acidic conditioners, such as polyacrylic acid, and to compare its efficacy with glass
ionomer and resin-modified glass ionomer type of luting cements to both enamel
and dentine.

Bonding to Uncut Enamel;;

Although bonding to uncut enamel in restorative dentistry may be circumvented
with the use of beveled enamel margins [133–134], such a procedure is unavoid-
able in the bonding of orthodontic brackets; thus, bonding to intact enamel with
contemporary non-rinsing self-etch adhesives continues to be clinically relevant
issue in the field of orthodontics [135–138], as the surface layer of aprismatic
enamel is not removed during bracket bonding. Intact enamel is generally devoid
of a smear layer; however, a surface organic pellicle may be formed on its surface
that may be trapped by these non-rinsing adhesives.Also, bacteria that are present
along the surface of the aprismatic enamel may also be trapped by these adhesives.
The interactions of a mild, moderate and aggressive self-etch adhesive with intact
enamel are represented in Figs. 16, 17 and 18, respectively.
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Fig. 1.16. A TEM image of
the application of a mild
two-step self-etch adhe-
sive, Clearfil SE Bond 
(Kuraray) to uncut enam-
el. The hybrid layer (H) 
is very thin (200 nm) with
primer infiltration around
the intercrystallite spaces.
The surface apatite crys-
tallites are minimally 
dissolved (pointer). A
adhesive; arrow: fumed
silica



With the use of a mild two-step, self-etch adhesive, such as Clearfil SE Bond
(Kuraray; pH=2.0), there was minimal etching of the enamel surface, with the
occasional formation of shallow depressions in which apatite crystallites were
exposed. The hybrid layer that was localized to aprismatic enamel was less than
200 nm thick except for regions containing the depressions, and was found to con-
sist of a single layer or two layers of densely packed apatite crystallites that exhib-
ited minimal dissolution (Fig. 1.16). While there is a general consensus that the
moderate and aggressive self-etch adhesives are equivalent to phosphoric acid in
the strengths of the bonds created in intact enamel, with the absence of any signif-
icant correlation between hybrid layer thickness and bond-strength results, the
greatest controversies lie in the current research data available in the literature on
the use of mild self-etch adhesives on intact enamel. For example, when Clearfil SE
Bond was employed for bonding of orthodontic brackets with resin-modified
glass ionomer cements,Yamada et al. [136] opined that Clearfil SE Bond exhibited
no difference in shear bond strength when compared with polyacrylic acid etch-
ing; however, when this adhesive was used in conjunction with a resin composite
orthodontic adhesive, it produced significantly lower shear bond strength than
phosphoric acid etching. Yet, exactly the opposite results were reported by Ibarra
et al. [85]. In their study, these authors showed that the microtensile bond
strengths of Clearfil SE Bond to uncut bovine enamel (41.7±11.3 MPa) or cut
enamel (38.6±8.8 MPa) were not significantly different from that of the use of a
total-etch adhesive, Scotchbond Multi-Purpose (3 M ESPE) to both uncut
(37.6±9.6 MPa) and cut (44.5±6.0 MPa) enamel. It is difficult to perceive how a
bond made to intact enamel can sustain fatigue loading stresses when its retention
depends upon a single layer of apatite crystallite. The adhesive-promoting capac-
ity of these mild self-etch adhesives may be equivalent to that of more aggressive
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Fig. 1.17. A high-magnifi-
cation TEM image of
uncut enamel bonded
with Xeno III (Dentsply
DeTrey), a moderately 
aggressive one-step self-
etch adhesive, showing the
partially dissolved apatite
crystallites (pointers)
along the surface of the
hybrid layer in aprismatic
enamel (Hap). A adhesive



systems; however, it is not until these bonds are challenged under fatigue loading
that their true bonding potential is realized. Clearly, further work should be done
to clarify these issues.

With the use of a moderately aggressive single-step self-etch adhesive such as
Xeno III (Dentsply DeTrey; pH=1.4) on uncut enamel, the etching effect was found
to be limited to the surface layer of aprismatic enamel, with the formation of a hy-
brid layer that was 1–1.5 mm thick. There was also evidence of external dissolution
of the surface apatite crystallites (Fig. 1.17), creating more spaces for inter-crystal-
lite resin infiltration [37]. When an aggressive single-step self-etch adhesive, such
as Prompt L-Pop (3 M ESPE; pH=1.0), was applied to uncut enamel, the etching
effect was comparable to that of phosphoric acid etching, with partial exposure of
the underlying prismatic enamel, creating enormous microporosities for resin
infiltration. The hybrid layer was about 3–5 mm thick and consisted of both
hybridized aprismatic and prismatic enamel (Fig. 1.18).

Interaction of Glass Ionomer-Based Materials with Enamel;;

A chapter on enamel bonding would not be complete without the inclusion of the
interaction of light-cured, resin-modified glass ionomer cement (RM-GIC) and
auto-cured, conventional glass ionomer cement (GIC) with enamel. Compared
with dentine adhesives, morphological studies on the interaction between glass
ionomer-based materials with enamel are rare in the literature. This may be due to
the fact that these materials, the water-based GICs in particular, are extremely sen-
sitive to dehydration so that it is virtually impossible to examine these materials
under conventional high-vacuum SEM without introducing artefactual cracks
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Fig. 1.18. Stained, dem-
ineralized TEM of uncut
enamel bonded with
Prompt L-Pop (3 M ESPE),
an aggressive one-step
self-etch adhesive.
A 5-mm-thick hybrid layer
is present, consisting of
partially hybridized apris-
matic enamel (Hap) and
partially hybridized 
prismatic enamel (Hp).
Arrowheads indicate
stained interprismatic
substance along the
periphery of an enamel
prism. A adhesive



within the material. Moreover, as the materials shrink during dehydration, it is
also not possible to discern artefactual gaps from true marginal gaps along
GIC–enamel interfaces. While confocal microscopy [140] has enormous potential
for examining the dynamic interaction along these bonded interfaces under their
natural, non-dehydrated conditions, a more detailed examination of the interface
between glass ionomer-based materials and bonding substrates may only be
achieved with the use of cryo-SEM [141] or ESEM.

As there is a micromechanical component in the bonding mechanism of
RM-GICs due to the inclusion of resinous components that can polymerize via
free-radical polymerization [142], the rate and extent of the glass ionomer
acid–base reaction will depend on whether these materials are light- or self-cured
during the bonding procedure [143], and the subsequent water sorption that is
allowed to occur [144]. The use of even short periods of conditioning with mild
surface conditioners, such as 10–20% polyacrylic acid, has been shown to improve
the bond strengths of RM-GICs to enamel when compared with bonding per-
formed without pre-treatment [145]. Glasspoole et al. [48] further showed that the
bond strengths of RM-GICs were significantly lower when the materials were
light-cured compared with self-cured in the absence of pre-treatment.

Figures 1.19 and 1.20 are ESEM images that compared the bonding of a RM-GIC
(Fuji II LC; GC Corp.) to cut enamel in the absence or presence of surface pre-
treatment with polyacrylic acid. In both circumstances, an interaction layer be-
tween the RM-GIC and the enamel [141] could be identified. As the RM-GIC was
light-cured immediately upon placement, these interaction layers were more like-
ly to be created by the infiltration of resinous components of the RM-GIC into the
microporosities within the enamel smear layer or conditioned enamel. Under the
condition of immediate light-curing, the contribution of chemical bonding [146]
via ion exchange between the GIC component and the bonding substrate [147]
may not be as pronounced as when the material is allowed to set in the dark under
a self-curing mode. As the specimens were examined under natural wet condi-
tions, one can be certain that any gap observed along the resin-enamel interfaces
are true gaps and not dehydration artifacts. In the case of no pre-treatment, a large
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Fig. 1.19. Environmental
SEM image shows the
bonding of a resin-modi-
fied GIC (Fuji II LC; GC
Corp.) to cut enamel with-
out the use of a dentine
conditioner. A gap (G) is
present between the 
RM-GIC (RG) and the un-
derlying prismatic enamel
(E). The crust-like layer
(between arrows), devoid
of glass fillers, probably
represents the interaction
layer formed between the
RM-GIC and the enamel
smear layer



gap was present between the interaction layer and the underlying enamel
(Fig. 1.19). It was further speculated that the interaction layer was composed large-
ly of the resin-infiltrated smear layer, being fairly loose and slightly porous in tex-
ture. Thus, the weakest link in the interface was between this resin infiltrated
smear layer (i.e. hybridized smear layer in the context of dentine adhesives) and
the underlying unetched enamel. However, when enamel was first conditioned
with polyacrylic acid, the smear layer could have been dissolved or dispersed, so
that there was better infiltration of the resinous component of the RM-GIC into
the microporosities created in the enamel. This resulted in a gap-free interface
(Fig. 1.20), in which the RM-GIC was connected to the enamel via a thin interac-
tion layer that also exhibited short resin tag formation. Several studies have shown
that bonding of RM-GICs to enamel may further be improved by replacing the
manufacturer-recommended surface pre-treatment protocol with 10–37% phos-
phoric acid [48, 148–150]. Early improvement in bond strengths of RM-GIC with
light-curing and phosphoric acid etching is clinically advantageous during ligat-
ing of orthodontic brackets bonded with these materials.

There is a controversy with respect to whether the use of surface conditioners
is required for conventional GICs, as their chemical bonding mechanism permits
direct bonding to dental hard tissues even in the presence of a smear layer
[151–152].Attin et al. [153] showed that bond strengths of GICs to 25% polyacrylic
acid-conditioned enamel did not exhibit significant improvement over uncondi-
tioned enamel. Conversely, Glasspoole et al. [48] opined that both 10% polyacrylic
acid and 35% phosphoric acid improved the bond strengths of GIC to enamel, but
with no difference between these two conditioning protocols. The bonding of a
new ferric-oxide-containing GIC (Fuji VII; GC Corp.) to 10% polyacrylic acid-
conditioned bur-cut enamel is shown in Fig. 1.21. Chemical bonding via ion ex-
change between the GIC and enamel also produced a thin interaction layer [141]
in both cases; however, gap formation was more commonly observed when the
enamel smear layer was not pre-treated with a conditioner (not shown). It is pos-
sible that ion exchange occurred only between the smear layer and the GIC, while
the attachment between the smear layer and the underlying enamel remained the
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Fig. 1.20. Environmental
SEM image of the bonding
of Fuji II LC to cut enamel
that is conditioned with
10% polyacrylic acid 
for 20 s. No gap occurs 
between the interaction
layer (pointer) and the 
underlying enamel (E).
Short resin tags are also
present. RG RM-GIC



weak link.When the cut enamel was pre-treated with 10% polyacrylic acid for 10 s,
the smear layer could be dissolved and mild etching of the underlying enamel
could be responsible for a stronger chemical union (Fig. 1.21). With the use of
ESEM, the hydrated siliceous hydrogel gel layer that was formed by the leaching of
ions from basic glass fillers could be clearly identified around the periphery of the
glass particles. On the contrary, such a layer was not readily apparent at the SEM
level in specimens bonded with the RM-GIC prior to water sorption (Fig. 20).

Conclusion;;

Acid etching of enamel and improvements in adhesives and resin composites have
revolutionized adhesive dentistry [155].While bonding to dentine has substantial-
ly improved over the years, the predictability of resin–dentine bonds is generally
conceived to be less consistent as resin–enamel bonds. Nevertheless, there are still
problems in enamel adhesion such as bonding to occlusal pits and fissures and
bonding immediately to bleached enamel. The anisotropic nature of enamel also
demands that the attention be paid in handling the polymerization shrinkage
stresses induced by resin composite materials over enamel cavosurface margins.
The recent increase in popularity of simplified-step, self-etch adhesives that are
less technique sensitive, more user-friendly and simpler to use embraces new chal-
lenges in bonding to aprismatic enamel that are less frequently encountered with
the use of phosphoric acid etching. The timely introduction of self-adhesive resin
cement also justifies a reconsideration of a fundamental aspect in bonding to cut
enamel – the enamel smear layer. Last, but not least, recent advances in the elec-
tron microscopic techniques have also facilitated studies on the bonding mecha-
nism of glass ionomer and resin-modified glass ionomer cements to enamel.

Acknowledgements. This work was supported in part by RGC CERG grant 10204604/07840/
08004/324/01, the University of Hong Kong, and grants DE014911 and DE015306 from the 
National Institute of Dental and Craniofacial Research.

26 F.R.Tay · D.H. Pashley

Fig. 1.21. Environmental
SEM image of the bonding
of a conventional GIC
(Fuji VII; GC Corp.) to 
cut enamel. A 2-mm thick
interaction layer (IL) is
present, with the entrap-
ment of apatite crystallites
along the base of this layer
(pointer). A siliceous 
hydrogel layer (arrows) 
is identified around the
periphery of the ion-
leachable glass fillers
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Introduction;;

Resin sealants are accepted as an effective procedure for controlling fissure decay
in primary and permanent teeth.At the same time, increased use has been report-
ed in resin composite restoratives in posterior teeth as substitute for amalgam.

Enamel acid etching is considered the most appropriate surface treatment to
ensure retention of the resinous materials both on primary and permanent enam-
el. From the research point of view, very few studies evaluate the bonding of
resinous materials on primary enamel. The parameters attributed to the bonding
are usually assigned on tissues of permanent teeth and the results are merely
extrapolated to primary analogues.

However, chemical, physiological and micromorphological differences between
primary and permanent enamel have been well established. Therefore, although
bonding on primary enamel may follow the principles of adhesion of resinous ma-
terials on the hard dental tissues, the individual features of the deciduous enamel
make necessary the study of the subject as a separate issue.

The necessity of enamel cleaning prior to the bonding, the influence of various
acid treatments on regions of the primary enamel, the bonding efficiency of
resinous materials on enamel through adhesive systems and clinical data related
to the retention rates of the materials are described in the present chapter.

Primary Enamel;;

In primary teeth the coronal part is covered by a thin enamel layer which is gen-
erally less mineralized than permanent enamel [1]. In this respect, the area of the
organic/inorganic interface is greater in deciduous enamel, which contains more
exogenous organic material [2]. The reduced time available for enamel maturation
may account for the relatively lower mineral levels.

As in the permanent enamel, the mineralization level of the deciduous enamel
is characterized by the gradient from the inside to outside, albeit with a smaller
relative increase [1]. A neonatal distinct line is also obvious in the primary enam-
el which divides the less and the more hypomineralized enamel formed before and
after birth, respectively.

As a consequence of the features described, the permeability of the deciduous
is higher than that of the permanent enamel [1]; the latter also suggests higher
porosity of the primary enamel, which leads to higher pore volume [2]. The thin-
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ner enamel layer, in combination with the less mineral content and the pro-
nounced porosity, accounts for the whitish, opaque appearance of the primary
enamel.

Although enamel of deciduous and permanent teeth has overall similar chem-
ical composition, variations in carbonates have been indicated [3, 4]. Carbonate
substitutions in the hydroxyapatite crystals is known to change the surface charge
and the solubility of the enamel surface [5, 6].

The enamel surface itself, in both permanent and deciduous teeth, is a micro-
morphologically and chemically complex region; however, the deciduous enamel
is considered the most variable enamel [7]. The presence of prismless (aprismat-
ic) enamel in different areas of the same tooth [8, 9], with varying thickness
(5–60 mm) [10], is the most commonly found feature in the primary enamel, al-
though prismless enamel is also discerned in pit, fissure and cervical regions of
the permanent teeth. There are significant differences in the micromorphological
appearance of the prismless enamel between the permanent and primary teeth. A
laminated band is found in primary prismless enamel, whereas a scale-like shape
is observed in permanent teeth [11]. Many authors have reported that the primary
teeth have a more pronounced layer of prismless enamel than that found on the
permanent teeth [12–14]. Smooth prismless enamel in various external regions,
with round depressions of unpredictable depth, has been detected in non-erupted
canines and incisors [15, 16].

Regional differences have been determined in the prismless enamel. Although
Whittaker [13] suggested that the outer enamel often shows prismless features,
such a finding is uncommon for the area of occlusal pit-and-fissure enamel [17]
and also for the one close to the top of the cusps [10]. Unlike the occlusal surface,
a relative thick layer of prismless enamel mostly laminates the labial and facial
surfaces, in the form of isolated islands or a continuous band [10, 18].

The crystal orientation in prismless enamel is different from that of prismatic
enamel [9, 19]. In aprismatic enamel, the crystallites are arranged uni-directional-
ly, parallel to one another with a relatively higher density and their C-axes perpen-
dicular to the enamel [11, 12, 14, 18]. On the contrary, the prismatic enamel ex-
hibits change of orientation within each prism; hence, the prismless enamel is
presented under polarized microscopy by a uniform, homogeneous extinction of
surface layer.

The structural, histological and chemical differences mentioned between pri-
mary and permanent enamel may cause differences in the etching capacity, the
bonding mechanism induced and the bonding efficiency of the resinous materi-
als.

Enamel Cleaning;;

Generally, organic deposits cover the enamel surfaces such as surface cuticle and
stained pellicle [20]. Investigators have discovered that these remnants might in-
terfere with the etching process, resulting in subsequent lower resin adhesion
[21–24]. Enamel cleaning prior to the etching is recommended to achieve a
favourable bonding surface. Since sealant placement is performed on uncut enamel
areas, the removal of remnants is a necessary procedure.
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Two different procedures have been introduced for primary enamel cleaning;
the first consists of removing only the deposits by cleaning/polishing of the enam-
el, and the second of slight grinding leading to superficial enamel removal.

Controversial aspects have been drawn regarding the efficiency of the various
methods suggested for facilitating the cleaning of the enamel surface [25, 26]. It is
likely that after polishing with a rotating brush alone, only organic films remain
on the surface [22]. Prophy pastes with fine particles result in an efficient debris
and organics removal while keeping the enamel intact [25–27]. On the other hand,
the respective pastes with coarse grinding particles abrade the enamel surface.

Historically, the prophy pastes with fluoride components have been avoided be-
cause fluoride was believed to provide a more resistant to acid-etching enamel sur-
face; however,numerous studies have shown that cleaning with fluoridated prophy
paste creates no negative effect on shear bond strength compared with non-fluo-
ride media [28, 29]. On the other hand, precipitates on the enamel surfaces which
are cleaned with fluoridated prophy paste should be taken into careful considera-
tion, because it is possible to influence the longevity of the bond [25].

Pumice slurry causes especially deep scratch marks and renders adequate
enamel cleaning impossible [26]. Air-polishing, used particularly for occlusal
fissure cleaning, is considered an appropriate method when a prolonged (>30 s)
water-washing time is followed [25]. Well-performed resin tags and higher bond
strength have been achieved on air-polished pretreated, as compared with
pumice-cleaned, enamel surfaces.

Grinding of the enamel surface with fine-grain diamond [18] or sandblast discs
[30] causes removal of the outermost prismless enamel layer, resulting in enamel
prism exposure and in uniform, deep etching pattern; however, Fuks et al. [31]
found irregular etch pattern with scattered smooth areas after grinding with fine-
grain silicon carbide. The latter finding may imply unequal grinding or incom-
plete prismless enamel removal.

In fact, clinicians face a problem in removing prismless enamel because it is
clinically impossible to define its thickness. In this respect, cleaning with a rotat-
ing brush with or without fine-grain pastes is usually recommended for enamel
cleaning prior to the etching procedure. This procedure provides cleaning in com-
bination with enamel safety. Milling of the outermost enamel by various media
should be avoided.

Enamel Conditioning;;

Phosphoric Acid;;

Etching of enamel with water solutions of phosphoric acid prior to the placement
of resinous materials remains the most commonly used enamel conditioning.Var-
ious features, characteristics of the deciduous but not of the permanent enamel,
account for considerable differences in etching efficiency and bonding capacity
between deciduous and permanent teeth.

In primary teeth, the prismless layer of the enamel, which covers the buccal and
lingual surfaces, the smaller enamel thickness, the higher porosity and the
hypomineralization are the major characteristics of a unique enamel substrate.
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The etching patterns obtained by phosphoric acid conditioning, the optimum
etching time and the bond resistance of the resinous materials have recently
attracted interest and research.

Generally, the prismless outer layer is believed to reduce the effectiveness of
acid etching. The higher density of the crystals and the uni-directional orientation
in prismless enamel may reduce the enamel solubility, resulting in relatively unaf-
fected enamel. If dissolution occurs, no rod patterns are displayed by preferential
loss [9]; thus, enamel porosity generated by etching may not be sufficient to
achieve a considerable number of resinous tags (Fig. 2.1).

Several types of acid-resistant prismless enamel, such as easily acid-dissolved
and strong acid-resistant types, comprise the primary enamel (Fig. 2.2). Moreover,
one dominant primary enamel etching pattern cannot be predicted since core and
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Fig. 2.1. Occlusal part of
labial enamel in primary
molar after etching, for
15 s, with 36% solution of
phosphoric acid. A slight
porosity is obvious

Fig. 2.2. Occlusal part of
labial enamel in primary
molar after etching, for
30 s, with 36% solution of
phosphoric acid. Smooth
islands (acid resistant) 
are visible on the porous
surface (acid-dissolved)



peripheral types of dissolution are equally probable [32]; therefore, conflict data
have been presented concerning the etching pattern yielded on deciduous enam-
el. Although type-III etching, as described by Silverstone et al. [59], is considered
the predominant pattern, types II and I have been frequently observed as well
(Fig. 2.3) [33]. The etching pattern depends on the crystalline orientation within
the single prism. Type-III pattern has often been predominant in regions where
the rods are more disoriented, such as in the primary enamel. The clinical signifi-
cance of each of the three etching patterns is not known, because the clinician can-
not verify the pattern by visual examination and therefore cannot correlate it with
the clinical success rate.

Poorly structured etching patterns, rather than peripheral ones, have been
identified on unground enamel after 30- and 60-s phosphoric acid etching [26].
Controversial aspects have been drawn regarding the etching generated on ground
enamel [18, 34]. The peripheral etching pattern, as a result of loss of intraprismat-
ic structure, is the most common pattern for outer- and inner-ground primary
enamel, in various tooth locations. It can be assumed that unground enamel is less
resistant to acid effect. Parts of the same tooth seem to influence the etching qual-
ity as well (Fig. 2.4). Nevertheless, even in less readily etched enamel, a crystal-lev-
el etched pattern can be obtained [35]; therefore, the microfine irregularity result-
ing from the individual enamel crystals may provide comparable bond strength
with the preferential loss of prism periphery substrate [36].

Besides, the relationship between the type of etching (well-developed, clear
prism structure after etching or crystals with mild or slight etching) and the resin
adhesion remains unclear [36–39]. Generally, the length of the resin tags has been
shown to contribute little to the bond strength [40, 41].

Etching time is considered a major variable for the etching procedure. A wide
range – 15 s to 4 min – of optimum etching times for primary enamel has been
advocated [42–44]. In the early 1970s, long etching times up to 120 s were suggest-
ed as an attempt to remove the prismless enamel; however, the longer the etching
time, the greater is the possibility for over-etching and for salivary contamination,
particularly in young children [16, 43, 45]. In addition, it has been shown that the
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Fig. 2.3. Occlusal part of
labial enamel in primary
molar after etching, for
15 s, with a 36% solution
of phosphoric acid. Vari-
ous etching patterns are
noted



shorter etching time increases the rate of cases presenting etched enamel prisms
[26].

Different application times of 36% phosphoric acid induce a variety of etching
patterns due to potential for heterogeneous dissolution [16]. Type-II pattern was
detected after 15-s etching, whereas prism peripheries were demineralized in a
homogeneous pattern after 5-s etching [46].A tendency of type-III pattern to pre-
dominate after 15-s etching has been recorded as well [16]. At the same time, ran-
dom distribution of type-I, type-II and type-III patterns were noticed [16, 47–49].
Negligible morphological changes on the enamel surface were revealed when the
etching time was increased to over 30 s [33, 47]. Etching times ranged from 15 to
30 s provided a detailed etch pattern either on ground or on unground primary
enamel surfaces [34, 43, 46, 50, 51]; however, more clear and deeper porosity
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Fig. 2.4. Middle (a) and
cervical (b) parts from a
labial enamel in primary
molar after etching, for
30 s, with 36% solution of
phosphoric acid. Differ-
ences in etching pattern
can be easily verified

a

b



obtained after 30 s than after 15 s etching time (Fig. 2.5), resulting in uniform, well-
performed resin projections (Fig. 2.6). Nevertheless, the retentive capacity of de-
ciduous enamel acid conditioned for 15 s or 60 s was similar, whereas 10 s etching
time caused lower bond strength [50, 52].

A completely dry enamel surface was an absolute requirement for the bonding
capacity in previous generations of adhesive agents. The total-etch systems used
presently require wet substrates since hydrophilic monomers function as primers
and adhesives [53, 54]; therefore, the dry enamel may negatively affect the bond-
ing efficiency.

The application of a bonding agent prior to a sealant placement, as an interme-
diate layer, may improve the adhesion on a substrate such as the prismless etched
enamel, maximizing the surface wetting ability. The use of a bonding agent has
also been suggested for a saliva-contaminated etched enamel surface, which is a
common phenomenon particularly for deciduous teeth. It is well known that sali-
vary contamination of the etched enamel surfaces results in occlusion of etching
micropores (Fig. 2.7) and leads to high microleakage and low bond strength
[55–57]. Saliva contamination during etching procedure induces poor sealant re-
tention. Removal of the saliva by water rinsing and re-etching was not proved as
efficient (Fig. 2.8), because of the difficulties in protein removal [58–61]. Because
the currently used bonding agents are hydrophilic and were developed to bond
resins to wet, hard dental tissues, it should be hypothesized that these agents may
allow bonding to wet saliva-contaminated enamel surfaces as well. Increased bond
strength and decrease in microleakage level were achieved when certain bonding
agents from previous generation were used on both saliva-contaminated and non-
contaminated surfaces [30, 55, 62]. Since the short- and long-term clinical per-
formance of these cases has not been investigated, this cannot be suggested 
as a technique to deal with inadequate clinical isolation which, in fact, leads to
salivary contamination.
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Fig. 2.5. Occlusal part of
labial enamel in primary
molar after etching with
36% solution of phos-
phoric acid, for 15 s.
Comparison with Fig. 2.2
shows that shorter etching
time causes milder etching
effect



Two types of phosphoric acid agents are available. The acid solutions that were
first introduced have been almost completely superseded by gel analogues over
the past several years. The thixotropic nature of the gels permits increased control
over placement and elimination of the acid overflow.

Inferior quality of etching by acid gels compared with solutions was found
(Fig. 2.9) in combination with fewer resin tags and less even distribution across
the resin interface were created [63]. The viscosity of the gels may inhibit the uni-
form wetting ability of the agent on the enamel [64, 65]. Nevertheless, the differ-
ence in etching pattern between gel and solution acids does not reflect the resin-
bonding resistance [63]. That finding may highlight the lack of correlation, under
in vitro conditions, between etching quality and bond strength which can be due
to different substrates used to determine the etching and the bonding efficiency.
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Fig. 2.6. Resin interface
exposed after primary
enamel dissolution (HCl
6 N, 2 h) in cases of 15 s (a)
and 30 s (b) enamel etch-
ing times (36% solution 
of phosphoric acid).
A well-performed resin
network was provided by
the longer etching time

a

b
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Fig. 2.7. Saliva covers 
the microporosity of an
etched (36% solution 
of phosphoric acid, 30 s)
primary enamel

Fig. 2.8. Re-etching (15 s)
of the surface shown in
Fig. 2.7 recovered partially
the initial etching pattern

Fig. 2.9. Occlusal part of
labial enamel in primary
molar after etching,
for 15 s, with 36% gel of
phosphoric acid. A slightly
pitted surface is presented



Grinding of the enamel specimens is necessary to achieve the flat surface for
bonding, which results in complete prismless enamel removal. This subsurface
ground enamel may be more susceptible to acid etching than the superficial
prismless enamel.

Self-Etching Agents;;

The self-etching primers were developed to simplify the bonding procedure.These
agents are based on the use of non-rinsed acidic polymerizable monomers, which
serve as conditioner, primer and resin; thus, the step of enamel phosphoric acid
conditioning is skipped. The use of an enamel conditioner that does not require
rinsing may be a valuable clinical procedure, since satisfactory isolation may not
always be possible in children. Furthermore, the self-etching priming materials
can solve the problem of the relatively long time required for the various steps of
the complicated adhesive procedure.

Most of the vitro studies have found that the self-etching agents provide lower
bond strength to the primary enamel than the conventional enamel conditioning
with phosphoric acid [66, 67]. Nevertheless, Agostini et al. [66] have reported that
the bond resistance obtained is above the minimal required for permanent teeth
(18.6–19.4 MPa) [68]. The short resin tags formed may cause the inferior bond
strength measured [67]. It is believed that the bonding on enamel is achieved pri-
marily not by the resinous projections but by micromechanical adhesion provid-
ed from monomer diffusion and polymerization into the microirregularities of
the etched enamel (Fig. 2.10) and by formation of a hybrid-like layer [40, 41, 69]. It
has been also proved, in permanent enamel, that the depth of etching, and subse-
quently the depth of the resin penetration induced by self-etching adhesives, is not
correlated with the bond strengths attained [70, 71]; thus, the surface irregularity
of the treated enamel may not be a valid indicator for the bond magnitude
achieved.
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Fig. 2.10. Resin interface
exposed after primary
enamel dissolution (HCl
6 N, 2 h). The enamel was
treated with a self-etching
primer adhesive (Xeno III,
Dentsply/DeTrey). Dense
but short resin projections
are observed
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Fig. 2.11. Occlusal part 
of labial enamel in 
primary molar after 
treatment with a 
self-etching primer 
adhesive (Xeno III,
Dentsply/DeTrey).
Microirregularities 
have been formed on 
the surface

Fig. 2.12. Primary enamel
treated with two different
self-etching primer 
adhesives [Xeno III-(a),
Dentsply/DeTrey and 
One Bond F-(b), Tokuya-
ma]. Dissimilar etching
patterns were obtained

a

b



In fact, a milder etching effect by the self-etching agents (Fig. 2.11) and a thin-
ner bonded interface have been demonstrated than found with enamel condi-
tioned with common phosphoric acid [67, 72]. Despite these features, no signifi-
cant bond differences between the phosphoric acid and self-etching agents treated
enamel surfaces has been recorded [72, 73].

The ability of the resin to penetrate into the separated superficial crystallites,
which should be enveloped by the resin, may be mostly contributed to the bond-
ing efficiency obtained. The cumulative cross-sectional interfacial area created
may offer an adequate adhesive surface [74]; however, it is questionable if the shal-
low hybridized resin–enamel interface formed with absence of long resin tags can
withstand the thermomechanical fatigue in the oral environment.

The limited number of studies concerning the use of self-etching adhesives on
primary enamel and the different results generated by agents classified as self-
etching (Fig. 2.12) indicate that more in vitro and clinical studies are needed to
show whether or not the self-etching agents guarantee a bond to enamel.

Other Agents;;

In addition to the above described enamel conditioners, a few other agents have
been used on primary enamel.

Citric acid (50%) needs 5 min exposure time to give a satisfied etching pattern.
This length of time is impractical, especially in children [2]. A non-rinse condi-
tioner with main components carboxylic, maleic and itaconic acids (NRC,
Dentsply/DeTrey) caused almost clear prism structure (Fig. 2.13); however,
whether or not that pattern guarantees a strong and durable bond has not been ad-
equately investigated either in vitro or in vivo [75]. The application of 10% male-
ic acid for 15 s on primary enamel providing a conservative mineral loss resulted
in a bond strength similar to that of permanent enamel treated with the same
agent [76].

46 A. Kakaboura · L. Papagiannoulis

Fig. 2.13. Occlusal part of
labial enamel in primary
molar treated with a 
non-rinse conditioner
(NRC, Dentsply/DeTrey)



Clinical Results;;

Bonding of the resinous sealants to the etched enamel facilitates the sealant reten-
tion; however, it is important to highlight that a variety of factors contribute clin-
ically to the sealant failures. Possible reasons for sealant failures include tooth
type, fissure location, sealant viscosity and wear, enamel etching efficiency, appro-
priate placement procedure, and regular sealant maintenance [77]; therefore, the
annual rate of sealant loss reported does not reflect only the bonding effectiveness
of the sealant to the etched enamel [78].

Clinical evidence suggests that sealant loss occurs in two phases. An initial ear-
ly loss due to operator technique is followed by a second loss associated mostly
with material wear under the forces of occlusion. The early failure frequency is
considered a stronger indicator for the bonding situation obtained. Sealant loss
rate within the first 2–3 months  after insertion has not been assessed in clinical
studies. Futatsuki et al. [79] reported a 14.4% failure rate at 2-month recall. The
maxillary lingual and mandibular buccal surfaces on molars showed a higher rate
of complete loss. The thicker prismless enamel found in these regions may account
for this finding. Immediate bond failure between sealant and enamel is mostly
attributed to saliva contamination of the enamel during and/or after enamel-etch-
ing procedure [59, 80–82]. The low ability of phosphoric acid etchant to penetrate
the total fissure depth, independently of the acid viscosity, has been cited as a
causative factor as well [83]. Surfactant components have been included into
etchants to increase and enhance the penetration, but no research results on their
efficiency are available.

Some organic remnants detected into the deep area of fissures after pumice
cleaning may disturb the etchant penetration and efficiency [79]. Prolonged etch-
ing time with phosphoric acid, up to 20 s, causes no significant differences in the
occlusal sealant retention in primary molars [84].

Examination of pit-and-fissure regions after early sealant loss revealed un-
etched areas along and around the observed locations as well as a mixed picture
with well-etched and completely unetched spots [79].

As mentioned previously, the salivary contamination of the etched enamel sur-
faces negatively affects the bonding capacity of that substrate. The ability of an
intermediate adhesive agent to facilitate sealant retention on  etched surfaces con-
taminated by saliva has been shown in only one clinical study [58]. Nevertheless,
the nature of the appropriate adhesive agent and the bonding mechanism induced
for this antimoisture effect should be clarified for the acceptance of the suggested
procedure. Despite this, the findings of that study must be interpreted with cau-
tion because of the small sample number (20 patients) examined.

An indication that the primary enamel consists of a different bonding substrate
than with the permanent one is given by the early sealant failures recorded in de-
ciduous and in permanent teeth. Due to the fact that the number of studies is lim-
ited, it cannot be inferred that there are differences in the retention rate of sealants
between primary and permanent teeth [84].
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Introduction;;

The ability of the clinician to bond restorative materials to enamel has been an
important achievement of modern dentistry.A variety of restorative materials that
rely on enamel bonding are now available to the clinician. These materials include
resin composites, compomers, hybrid ionomers, and glass ionomers.

In this chapter, in vitro bond testing is discussed as well as the effects of vari-
ables that affect bond strength to enamel. From a clinical perspective, retention
rates of materials bonded to enamel is discussed, with examples from studies of
porcelain veneers, pit-and-fissure sealants and orthodontic bonding.

Measurement of Bond Strength;;

In vitro measurements of debonding force and bond strength are important in
characterizing the bonding potential of new adhesives and restorative materials to
enamel. The first goal of bond testing is to measure the force of debonding relative
to a bonded area. The second goal is to observe the location of the bond failure.

Debonding Force;;

The debonding force is measured in units of newtons (N), kilograms (kg), or
pounds (lb). This force must then be related to the nominal area of bonding. Typ-
ically, diameters of bonded specimens reported in the research literature vary
from 1 to 4.5 mm, representing bonded areas of 0.8–15.9 mm2. In general, speci-
mens tested with smaller bonded areas result in higher values of bond strength.

Bond Strength;;

Bond strength, which is the force of debonding divided by the nominal area of the
bonded interface, is commonly reported in the literature in units of megapascals
(MPa), kilograms per square centimeter (kg/cm2), and pounds per square inch
(lb/in2 or psi).
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Bond Failure;;

Adhesive failures are those that occur between the adhesive and the tooth. Cohe-
sive failures can occur within the tooth or within the restorative material. Bond
failures are often a mixture of adhesive and cohesive failures. The percentages of
the types of bond failure can be measured using a scale that specifies the amount
(in percent) of restorative material remaining on the tooth after debonding.

For example, a hypothetical bond strength experiment (Table 3.1) found that
resin composite A had 100% adhesive failures at the enamel/resin composite in-
terface, whereas resin composite B had 100% cohesive failures in the resin com-
posite and resin composite C had 100% cohesive failures in the enamel substrate.

In this experiment, the bond strength of resin composite A was lower than its
cohesive strength and the resin composite separated cleanly from the tooth. The
relatively low bond strength of resin composite A might suggest that this resin
composite bonds poorly to enamel, or that the enamel surface was contaminated,
resulting in an inferior bond. In contrast, there were cohesive failures in the resin
composite for resin composite B and in the enamel substrate for resin composite
C. The relatively high values of “bond strength” demonstrate that these resin com-
posites bonded well to enamel, although the actual values of bond strength are not
known; however, the 100% cohesive failure in resin composite B might indicate
that it was poorly polymerized. The 100% cohesive failure in the enamel substrate
for resin composite C might indicate that the enamel substrate was thin or
cracked.

Bond Strength Measurement by Tensile and Shear Testing;;

Bond strength testing typically is performed in tension or shear, using a screw-
driven or servohydraulic universal testing machine [1]. In tensile testing the
restorative material is pulled perpendicularly from the enamel substrate. Two
popular tensile bond tests include the inverted, truncated cone test (Fig. 3.1) [2]
and the microtensile test (Fig. 3.2) [3]. In a study of two bonding agents bonded to
enamel, superficial dentin and deep dentin for wet, moist, and dry conditions, mi-
crotensile bond strengths were found overall to be approximately 30% higher than
inverted cone bond strengths (p=0.002, r2=0.45; Table 3.2) [4]. The higher bond
strengths observed with the microtensile test may be related to the smaller diam-
eter of the bonded interface.

54 J.M. Powers · W.H.Tate

Table 3.1. Hypothetical in vitro tensile bond strengths of resin composite bonded to enamel

Resin Composite Bond strength (MPa) Failure location (%)

A 8 100 – adhesive

B 18 100 – cohesive in resin composite

C 26 100 – cohesive in enamel



In shear testing, the bonded bracket is loaded by a blade in tension or compres-
sion or by a wire loop in tension, so that the bracket slides parallel to the enamel
surface [1]. Pure shear loading is difficult to achieve, and most shear testing also
includes components of peeling, tension, and torsion.

Both tensile and shear loading modes are valid tests for studying bond
strengths of restorative materials. The goal in bond testing should be to achieve a
coefficient of variation [(standard deviation/mean) ¥ 100%] in the range of
20–30%. Typically, tensile testing produces a lower coefficient of variation than
the most common shear tests.
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Fig. 3.1. Test assembly
(isolated interface 
model) for debonding
adhesive from human
enamel in tension.
(From [15])

Fig. 3.2. Test assembly for microtensile bond test. (From [1])



Bond testing using teeth involves many variables that can affect the measured
bond strength. These variables include: (a) type of tooth (e.g., incisor, molar, hu-
man, bovine); (b) fluoride content of tooth; (c) disinfection and storage media of
tooth before bonding; (d) elapsed time of storage following bonding; (e) type of
loading (shear, tension); (f) configuration of specimen testing jig; (g) crosshead
speed of mechanical testing machine; and (h) bonding area of the specimen. A
technical specification (dental materials – testing of adhesion to tooth structure,
ISO/TS 11405 N355) currently is under development to standardize testing proto-
cols for bond strength measurements.

Experimental Models for Evaluating Bond Strength;;

Evaluation of bond strength can be studied in vitro using a simulated clinical
model. A more fundamental test is the isolated substrate model in which bonding
of an adhesive-to-tooth structure or a restorative material is studied independent-
ly. Retention of restorations or bond failures can be studied clinically using
prospective or retrospective clinical models.

Clinical Simulation Model;;

In this model, for example, an orthodontic bracket would be bonded to an extract-
ed tooth using an orthodontic resin cement [5]. Then, the bracket–tooth system
would be loaded in a testing machine to cause a bond failure. This technique ap-
pears to be clinically relevant. The disadvantage of this simulated test is that bond
failures often occur at several interfaces (bracket/cement, tooth/cement), so it is
difficult to isolate variables that may affect bond failure.
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Table 3.2. Comparison of two in vitro tensile bond tests for measurement of bond strengths
(MPa) of two bonding agents and a resin composite bonded to wet, moist, and dry human 
enamel. (From [4])

Bonding agent Wet Moist Dry

Inverted cone tensile test

Fifth generation (Single Bond) 21.0 20.2 26.6

Sixth generation (EXL 542) 20.2 25.0 19.8

Microtensile test

Fifth generation (Single Bond) 31.6 38.5 32.2

Sixth generation (EXL 542) 15.7 24.5 14.8



Isolated Interface Model;;

In this model, the adhesive/enamel interface is studied separately by bonding a
cylinder or cone of restorative material or cement directly to the enamel surface
and then debonding the restorative material or cement (Fig. 3.1) [5].

Clinical Studies;;

The randomized clinical trial is an experimental study in which the investigator
selects and controls the treatments under study in order to draw conclusions
about whether a particular treatment produced an effect [6]. The converse of the
prospective study is the retrospective (observational) study, which involves the
examination of previous treatment records to obtain data for analysis. The inves-
tigator thus obtains research data by observing treatment events without control-
ling them. Advantages and disadvantages of prospective and retrospective clinical
studies are summarized in Table 3.3 [6].

Variables Affecting In Vitro Bond Strength;;

Differences Among Teeth;;

Differences in shear bond strength among maxillary teeth (6–13 MPa) and among
mandibular teeth (9–13 MPa) have been reported [7]. Permanent teeth tend to
produce similar or slightly higher bond strengths than primary teeth (Table 3.4)
[8–10].
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Table 3.3. Summary of advantages and disadvantages of prospective and retrospective clinical
studies. (From [6])

Type of study Advantages Disadvantages

Prospective Randomization reduces bias Patients lose choice of treatment

Conclusions may be stronger Patients may drop out of study

Ethical concerns if one treatment 
is perceived as inferior

Retrospective Minimal expenses Variations in patients may cause
confounding effects

Easy to perform (record review) Interpretation of charts 
(possible bias)



Phosphoric Acid;;

In restorative dentistry the highest possible bond strength to tooth structure is de-
sirable. Bond strengths of resin composites used with fourth-, fifth-, sixth-, and
seventh-generation bonding agents to human enamel and dentin are considered
satisfactory [11–14]. Generally, bond strengths to enamel are higher than those to
superficial dentin (Table 3.5). Additional information on sixth- and seventh-gen-
eration bonding agents is presented in the next section of this chapter.

In contrast, the orthodontic bond strength must be sufficient to retain the
brackets but low enough to allow easy cleanup of adhesive when the case is com-
pleted and the brackets are removed. Some factors that influence acid etching of
enamel for orthodontic bonding include the type and concentration of the acid
and the time of etching [6].

Compomers (polyacid-modified resins) bond well to enamel (Table 3.6) [15].
The highest bond strengths are achieved with the use of phosphoric acid etching
and a bonding agent, although there is limited bonding of the compomer by itself
to moist enamel.

Hybrid ionomers (resin-modified glass ionomers) also bond to enamel
(Table 3.7) [16]. The highest bond strengths of hybrid ionomers to enamel are ob-
served when the enamel is etched with phosphoric acid. Etching with a polyacrylic
acid conditioner (10 or 20%) typically produces lower bond strengths than etch-
ing with phosphoric acid. Some hybrid ionomers are self-adhesive, although bond
strengths are usually <15 MPa.
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Table 3.4. In vitro tensile bond strengths (MPa) of self-etching adhesive systems and resin com-
posite to human enamel

Adhesive system Permanenta Primaryb

Self-etching primer and adhesive 29 19

(Clearfil SE Bond)

Self-etching adhesive 22 19

(Prompt L-Pop)

a From [8].
b From [9].

Table 3.5. Range of in vitro tensile bond strengths (MPa) of resin composite with four genera-
tions of bonding agents bonded to moist human enamel and superficial dentin. (From [14])

Bonding agent Enamel Superficial dentin

Fourth generation 23–32 21–24

Fifth generation 19–33 18–22

Sixth generation 17–29 17–35

Seventh generationa 22 15

a J.M. Powers and L.M. Pinzon, unpublished data.



Acidic Primers and Adhesives;;

An alternative to etching enamel with phosphoric acid is to use self-etching bond-
ing agents, often referred to as sixth- or seventh-generation bonding agents. The
sixth-generation bonding agents include the self-etching primer and adhesive
(apply primer, then apply adhesive) and the self-etching adhesive (mix compo-
nents, then apply adhesive). The seventh-generation bonding agents are no-mix,
self-etching adhesives (apply adhesive). With these bonding agents, no phosphor-
ic acid is used and no rinsing is necessary, and bond strengths to enamel and
superficial dentin can be adequate (Table 3.8) [8].

Several fifth-generation bonding agents (One-Step Plus, Optibond Solo Plus)
have the option of using either phosphoric acid or a self-etching primer before
application of the adhesive. In general, the bond strengths are comparable
(Table 3.9). [17].
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Table 3.6. In vitro tensile bond strengths (MPa) of a compomer (Compoglass F) bonded to moist
and wet human enamel as affected by etching with phosphoric acid and use of a bonding agent.
(From [15])

Phosphoric acid Bonding agent* Moist Wet

Yes Yes 20.3a 19.8a

Yes No 15.5b 0.0

No Yes 15.2b 10.8

No No 3.5 0.0

* Syntac Single-Component; the same superscript letter means statistically the same (p=0.05).

Table 3.7. In vitro tensile bond strengths (MPa) of hybrid ionomers bonded to human enamel as
affected by etching with phosphoric acid. [From (16)]

Phosphoric acid Fuji Ortho Fuji Ortho LC Vitremer

Yes 26.7a 22.1 16.8

No 25.4a 14.6 8.4

a The same superscript letter means statistically the same (p=0.05).

Table 3.8. In vitro tensile bond strengths (MPa) of a resin composite bonded to human enamel
treated with a self-etching bonding agent. [From (8)]

Resin Composite Enamel Superficial Dentin Deep Dentin

Adper Prompt L-Pop 22.4 8.4 5.7

Clearfil SE Bond 29.1 27.3 20.2

Etch & Prime 21.5 3.2 1.3



The bond strength of light-cured bonding agents can be affected by the use of
self-cured resins. In particular, bonding agents with acidic components may
exhibit reduced bond strengths with a self-cured, orthodontic resin cement
(Table 3.10) [18].

Fluoride;;

Teeth with a higher concentration of fluoride are generally considered more resist-
ant to acid etching than normal teeth and may require an extended etching time.
In vitro bond strengths of sealants bonded to human enamel do not appear to be
greatly affected by various fluoride treatments (Table 3.11) [19].
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Table 3.9. In vitro tensile bond strengths (MPa) of resin composites bonded to human enamel
treated with either phosphoric acid or a self-priming etchant and a fifth-generation bonding
agent. (From [17])

Resin Composite Phosphoric acid/One-Step Plus Tyrian SPE/One-Step Plus

Filtek Z250 19.4 19.1

TPH Spectrum 17.7 16.3

Tetric Ceram HB 18.6 17.0

Table 3.10. In vitro tensile bond strengths (MPa) of light-cured (Transbond) or self-cured (Con-
cise Orthodontic) orthodontic resin cements bonded to human enamel treated with self-etching
bonding agents. (From [18])

Bonding agent Light-cured cement Self-cured cement

Phosphoric acid (control) 12.9 21.4

Self-etching primer+adhesive 22.7 13.3
(Clearfil SE Bond)

Self-etching adhesive 17.0 0.0
(Prompt L-Pop)

Fifth-generation adhesive 10.1 0.0
(Prime & Bond NT)

Table 3.11. In vitro tensile bond strengths (MPa) of pit-and-fissure resin sealants to human
enamel treated with fluoride. (From [19])

Fluoride treatment Unfilled sealant Filled sealant

Control (saliva) 15a 24c

NaF 21b 19d

SnF2 14a 22c,d

APF 18a,b 18d

The same superscript letter means statistically the same (p=0.05).



Intact Enamel;;

Manufacturers of sixth- and seventh-generation bonding agents (self-etching
primers and self-etching adhesives) usually recommend bonding to enamel pre-
pared (ground) with an abrasive instrument (carbide bur or diamond) or etching
the intact (unground) enamel with phosphoric acid first. Research suggests that
bonding to intact enamel with a self-etching bonding agent can result in a reduc-
tion in the bond strength as compared with prepared enamel (Tables 3.12, 3.13)
[20–23]. Conversely, a recent study that evaluated bond strength of self-etching
adhesives to bovine enamel showed no effect of prepared vs intact enamel [24].
Phosphoric acid etching produces good bonds to both prepared and intact enam-
el [20, 21].

Caries-Like Lesions;;

The highest bond strengths are achieved with sound enamel. A caries-like lesion
resulted in a reduction in bond strength of 38–58% (Table 3.14) [25].
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Table 3.12. In vitro microtensile bond strength (MPa) of a resin composite bonded to prepared
and intact enamel treated with self-etching adhesive systems. (From [21])

Adhesive system Prepared enamel Intact enamel

Phosphoric acid/Single Bond (control) 34.9a 31.5a

Adper Prompt L-Pop 16.6 11.8

Clearfil SE Bond 20.4b 16.7b

One-Up Bond F 10.0 0.1

The same superscript letter means statistically the same (p=0.05).

Table 3.13. In vitro tensile bond strength (MPa) of orthodontic resin cements to prepared and
intact enamel treated with self-etching orthodontic adhesive systems

Adhesive system Prepared enamela Intact enamelb

Phosphoric acid/Transbond(control) 26 35

First Step 25 20

Ideal 1 12 9

Transbond Plus 25 18

a From [22].
b From [23].



Air Abrasion;;

Air abrasion, also referred to as micro-etching, is a technique in which particles of
aluminum oxide are propelled against the surface of enamel or other substrate by
high air pressure, causing abrasion of the surface. Some manufacturers of com-
mercial units have suggested that air abrasion could eliminate acid etching; how-
ever, bond strengths to air-abraded enamel are only approximately 50% of those
to acid-etched enamel for resin composites (Table 3.15) [26] and hybrid ionomers
(Table 3.16) [27].
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Table 3.14. In vitro tensile bond strengths (MPa) of resin composite and fourth-generation
bonding agent to sound human enamel or enamel with caries-like lesion. (From [25])

Phosphoric acid Sound enamel Caries-like lesion

Yes 24 12

No 15 5

Table 3.15. In vitro tensile bond strengths (MPa) of a fifth-generation bonding agent and a resin
composite bonded to human enamel prepared with air abrasion with or without etching with
phosphoric acid. (From A.B. Matos et al., unpublished data)

Acid etched Control Particle size of alumina (mm)

27 50

Yes 23.8 23.8 15.6

No 9.5 9.3 12.0

Table 3.16. In vitro tensile bond strengths (MPa) of a hybrid ionomer bonded to human enamel
prepared with air abrasion and with or without conditioning with 10% polyacrylic acid. (From
[27])

Conditioned Control Air pressure of 27 mm, particles (psi)

80 120 160

Yes 14.4a 12.9a 17.9b 17.1b

No – 2.9 10.1c 10.5c

The same superscript letter means statistically the same (p=0.05).



Laser Etching;;

Bond strengths of enamel prepared with phosphoric acid etching are higher than
those of enamel prepared with an Erbium-YAG laser (Table 3.17) [28, 29].

Moisture and Contaminants;;

Moist teeth are usually recommended for modern bonding agents (fourth-, fifth-,
and sixth generation). Bond strengths of fourth-generation bonding agents used
with resin composites can be affected by overly dry or overly wet teeth as well as
contaminants such as saliva, plasma, zinc oxide–eugenol cement, and non-eugenol
zinc oxide cement (Table 3.18) [30]. Re-etching after contamination occurs is
effective [30, 31]. Unexpectedly, contamination of enamel with handpiece lubri-
cant when bonded with fourth- and fifth-generation bonding agents does not
reduce bond strength [32].
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Table 3.17. In vitro tensile bond strengths (MPa) of a resin composite bonded to human enam-
el prepared with either a carbide bur or an Erbium:YAG laser and treated with phosphoric
acid/bonding agent, a self-etching adhesive, or bonding agent with no etchant. (From [29])

Etching condition Carbide Bur Erbium:YAG laser

Phosphoric acid/bonding agent 25.4a 25.8a

Self-etching adhesive 16.9 10.8

Bonding agent with no etchant 0.0 16.7

The same superscript letter means statistically the same (p=0.05).

Table 3.18. In vitro tensile bond strengths (MPa) of resin composites used with two fourth-
generation bonding agents bonded to human enamel exposed to different contaminants.
(From [30])

Etching condition All-Bond 2 Scotchbond Multipurpose

Air 17.9c 19.9e,f

Moist 23.1a 22.0e

Wet 20.6b 12.0g

Saliva 10.5d 12.5g

Saliva re-etched 20.5b 20.3e,f

Plasma 9.9d 13.3g,h

Plasma re-etched 18.8b,c 18.6f

ZOE cement 10.0d 6.6

ZOE cement re-etched 19.1b,c 20.1e,f

Non-ZOE cement 5.1 2.4

Non-ZOE cement re-etched 23.1a 15.4h

The same superscript letter means statistically the same (p=0.05).



Air Thinning;;

Air thinning can reduce the bond strength of a sixth-generation bonding agent to
enamel (Table 3.19) [33].

Chlorhexidine;;

Chlorhexidine can be applied on the teeth and over orthodontic appliances dur-
ing treatment to reduce bacterial colonization [34]. Bond strength is not affected
if the chlorhexidine is applied after bonding has been completed or as a prophy-
lactic paste on enamel before etching. Bond strength is reduced to an unacceptable
level, however, if the chlorhexidine is applied as a layer on etched enamel or on the
sealant before the adhesive is applied [34].

Bleaching;;

Bond strength of resin composite to carbamide-peroxide-bleached teeth treated
with fifth-generation bonding agents is reduced, although this reduction appar-
ently can be reversed using sodium ascorbate (Table 3.20) [35].
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Table 3.19. In vitro tensile bond strength (MPa) of resin composite bonded to enamel treated
with self-etching bonding agent as a function of etching time and air thinning. (From [33])

Length of application(s)

Air thinned 10 20 30

Yes 18.5 20.0 19.3

No 9.9 15.5 15.9

Table 3.20. In vitro microtensile bond strength (MPa) of resin composite bonded to carbamide-
peroxide-bleached enamel treated with fifth-generation bonding agents. (From [35])

Condition Single Bond Prime & Bond NT

Control 32 33

10% carbamide peroxide 24 24

10% carbamide peroxide,
then 10% sodium ascorbate 34 36



Bonding to Enamel: In Vivo Studies;;

Veneers;;

Strong bonds can be created between porcelain veneers and underlying tooth
structure, particularly enamel. A 100% retention rate of porcelain veneers bond-
ed to enamel has been reported over a 5-year period [36].

Pit-and-Fissure Sealants;;

Pit-and-fissure sealants show a high retention rate over time (Table 3.21), account-
ing for the caries preventing benefit of this procedure. Even partially sealed teeth
may be considerably less susceptible to caries than unsealed teeth [37]. Sealant
retention between primary and permanent molars is not statistically different
[38]. Topical fluoride treatment applied immediately before placement of sealants
does not adversely affect the retention rate [39].

Glass ionomer sealants show decreased retention rates compared with resin-
based sealants [47, 55]. Regardless of the anticariogenic effect of this material, the
excellent retention of resin-based sealants, which provides a protective physical
barrier over caries-susceptible tooth structure, appears more important for caries
prevention than the transient benefit of fluoride release over the short time glass
ionomer sealants are retained [55–57].

The placement of sealants using rubber dam isolation clearly influenced the re-
tention rate of the sealant in one study [58]; however, other clinical studies evalu-
ating the method of moisture control on sealant quality or retention reveal con-
flicting results [58]. Attention to detail and perfect isolation for maintenance of a
dry field is an important factor in the success of the sealant [55].

Orthodontic Bonding;;

Orthodontic bonding to enamel has been reviewed in detail [5, 6]. Traditionally,
bonding of brackets to enamel has been preceded by etching of the enamel with
phosphoric acid, rinsing, and drying, followed by application of an enamel sealant
and resin cement. A 5-s etch with phosphoric acid was recently shown to produce
a statistically equivalent failure rate when compared clinically with a convention-
al 15-s etch (Table 3.22) [59].

The use of sixth-generation bonding agents for orthodontic bonding is grow-
ing because of the time savings. A clinical study showed a lower failure rate with a
self-etching adhesive than conventional etching with phosphoric acid (Table 3.23)
[60].
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Table 3.21. Retention rates of pit-and-fissure sealants

Observation period (years) Retention rate (%) Reference

1 93 [40]

1 94 [41]

1 89, 96a [42]

1 99 [43]

1.5 49 [39]

1.9 63 [44]

2 82 [45]

2 88 [46]

2 97 [43]

3 74 [47]

4 50 [48]

4 73 [46]

4.5 72 [49]

5 42 [37]

5 60 [50]

5 79 [40]

5 82 [51]

6 58 [46]

6 67 [40]

6–7 40 [52]

8–10 41, 85a [42]

10 57 [51]

15 28 [53]

20 65 [54]

a Percent total success = percent complete retention + percent partly intact but not requiring
resealing + percent which required and received maintenance sealing.

Table 3.22. In vivo failure rate of orthodontic brackets bonded with orthodontic resin cement to
enamel using conventional phosphoric acid etching with recommended etch and a 5-s etch.
(From [59])

Etching time(s) Failure rate (%)

15 1.1a

5 3.7

a Statistically the same (p=0.05).
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Table 3.23. In vivo failure rate over 6 months of orthodontic brackets bonded with orthodontic
resin cement to enamel using conventional phosphoric acid etching and a self-etching adhesive
system. (From [60])

Adhesive system Failure rate (%)

Phosphoric acid/orthodontic resin cement (Transbond XT) 4.6a

Self-etching adhesive (Transbond Plus Self Etching Primer)/ 0.6
orthodontic resin cement (Transbond XT)

a Statistically different (p=0.05).
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Introduction;;

The interference of moisture in enamel bonding procedures is of interest mainly
for orthodontic applications and to a lesser extent for bonded restorations. The
mechanism and interfacial phenomena of enamel bonding from a restorative den-
tistry perspective are analyzed in Chap. 1. Also, conventional and resin-modified
glass-ionomer cements [1, 2] as well as dentine primers [3] and self-etching
primers [4], have been utilized in orthodontic bonding; however, a thorough
analysis of the properties and bonding characteristics of these materials with den-
tine and enamel is provided in the subsequent sections. This scope of this chapter
pertains to orthodontic bonding to wet enamel substrate using the recently intro-
duced moisture-insensitive and water-activated polymeric orthodontic adhesives.

In general, the effect of exposure of resinous materials to hydration has been
studied for 2–3 decades. In dental composite resins literature, a series of studies
have indicated that the effects incurred may affect the matrix, fillers, and filler-
matrix bonding, which are discussed later in this chapter.

The inefficiency of adhesive systems in the presence of moisture has long been
known through studies showing substantially decreased bond strength for adhe-
sive systems bonded to wet substrates [5]. In recent years, manufacturers have
sought to enhance the performance of bonding systems in the presence of mois-
ture by introducing novel materials.

It is noteworthy that the term moist is used to include a wide variety of condi-
tions extending from the presence of water and saliva, to contamination by blood,
tissue exudate and crevicular fluid, which are better described as contaminants
[5]. Although the presence of water can be prevented by adopting moisture-con-
trol precautions during bonding procedures, the orthodontist is often faced with
the problem of bonding in an environment with increased contamination risk
from saliva [6]. This may be a particular concern in bonding brackets to partially
erupted premolars, where the majority of bond failures are usually located [2].
Problems arise because of the proximity of the adhesive to the cervical portion of
the crown, the presence of crevicular fluid, the complex and high-magnitude mas-
ticatory loads in the posterior dentition, as well as the contour of the crown, which
varies substantially for premolars [7].

The products currently available for orthodontic bonding of resins to a wet
environment may be classified in moisture-insensitive primers, water-activated
adhesives, and hydrophilic resin paste formulations (Table 4.1). Even though these
materials possess fundamental differences with respect to their setting mecha-
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nism or reactivity with moisture, for practicality the aforementioned group of
products is referred to as „wet-substrate adhesives“ throughout this chapter.

The purpose of this chapter is to summarize the evidence currently available on
the effect of moisture and contaminants on the survivorship of the adhesive–
enamel bond, to provide evidence to illustrate the source of variability among
contradictory bond strength data obtained from studies with respect to nominal-
ly identical materials, and to analyze the polymerization mechanism of various
adhesives intended for application to wet enamel. Finally, the effect of water and
saliva on the structural integrity of composites is discussed.

Approaches in Assessing the Efficiency 
of Orthodontic Adhesives Systems

Testing of wet-substrate adhesive effectiveness in orthodontics can be classified
into two major categories: bond strength studies and clinical-failure-rate proto-
cols. Table 4.2 summarizes the advantages and disadvantages of each protocol.

The Reliability of Bond Strength Testing Protocols;;

A considerable variability among bond strength studies of same materials is noted
probably deriving from the multiplicity of test configurations, as well as the as-
sumptions and approximations integrated in experimental methodologies [7, 8].

It has been found that variability exists among various manufacturers with
respect to wing design or dimensions for brackets of a nominally identical pre-
scription [9–10] contributing to the misalignment of loads during testing; thus,
the resultant bending moment generated may vary considerably with impact on
the stresses developed at the multiple interfaces of the bonding system
(enamel–adhesive, adhesive–bracket). This effect can result in substantial differ-
ences in the measured force required to cause bond failure [10].
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Table 4.1. Polymerization initiation and compositional characteristics of the adhesives used for
bonding in wet environment

Material Polymerization initiation Compositional 
and application characteristics

Smartbond (Gestenco) Composite paste formulation only Cyanoacrylate

moisture active initiation through exposure 
to water

Transbond MIP Primer formulation applied Methacrylate-functionalized 
(3 M unitek) to enamel surface polyalkenoic acid copolymer

hydrophilic monomer

Assure (Reliance) Photo-polymerizable paste Hydrophilic co-monomer

hydrophilic monomer applied with conventional 
procedures
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Additional several important factors, which may vary among studies, include
the method of load application, e.g., tension, shear/peel or torsion, and the
crosshead speed of the testing machine, which is typically set at 1 mm/min but
may range from 1 to 10 mm/min. The effect of the latter may be twofold: first
various investigations have utilized different loading rates ranging from 1 to
10 mm/min with a notable impact on the comparability of the results. In addition,
the reliability in simulating the strength of appliances during mastication and the
occasional contact of brackets with opposing teeth may be questioned since the
standard rates employed in the literature are irrelevant to the velocity of teeth
occluding during chewing. A complete masticatory cycle (sequential opening and
closing) of a healthy individual lasts approximately 800 ms with the closing move-
ment having a duration less than 400 ms, considering that the movement on biting
is accelerated [11]. This figure may be translated roughly to 2000 mm/min, a value
substantially higher compared with the standard 1 mm/min rate employed in con-
ventional bond strength protocols. This value remains unaffected by the hardness
of bolus setting the integrity of bond at risk [12], because high loading rates elim-
inate the viscoelastic response of the polymeric adhesive to the applied load,
inducing a stiff body response [13], which decreases bond strength [14].

The results of bond strength testing should be expressed in force units (N) as
opposed to pressure units (Pa) since the transformation of force to pressure re-
quires the estimation of the actual surface contact area, which cannot be approxi-
mated by the surface area of the rectangular base because of the base mesh design
patterns [8]. In addition, dividing the force values by the base surface area to esti-
mate the pressure values, implies that the distribution of the load applied is homo-
geneous across the entire bracket base, a hypothesis which was proved to be erro-
neous [10].

Finally, the analysis of data employing either comparison of bond strength
mean values or Weibull analysis may yield different results for identical strength
values. This is because the latter method takes into account the distribution of
values as opposed to comparison of a single value (mean) [8, 9, 15].

The influence of the foregoing parameters on the comparability of the results 
of bond strength studies has been illustrated by Fox and associates who reviewed
60 publications concerning the bond strength of a very common chemically cured
adhesive. It was concluded that variations during various steps of testing preclud-
ed a reliable extrapolation of a consensus concerning its performance [8].

The Clinical Relevance of Bond Strength Testing;;

In addition to the practical problems and standardization difficulties encountered
in bond strength testing, a concern has developed during recent years about the
actual clinical relevance of ex vivo bond strength protocols. Some authors have
proposed that these studies fail to simulate the multi-factorial intraoral aging of
resin composites [16], which include pH fluctuation, complex cyclic loading,
microbial attack, and enzymatic degradation (discussed later). All these factors
have been known to induce a plasticizing effect on the material, which adversely
affects the mechanical properties and resistance to solubility of composite resins.
The series of effects accompanying the intraoral aging of the material may not be
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reflected on the short-term bond strength performance of the adhesive because
bond strength as a variable is not a reliable estimate of the polymerization effi-
ciency and associated properties such as solubility, which may impact the long-
term survival of the bond [17–18].

How Much Strength is Required Clinically?;;

An interesting issue which has caused a turmoil in the relevant orthodontic mate-
rials literature pertains to the actual clinical requirement of bond strength based
on the estimation of the magnitude of forces developed during orthodontic treat-
ment by the activated archwires. Most studies refer to a 1970s paper by Reynolds
[19] who proposed a value of 6–8 MPa, based on the loads developed during arch-
wire engagement in the bracket slot. This number has been cited more than 150
times in the literature as the minimum requirement for a clinically derived bond
strength threshold value.

However, this proposition is outdated and depends largely on the mechanics
and materials and the overall clinical procedures at the time of its introduction,
approximately 30 years ago. It is also conjectural since it is based on a vague
assumed load application during mechanotherapy and presents an undefined
margin of safety. Also, the proposed value does not take into account the stresses
developed during mastication and associated loads developed during chewing
hard food at high velocities. Moreover, the foregoing discussion on the intraoral
aging of adhesive resins has indicated that intraorally, polymeric adhesives are
subjected to cyclic fatigue [20], extreme pH and temperature variations, microbial
degradation [21], and are exposed to water, saliva, acidic beverages, and alcohol-
containing liquids, which decrease the glass transition temperature of the materi-
al, inducing a plasticizing effect [22]; therefore, „threshold strengths“ may not
cover the requirements for a sound bond throughout the entire period of treat-
ment, which may exceed 18 months. This fact receives greater interest when the
lack of comparison of the magnitude of in vitro and in vivo loads is considered
[23].

Lastly, there is a trend in the relevant literature to compare the values derived
from bond strength data to the aforementioned conjectural threshold value, espe-
cially when the bond strength of the experimental product is lower than its stan-
dard bonding counterpart [4, 24, 25]. This notion caries two fundamental flaws:
first the efficiency of an experimental product should be tested against the per-
formance of a typical, routinely used application and not to anecdotal evidence,
which is based on the proposition of one study in the 1970s. Moreover, the com-
parison of the values obtained from a testing procedure with that of a given stan-
dard requires the statistical analysis in the form of a paired t-test and cannot be
performed by arbitrarily weighing the two mean values. In general, bond strength
data interpretation should be limited to relative effectiveness of different adhe-
sives, and thus the tactic of extrapolating absolute values and comparing them
with a vaguely defined gold standard should be avoided.
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Clinical Bracket Failure Rate;;

Clinical bond failure has become very popular recently because of its profound
clinical relevance associated with the fact that the independent variable is the
actual survival of bonds; however, this method does not provide an insight into the
cause and pattern of failure and reveals no information on the mechanism of poly-
merization and site of failure. Moreover, this protocol is very demanding from a
setup perspective, since it is difficult to apply in an ordinary office setup and usu-
ally requires large clinical environments such as those found in educational insti-
tutions. In that case, this method presents some complexities arising from the
intervention of multiple operators, the requirement for a meticulous design in-
volving selection of participants who seek treatment in an academic institution
with respect to their socio-economic status, and the need for special bonding
schemes, i.e., split-mouth pattern. These precautions aim at avoiding cross-effects
from other confounding variables including those participant-related (habits,
masticatory forces which vary with facial type, diet), or operator-induced (me-
chanics, handling of materials, bonding procedures). Differences in failure rates
noted between males and females [26] possibly attributed to the higher mastica-
tory forces of the former, as well as contradictory evidence derived from studies
testing identical materials in different countries or populations, imply that cultur-
ally influenced dietary habits and sex differences may modulate the failure rate of
brackets in vivo.

Wet-Enamel Adhesives;;

While some manufacturers claim acceptable performance for their moisture-in-
sensitive or hydrophilic products in a wet environment, others have introduced
moisture-active adhesives [26].

The moisture-insensitive adhesive (MIP-3 M/Unitek) is available in a primer
formulation that replaces the conventional bonding agents. It is applied to the
enamel surface and consists of an aqueous solution of methacrylate-functional-
ized polyalkenoic acid copolymer and hydroxyethyl-methacrylate. This product
has been originally used as a hydrophilic primer in dentine bonding systems mar-
keted by the same manufacturer.

Also, a hydrophilic monomer-based light-cured paste formulation has been
introduced by the industry as an alternative adhesive, which requires no addition-
al primer or procedure.

Finally, in contrast to the moisture-insensitive primer, water-activated adhe-
sives require the presence of moisture to induce polymerization initiation. The
moisture-active adhesive represents a distinct material available as a cyanoacry-
late-based paste formulation, applied to intentionally wetted etched enamel with-
out the use of a primer [6].
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Structure and Reactivity with Water;;

Spectroscopic studies [5] showed that the moisture-insensitive primer and adhe-
sive tested demonstrate completely different reactivity with water. In Transbond
MIP, water induces partial ionization of carboxyl groups, and an inert dilution
effect without activating any setting mechanism. On the contrary, in Smartbond
water initiates a setting mechanism via nucleophilic attack to isocyanate groups
leading to a polyurethane film formation. This is a key difference in understand-
ing the bonding mechanisms involved and the interfacial performance of these
products in bond strength testing.

Figure 4.1 illustrates the FTIR spectrum of Transbond MIP before and after
water application. Water exposure induces an increase in the intensity of the
hydrogen-bonded O-H vibrations (3500–3250 cm–1 stretching and 1642 cm–1

bending); however, the intensity of the hydrogen-bonded unionized carboxyl
dimer vibrations (2700–2500 cm–1 stretching) was reduced and the complex ester
peak (1720 cm–1) was shifted to lower frequency due to partial ionization of car-
boxyl groups. No differences were observed in the relative intensity of C=C
stretching vibrations (1638 cm–1) of the methacrylate moieties, which are related
to free-radical polymerization with the primer state remaining liquid.
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Fig. 4.1. The FTIR spectra of a moisture-insensitive primer (Transbond MIP), which is based on
a methacrylate-functionalized polycarboxylic component, shows a characteristic broad band
over the 2750–2500 cm–1 region due to the formation of H-bonded carboxylic dimers



In Fig. 4.2 the FTIR spectrum of Smartbond before and after water addition is
shown. The intensity of the original isocyanate group (NCO stretching at
2239 cm–1) was reduced in the set film due to the formation on the polyurethane
amide backbone. The adhesive was set producing a film rich in hydrogen-bonded
water (O-H stretching at 3400 cm–1),amine (N-H stretching at 3300 cm–1),and CO2
(2364 cm–1).

By applying a layer of Transbond MIP onto acid-conditioned enamel, in addi-
tion to micromechanical retention, a reversible hydrolytic bond mechanism may
be established by breaking and reforming of carboxylate salt complexes formed
between the ionized carboxyl groups of the methacrylate functionalized-
polyalkenoic acid copolymer and residual enamel calcium, providing limited
stress-relaxation capacity. In this manner, a dynamic equilibrium is set at the
interface, incorporating the otherwise detrimental plasticizing effect of water, into
the bonding mechanism. Besides, copolymerization of the methacrylate moieties
of the copolymer with the resin is mediated by the presence of the rapid-respond-
ing monomer hydroxyethylmethacrylate. This may counterbalance the reduced
extent of conversion of the methacrylate groups attached to the high molecular
weight polyalkenoic acid copolymer caused by steric hindrance [28, 29].
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Fig. 4.2. The FTIR spectrum of a moisture-active orthodontic adhesive (Smartbond) before and
after setting. The intensity of the original isocyanate group (NCO– at 2239 cm–1) is reduced in the
set film due to the formation on the polyurethane amide backbone. The set material contains hy-
drogen-bonded water (OH– at 3400 cm–1) and a high content of CO2 (2364 cm–1)



The application of primer may be problematic in combination with dual-paste
and no-mix adhesives. In the latter systems, setting of these materials involves the
diffusion of the liquid resin brushed on bracket base and enamel surface into the
paste through the application of pressure during bracket placement. Therefore,
from a structural and setting mechanism it seems that the application of Trans-
bond MIP may not be compatible with the orthodontic adhesive pastes.

The performance of the hydrophilic primer may be associated with its highly
hydrophilic nature along with its participation in two interfaces possessing dis-
similar characteristics. The presence of a hydrophilic factor may allow for im-
proved wetting of etched enamel and possibly involvement of the stress relaxation
bonding mechanism discussed above; however, the interface with the adhesive
paste seems to be disturbed due to incompatibility between the hydrophilic
primer and the hydrophobic adhesive resin. This may result in poor diffusion of
the liquid primer into the adhesive paste and inadequate copolymerization. More-
over, the acidic nature of the primer may protonize the amine component of the
chemically cured systems thereby reducing the amine activation capacity. The
increased frequency of resin adhesive failures observed in Transbond MIP treated
groups in associated studies supports such a mechanism [14].

The original dentine bonding system,where a primer similar to Transbond MIP
was introduced, incorporated the additional step of bonding resin placement pri-
or to composite application in the chemically cured systems. This resin consisted
of a mixture of hydrophilic and hydrophobic monomers, i.e., bis-GMA and HEMA
to improve the compatibility of its constituents; thus, intermixing of the primer
and bonding resin components in situ facilitated homogeneity of free radical pro-
duction and effective copolymerization of the primer and bonding resin compo-
nents; however, this may not be achieved with a no-mix system, where intermix-
ing of the components seems difficult due to monomer incompatibility and
viscosity difference. A potential improvement could involve intermixing of Trans-
bond MIP and adhesive primer before application to etched enamel surface.

Smartbond is a single-phase, particle-filled adhesive based on cyanoacrylate
chemistry, which sets in the presence of water and this may be considered as an
inherent advantage of the material. The setting reaction of this product involves
two steps. In the first step isocyanate groups react with water, forming an unstable
carbamic acid component, which rapidly decomposes to carbon dioxide and the
corresponding amine. In the second step the amine reacts with residual isocyanate
groups, crosslinking the adhesive through substituted urea groups [30]; however,
in the presence of excess water, the first step of the reaction, namely the formation
of amine and carbon dioxide, is enhanced, resulting in reduced film-fracture
toughness [27].

An additional problem with these systems relates to the release of carbon
dioxide which is only capable of limited diffusion through the adhesive film. As
polymerization proceeds, it may become entrapped, forming gaps or voids with
possible detrimental effects on the interfacial strength [31], as analyzed below.
This hypothesis is supported by the increased frequency of cohesive failures found
for the Smartbond adhesive implying the development of reduced network
connectivity and bulk discontinuities due to void inclusion [6].
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Ex vivo and Laboratory Performance;;

Interestingly, the chemical structure and physical properties of the materials
intended for use in the wet environment and their reactivity with moisture have
received limited attention with only one paper reporting on the polymerization
reaction of the materials [6]. Considering the vast amount of interactions of many
confounding variables during testing and the foregoing parameters, which inter-
fere with strength data analysis [32], it seems that the investigators focused on the
performance of the systems, without having a clear picture of the structure and
polymerization efficiency of these materials.

The effectiveness of adhesives, which can be used in moist environments, has
been the objective of a relatively large number of studies, which approached the
subject mostly from the bond strength aspect of testing; thus, a number of papers
present evidence of comparative bond strength results of moisture-insensitive
primer or paste formulations and standard bonding protocols. It seems that the
only point of agreement among these studies is the detrimental effect of moisture
on conventional bonding protocols, which show a considerable decrease in bond
strength [3, 22, 33]. The literature is inconclusive with respect to the effectiveness
of wet-substrate adhesives, owing to the implication of variables analyzed in the
previous section.

Thus, whereas a group of investigations have shown that bond strength data for
the hydrophilic primer showed superior or comparable results to that of conven-
tional bonding materials [34], other laboratory studies suggested the opposite [6,
15, 35]. The results of the studies support the proposition to use this primer only
with light-cured adhesive systems since its application with one- or two-phase
adhesives presumably interferes with the setting reaction of the adhesive produc-
ing poor strength [6, 35].

The hydrophilic adhesive paste formulation has generally shown decreased
bond strength [34] and higher failure rate [36] relative to the moisture-insensitive
primer.

Lastly, the body of the literature on the performance of the moisture-active
adhesive shows a dispute over its performance. Whilst some studies find the 
bond strength acceptable [5], other laboratory investigations report poor per-
formance [6], whereas clinical failure rate studies indicate an increased frequency
of debonded brackets [37].

Effect of Water and Contaminants on Orthodontic Adhesive Resins

Hydration and contaminants in the form of saliva, crevicular fluid, or blood have
potent effects on both elements of bonding: substrate and material. Their effects
on etched enamel have long been well known as irreversible adsorption of the
honeycomb enamel pattern. Whereas the long-term influence of these factors on
the composite resin structure has been shown to involve swelling and solubility,
little evidence is available on their short-term effects.

The detrimental effect of moisture on orthodontic resin adhesives pertains to
water adsorption and exertion of a plasticizing effect in the polymer network from
the creation of hydrated zones at polar monomer sites. In addition, oxidation of
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pendant C=C bonds attached to the network, which release by-products such as
formaldehyde, may have a pronounced plasticizing effect [38].

The majority of the evidence currently available on the hydrolytic degradation
of resin composites derives from the studies by Söderholm and colleagues who
have thoroughly investigated the effect of hydration on matrix, fillers, and filler-
matrix bonding [39–44]. (For a thorough analysis of the effect of water on the
material, the reader is referred to the chapter „In vivo degradation mechanisms of
dental resin composites“ by Söderholm [45]).

Effect of Hydration on Resin Matrix;;

Water sorption by matrix is considered the first step in a sequence of events lead-
ing to plasticizing of the polymer and a notable reduction of its mechanical prop-
erties and physical characteristics. In general, degradation of the resin matrix
depends largely on the degree of C=C conversion as a sufficiently polymerized
polymer increases the network density minimizing solubility, as well as diffusion
of water through the matrix. This may minimize the release of monomers and
various amines such as polymerization accelerators and initiators with proven
cytotoxicity [46].

In analyzing the effect of hydration on polymer, it is important to consider that
the set polymeric adhesive contains carbon atoms at three different binding states:
1. Converted double bonds forming the crosslinked network
2. Unreacted C=C bonds (remaining monomer)
3. Unreacted C=C bonds attached to the crosslinked network (pendant)

The potent effect of water in the form of hydration is concerned mainly with the
last two categories. The development of a network in the presence of water
involves the absorption of water molecules, which may cause swelling and struc-
tural defects. This gives rise to release of unreacted groups in the form of residual
monomer, with pronounced effects on the mechanical profile and biological
behavior of the material.

Water also forms hydrogen bonding with MMA group and ether chain linkages
of the dimethacrylate monomers that they may interfere with the conversion
capacity of C=C.

Effect of Hydration on Fillers and Filler–Matrix Interface;;

Water can cause hydrolytic breakdown of the filler surface through either elemen-
tal leaching from the filler surface or destruction of the filler-matrix bonding.

Water molecules diffused into the matrix can attack the glass (silica, alumina)
filler surface causing breakdown. This effect is due to the replacement of leached
filler-contained sodium by hydrogen, which takes place because of the smaller size
of the latter ion. This effect induces tensile stresses on the outer layer of the glass,
which lead to stress corrosion. Each one of the absorbed hydrogen leaves its cor-
respondent OH-ion free, causing a rise in the pH. Upon exceeding a critical value
of acidity, OH-ions induce rupturing the siloxane bonds of the silanated glass sur-
face, leading to failure of the glass surface.
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This mechanism was first described by Söderholm and associates to occur in a
glass-filled poly(methylmethacrylate) model material simulating a dental resin
composite and later similar degradation mechanisms were identified for dental
resin composites.

It is noteworthy that storage of resin composite materials in a saliva-simulating
solution induces higher filler leaching relative to that obtained from identical
materials stored in distilled water, apparently due to the effect of different ions at
the interface [43].

Other factors implicated in filler degradation have been shown to include fluo-
ride compounds, especially in the from of topical acidulated phosphate fluoride
(APF) [47], which cause extensive loss of filler from the composite specimens,
relative to standard NaF solutions [48].

The filler–silane–resin complex interface may degrade as well, because of the
outer filler surface degradation. This induces stress-transfer phenomena, which
detach the coupling agent from the filler surface, causing complete debonding.
Sharp filler particles tend to present increased stress concentration localized to
edges which results in crack growth and failure of the filler-matrix bond. In con-
trast, spherical-shaped micro-fillers cause less stress-raising effect because of
their shape, reducing leaching.

An additional failure mechanism could be enzymatic degradation of the silane
molecule covering the fillers [49]. The effect of enzymes on solubility and degra-
dation of composites is discussed later.

Hydrolysis and Degradation of Composite Resins;;

Degradation of composite resins is coupled with two major biocompatibility con-
cerns: the first is the release of residual monomer, which has been implicated in
toxicity and allergic reactions. The extent of release depends on the potency of the
environment or immersion media of composites. The second concern is the re-
lease of formaldehyde resulting from the oxidation of pendant C=C. It has been
shown that formaldehyde released from the composite surface could be detected
even after 4 months of immersion in water [45]. The formation of formaldehyde
may be increased with increasing oxygen inhibition of the polymerizations reac-
tion. This undesirable effect is present mainly in the two-phase systems where the
prolonged reaction is further enhanced by the mixing of the paste and liquid com-
ponents of the adhesives. This process forms voids and entrapping air in the
material, increasing the porosity and inhibition of the reaction [27].

Also, localized bacteria and enzymes may then penetrate the surface of the
resin and accelerate the degradation process. Since a definite link between water
sorption, solubility, and polymerization exists, increased monomer concentration
and carbon double-bond unsaturation might predispose the material to potent
degradation reactions. Evidence of the detrimental effects of enzymes and
enzyme metabolism by-products on dental resin surfaces has been presented in
the literature. Munksgaard and Freud demonstrated the occurrence of enzyme-in-
duced degradation of dimethacrylate polymers and the hydrolytic nature of the
process [50, 51]. Their work was succeeded by experiments in several polymer sys-
tems that consistently showed enzymatic activity-induced degradation of the ma-
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terials [52]. Initially, the applicability of these laboratory results to the clinical
situation was questioned on the basis of the formation of a proteinaceous film
intraorally covering the material surface.

Enzymes, such as esterase, normally present in the oral cavity were found capa-
ble of hydrolyzing the polymer by breaking the ester linkages found in different
resins. The resistance of composite resins to esterase-induced softening may be
dependent on the molecular weight of the monomer since high molecular weight
monomer molecules, such as the bis-GMA, present higher resistance than
monomers of decreased molecular weight such as the TEGDMA [45].

Matasa has also demonstrated the microbial degradation of composites by pro-
viding evidence of aerobic and anaerobic microbial attack of adhesives attached to
debonded brackets [21]. The action of these micro-organisms, which can metabo-
lize resin constituents, may weaken the resin, leading to compromised bond
strength. A suggestion was made to incorporate substances in the adhesive with
bactericidal activity, similar to the approach of including gentamycin in bone
cements intended for use in total hip replacement arthroplasties; however, no
documented evidence regarding the feasibility of introducing such a product is
currently available.

The effect of saliva on the alteration of polymeric material properties has not
been investigated in the broader dental materials literature. It could be postulated
that the presence of a high mucous protein content and enzymes would result in
increased degradation reactions in the adhesive. While enzymatic degradation of
dental polymers has been shown previously, no documented evidence exists
regarding saliva-induced alterations. Since material degradation reactions consti-
tute a long-term process, their results may be masked by the immediate and more
invasive action of water on the polymer structure.

Lastly, the effect of blood has been described to induce sharp decline in the
bond strength of conventional adhesives [53], although others found no effect of
contamination [54]. Further evidence is required to resolve the dispute which can
be attributed to non-standardized testing protocols.
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Part II
Bonding to Dentine



Introduction;;

The use of composite filling materials along with adhesive techniques has revolu-
tionized present dental practice. The esthetic potential, handling, and wear prop-
erties of composite fillings have improved drastically [1]. In the hands of a skilled
dentist, composite fillings are able to replace lost tooth tissue in an invisible way;
however, no matter how splendid the shape and color, a good composite filling
does not last long without good bonding to the remaining tooth structure.

Whereas amalgam fillings have no other retention than the cavity in which they
are placed, composite fillings can be “glued” to enamel and dentin with an adhe-
sive, thereby permitting a less invasive restorative therapy. Obviously, this bonding
is of primordial importance because of the chewing forces a composite filling
needs to withstand. In addition, a good adhesive should be able to prevent leakage
along the restoration’s margins. Clinically, failure of a composite filling occurs
more often due to inadequate sealing, with subsequent discoloration of the cavity
margins, than to loss of retention [2, 3].

Basically, the main bonding mechanism of current adhesives can be regarded
as an exchange process involving substitution of inorganic tooth material by resin
monomers that upon in situ setting become micromechanically interlocked in the
created microporosities [4]. Diffusion is the primary mechanism to obtain such
micromechanical retention. Recently, more evidence has corroborated a possible
and additional bonding mechanism, i.e., chemical bonding between specific
monomers and calcium in hydroxyapatite [5].

Many factors relating to the adhesive itself and the bonding substrate influence
the adhesive performance. In general, bonding to dentin is more challenging than
to enamel, because of the complex and hydrated structure of dentin. Dentin is an
intricate bonding substrate, and in order to obtain good bonding to dentin an ex-
tended knowledge of the structure and composition of the bonding substrate is in-
dispensable. Whereas enamel makes a uniform bonding substrate that consists of
almost 90 vol% inorganic material with a very small amount of intrinsic water,
dentin is a complex composite material with less than 50 vol% inorganic material,
and with high water content (21 vol%). Moreover, the tubular build-up of dentin
and the resulting outward pulpal water current in vital teeth turn dentin into a
complex substrate. In addition, the effect of tooth type [6], the bonding location
(deep vs superficial dentin, crown vs root dentin) [7–11], and tooth qualities
(young, old, sclerotic dentin) [12–15] on adhesion receptiveness must be taken
into account. In practice, however, dentists will never come across an untouched
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dentin surface to bond to, since the cavity preparation technique seriously affects
the upper layer of dentin.

The first part of this chapter deals with the various forms of smear layers pro-
duced by different cavity preparation tools. In the second part, the process of hy-
bridization is described and analyzed. Adhesives categorized according to a stan-
dard classification are discussed, and their mechanism of adhesion to dentin is
illustrated by diverse microscopy images.

Dentin Substrate: Smear Layer;;

Cavity preparation alters the uppermost layer of tooth tissue. Research has con-
firmed that the resultant dentin surface for bonding depends on the preparation
technique employed [16, 17].

Nowadays, different instrumentation techniques can be applied to remove
caries and to make the tooth surface receptive for bonding. Drilling with a dia-
mond or tungsten carbide bur is the most common way of cavity preparation, but
recently more research has been carried out on alternative means of preparing
tooth tissue. Bur preparation of cavities often leads to more extensive cavities as
compared with the initial caries lesions. Moreover, approximal beveling of cavities
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Fig. 5.1 a–d. Adhesive dentistry requires adhesion-receptive tooth surfaces. On the whole, burs
remain the standard preparation tools; however, alternatives for dental burs have recently gained
attention. Every cavity preparation technique has its own advantages and disadvantages



is difficult, and adjacent teeth are often touched and damaged by the bur [18].
These drawbacks of rotary instruments for cavity preparation, along with the cur-
rent trend towards “minimal invasiveness” [19–21] have led to the introduction of
new tools or the revival of already existing techniques, such as sono-abrasion, air
abrasion, and laser ablation (Fig. 5.1) [16, 22].

In the first section, the smear layer in general and its properties are discussed.
The following sections deal with various forms of smear layers according to the
cavity-preparation technique employed.

Smear Layer;;

Most commonly, the tooth surface to which the bond will occur is covered with a
smear layer. A smear layer is an adherent layer of debris on tooth surfaces when
they are cut with rotary or hand instruments [23]. After bur preparation of a cav-
ity, the cavity walls are covered with a smear layer. Endodontic preparation of a
root canal, either by rotary or hand instruments, or extensive root planing as pe-
riodontal treatment [24], also produce a smear layer in the root canal or on the
root surface, respectively. For research purposes, a smear layer is often created in
the standard way by grinding the tooth surface with silicon carbide paper.

The smear layer is revealed by scanning electron microscopy (SEM) as a 1- to 
2-mm layer of debris with a mainly granular substructure that entirely covers the
dentin (Fig. 5.2) [25]. Looking on top of the smear layer, its appearance is general-
ly amorphous, but after sonication, a structure partially composed of aggregates
of globular subunits of approximately 0.05–0.1 mm in diameter is exposed [25].
The orifices of the dentin tubules are obstructed by debris tags,called smear plugs,
which may extend into the tubule to a depth of 1–10 mm [25, 26]. These smear
plugs are contiguous with the smear layer.

The thickness and morphology of the smear layer probably varies with the
method used for producing the smear layer and with the location within dentin in
relation to the pulp. Tani and Finger [27] have examined light-microscopically
smear layers generated by diamond burs with different grain size and by silicon
carbide (SiC) papers with varying grit numbers. They concluded that the 
smear layer’s thickness increases with increasing roughness of the diamond bur 
or SiC paper. A regular grit bur with a grain size of 100 mm (ISO number
806314141504014), often used in clinical cavity preparations, creates a smear 
layer of 2.2±0.5 mm.

Due to its small and varying dimensions, and irregular and weak structure,
studying the smear layer is complicated. The composition of the smear layer has
not yet been well defined, but it presumably reflects the composition of the under-
lying dentin from which it is produced [25]. This was confirmed by Ruse and
Smith [28] who used X-ray photo-electron microscopy to examine instrumented
dentin. While cutting dentin, the heat and shear forces produced by the rotary
movement of the bur cause dentin debris to compact and aggregate. The smear
layer is believed to consist of shattered and crushed hydroxyapatite,as well as frag-
mented and denatured collagen.

In clinical conditions a smear layer may also be contaminated by bacteria 
and saliva [29–31]. Another disadvantage of a smear layer covering the bonding

Bonding to Dentin: Smear Layer and the Process of Hybridization 91



surface is its inherently weak bond to the underlying dentin [32] and its brittle na-
ture [33]. Early smear-layer incorporating non-acidic adhesives, applied without
prior etching, did not penetrate deeply enough to establish a bond with intact
dentin. Such bonds were prone to cohesive failure of the smear layer [26, 34].

There are basically two options to overcome low bond strengths due to the lim-
ited strength of the smear layer, i.e. removal of the smear layer prior to bonding,
or the use of bonding agents that can penetrate beyond the smear layer while
incorporating it [35]. Both techniques have been proven successful [36]. Removal
of the smear layer, however, increases the permeability of the dentin tubules radi-
cally, thereby permitting fluid flow from outside the pulp chamber, and vice versa.
Pashley [37] suggested a mainly outward fluid flow under pulpal pressure of
20–70 cm/H2O. When dentin is covered with an iatrogenically produced smear
layer, and the dentin tubules are occluded with smear plugs, fluid permeability is
almost reduced to zero [26]. After removal of the smear layer by an acid, dentin
permeability through the dentin tubules increases by more than 90% [38–40]. It
was feared that removal of the smear layer and subsequent wetting of the dentin
surface would affect bond strength between dentin and composite, as the dentinal
fluid would dilute primer and bonding agents [41] and as water contamination of
bonding was known to lower the bond strength [42]; however, several contempo-
rary systems can cope with augmented fluid permeability of dentin after smear
layer removal, and a high and durable bond strength can be achieved [43]. As the
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Fig. 5.2. Field-emission scanning electron microscopy photomicrograph a lateral dentin section.
The dentin surface has been prepared by wet grinding.A smear layer of approximately 1 mm cov-
ers the entire dentin surface, and a smear plug, extending several micrometers into the dentin
tubule, occludes the tubule’s orifice. The smear layer is an aggregate of mainly fragmented and
compacted tooth material and debris.At the surface, the smear layer’s appearance is amorphous.
(From PhD thesis of J. Perdigão, Katholieke Universiteit, Leuven, 1995)



main mechanism of tooth sensitivity is based on hydro-dynamic fluid movement,
treatment of tooth surfaces to remove the smear layer can induce tooth sensitivi-
ty in vivo [33, 44]. It has been suggested that adhesive techniques that require
smear-layer removal are associated more with post-operative sensitivity than sys-
tems that leave the smear layer in situ [33, 44–46]. Open dentin tubuli may also
permit access of bacteria towards the pulp and irritation of the pulp by toxic
chemicals such as acids. Although it has been shown that the bonding procedure
may cause transient pulpal inflammation, certainly in deep cavities, a continuous
bacterial irritation due to microgaps and microleakage is more likely to cause
damage to the pulp and post-operative pain [47].Advantages and disadvantages of
removing the smear layer were discussed by Pashley [33]. The first adhesives
achieving clinically acceptable results were based on smear layer removal (etch-
and-rinse adhesives), but recently new smear-layer incorporating adhesives (self-
etch adhesives) have regained popularity [36].

Complete or partial removal of the smear layer can be achieved by applying
acidic or chelating solutions called dentin conditioners. In research conditions,
sonication has also been used [25]. The more acidic and aggressive the condition-
er, the more completely the smear layer and smear plugs will be removed [26, 48].
Strong acids do not only remove the smear layer; they also demineralize intact
dentin along with removal of smear plugs to a depth of 1–5 mm,while widening the
dentin tubule orifices (Fig. 5.3). Contemporary etch-and-rinse adhesives usually

Bonding to Dentin: Smear Layer and the Process of Hybridization 93

Fig. 5.3. Field-emission scanning electron microscopy photomicrograph of dentin etched 
with 35% phosphoric acid. Along with removal of the smear layer and smear plugs,
the dentin tubules are widened and a porous network of collagen fibrils is exposed. Note the
incomplete removal of silica in the right image, despite thorough rinsing. (From PhD thesis of
J. Perdigão, Katholieke Universiteit, Leuven, 1995)



use a phosphoric acid gel of 30–40% for the conditioning step. Tested alternatives
are maleic acid, nitric acid, citric acid, and tannic acid in varying concentrations.
A polyalkenoic acid conditioner used in glass ionomer restorative techniques also
provides clean dentin surfaces, although without substantial dentin demineraliza-
tion [49] and without rendering dentin tubules patent (Fig. 5.4) [50]. Whereas
NaOCl is applied to remove organic remnants and bacteria in root canals, chelat-
ing agents are widely used in endodontics to remove smear debris produced dur-
ing the canal preparation. Most commonly, a neutral solution of ethylene diamine
tetra-acetic acid is used for removing the smear layer in the root canal [51, 52].
Researchers have been aware for a long time of the presence of a smear layer, and
a consensus exists on the fact that the smear layer should be simulated in in vitro
research on adhesives. For practical reasons, a smear layer is often prepared by
grinding a tooth with a SiC paper. Very often, a SiC paper of 600 grit is applied;
however, Tani and Finger [27] demonstrated that the thickness of a smear layer
produced by 600-grit SiC is not comparable to that of a smear layer produced with
a regular grit bur with a grain size of 100 mm, often used in clinical situations.
Sandpapers of 600 sandpapers create thin smear layers (1.2 mm), whereas SiC
paper of 180–240 grit is more appropriate to simulate a coarse and clinically rele-
vant smear layer. Koibuchi et al. [53] showed how the use of 600-grit paper could
lead to overestimated bond strength when using a self-etch adhesive. Moreover,
Tagami indicated a difference in acid resistance between a smear layer produced
by bur or by SiC paper grinding [40]. Van Meerbeek et al. [16] demonstrated that
dentin surfaces prepared by bur or by wet sanding with SiC paper differ; therefore,
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Fig. 5.4. Field-emission scanning electron microscopy photomicrograph of a dentin surface
conditioned with 20% polyalkenoic acid. This weak acid has removed the smear layer but has not
opened the tubules completely (arrows)



it is concluded that a smear layer on dentin intended for in vitro research is best
created by a diamond bur.

Sono-Abrasion;;

Recently, sono-abrasion (SonicSys, Germany, KaVo; PiezzonMaster 400, Switzer-
land, EMS) has been introduced as an alternative for preparing minimally invasive
cavities (Fig. 5.5). This technique is based on the removal of tooth material by an
air-driven hand piece equipped with a diamond-coated working tip that removes
tooth material by ultrasonic kinetic energy. Different sizes and shapes of diamond
tips have been designed, enabling easy access to occlusal and approximal tooth
lesions. As these tips are coated only on one side, additional damage and trauma
of the approximal side of adjacent teeth is prevented [54, 55].

Considering the semi-rotary movement of the tip, the very high frequency of
oscillations of the tip and the subsequently produced heat, dentin exposed by
sono-abrasion can also be assumed to be covered by a smear layer (Fig. 5.6).
Although few studies have been published, research has pointed out that sono-

Bonding to Dentin: Smear Layer and the Process of Hybridization 95

Fig. 5.5. a, b Diamond-coated tip of the SonicSys system (Kavo). Only one side is coated with
diamonds, so as to prevent damage to adjacent teeth. The constricted shape of the tip enables
easy access in small occlusal and approximal cavities. c Field-emission scanning electron mi-
croscopy photomicrograph of the same tip. d Clinical situation of two class-II cavities. Sono-
abrasion can be used for beveling the cavity margins, thereby improving the marginal adaptation
of a composite filling. e Field-emission scanning electron microscopy photomicrograph of small
class-II cavity entirely prepared by sono-abrasion



abraded tooth surfaces are indeed very similar to bur-cut dentin. Van Meerbeek 
et al. [16] found that sono-abrasion resulted in enamel and dentin surfaces equal-
ly receptive towards bonding as compared with bur-cut surfaces; however, they
also found that a three-step etch-and-rinse adhesive (Optibond FL; Kerr) with
omission of the acid-conditioning phase obtains higher bond strengths when
bonded to sono-abraded dentin than to bur-cut dentin. This was explained by the
relatively high acidity of the primer of Optibond FL (pH=1.78), which thus acts as
a self-etch adhesive, and by the fact that sono-abrasion presumably produces
rather thin smear layers. Pioch et al. [56] investigated the interface of an etch-and-
rinse adhesive with confocal laser scanning microscopy and did not see any differ-
ence between bur-prepared or sono-abraded dentin of primary teeth.Opdam et al.
[54] reported equal microleakage in class-II cavities prepared by bur or SonicSys,
respectively. Their study was confirmed by the findings of Setien [57].

In conclusion, sono-abrasion should be regarded as a good complement to ro-
tary instruments for cavity preparation, the main advantages being less damage to
adjacent teeth and minimally invasive cavities. A sono-abraded dentin surface is
also covered by a thin smear layer.
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Fig. 5.6 a–d. Field-emission scanning electron microscopy photomicrographs of enamel and
dentin surfaces prepared with diamond sono-abrasion. Note the coarse scratches in enamel.
Dentin is covered with a relatively thin smear layer and the tubules are occluded by smear plugs



Air Abrasion;;

Air abrasion is a relatively old technique that only recently has regained attention.
Basically, this technique can be regarded as a small version of sandblasting, which
has many applications in common procedure. This technique is already widely
used by prosthodontists and dental technicians, for purposes such as increasing
surface roughness and enhancing adhesion. Air abrasion is specifically designed
for abrading tooth material. The major benefit of this technique is that kinetic
energy generated by a high-velocity stream of aluminum oxide particles can be
utilized to prepare hard tooth tissues while having little effect on soft materials
such as gingival tissues. In addition, this abrasive technique increases patient
comfort by reducing heat, vibration, and noise, as commonly experienced during
mechanical preparation of teeth when rotating burs are used [16, 58]. The main
disadvantages of this technique are in the problems involving removal of the dust
particles.

When applied on dentin, air abrasion creates a very irregular surface and a
discrete smear layer with smear plugs (Fig 5.7) [16]. Intertubular dentin seems to
be impact folded and compressed over the dentin tubules [59]. Although many
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Fig. 5.7 a–d. Field-emission scanning electron microscopy photomicrographs of enamel and
dentin prepared by air abrasion. As a result of the kinetic energy of the Al2O3 particles fired at
the tooth surface, tooth material is chipped away. The resultant enamel (a, b) and dentin (c, d)
surfaces are very irregular and covered with a discrete smear layer. The dentin tubules are
occluded by smear plugs



manufacturers have claimed that an air-abraded tooth surface is more receptive to
bonding because of the microretentive surface created by air abrasion, and that the
acid-conditioning step can be omitted, many authors have refuted and disproved
this [16, 57, 60, 61].

Laser Ablation;;

Laser technology has gained popularity over the past several years, and many
applications in dentistry and medicine have been proposed. One of those applica-
tions is caries removal and cavity preparation. Like air abrasion, the trembling
experience caused by bur cutting is omitted, rendering this technique more toler-
able for patients. In particular, the Erbium:YAG laser with an ultra short square
pulse technology (wavelength 2.94 mm) is used as an alternative for cavity prepa-
ration, but also Nd:YAG laser can be applied [62, 63].

Laser technology can remove tooth substrate effectively and precisely by means
of a thermo-mechanical ablation process involving microexplosions [16]. Water
cooling is required to prevent cracking and melting of enamel and dentin, and to
prevent thermal damage to the pulp [64].

Laser preparation of tooth substrate does not yield a smear layer [16, 65]. SEM
characterization of dentin prepared by Erbium:YAG laser reveals a typical scaly,
coarse and irregular surface due to microexplosions and volatilization of tooth
material [16, 66–68]. As with air abrasion, laser manufacturers often claim that
laser pre-treatment on tooth tissue enhances bonding receptivity of this substrate,
and that “laser etching” is able to replace an additional conditioning phase (with
phosphoric acid).

Many authors have reported advantages of laser cavity preparation. The ac-
quired rough surface, not demineralized but exhibiting patent dentin tubules,
might enhance micromechanical retention [69, 70]. Comparing laser-prepared
dentin with bur-cut dentin, similar or better results were found for laser-prepared
dentin, regarding bond strength testing [71] and microleakage [70, 72, 73]. Despite
these favorable findings concerning laser ablation, increasingly more researchers
have changed their opinion regarding the usefulness of lasers for tooth tissue
removal.Kataumi et al. [65] were the first to observe substructural cracks in dentin
after the use of erbium:YAG laser. Other authors also mention laser damage of
enamel and dentin, as more cohesive fractures occur in dentin (Fig. 5.8) [16,
74–76]. Controlled microtensile bond strength tests showed significantly lower
bonding effectiveness to lased enamel and dentin [67, 75, 77].

Moreover, this structural weakening is not only confined to the uppermost 
layer of dentin, but laser irradiation also modifies and weakens dentin over a
thickness of 3–5 mm, which understandably jeopardizes adhesion of composite
material. In addition, transmission electron microscopy (TEM) investigation of
irradiated dentin by Ceballos et al. [67] showed a dense but fissured layer devoid
of collagen fibrils. Only in the basal part of this layer were remnants of melted,
fused and denatured collagen fibrils  found, which were poorly attached to the
underlying intact dentin. As interfibrillar spaces were lacking in this zone, resin
infiltration must have been impeded, thereby having hindered good adhesion.
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Mechanical removal of this laser-modified superficial layer or removal by acid
etching restores bond strengths [67, 75], but only partially as damage and weaken-
ing may go beyond the superficial dentin layer. Microleakage studies also indicate
less leakage when lased dentin is acid etched prior to bonding [78, 79].

In summary, current lasers do not yet offer any advantage over conventional
rotary instruments for cavity preparation, as they may even affect the bonding
substrate adversely. A dentist should understand what structural changes in
dentin laser preparation entails and should tackle the aforementioned problems,
e.g. by removing the exposed layer as well as possible.

Conclusion;;

A comprehensive knowledge of the structure of dentin and its altered properties
after dentin preparation, according to the used preparation technique, should
enable a dentist to understand how to achieve satisfactory bonding to dentin.

Research setups should always be based on the clinical situation, in order to be
able to validate in vitro research.

The scope of cavity preparation methods has only recently been widened. Many
new techniques need more profound examination, as they can greatly influence
the clinical outcome of adhesive techniques.
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Fig. 5.8. Scanning electron microscopy photomicrograph of laser-conditioned dentin. Laser
preparation does not yield a smear layer but gives rise to a microretentive non-demineralized
dentin surface with patent tubules; however, adhesion of composites to laser-treated tooth tissue
is jeopardized by a structural weakening of the top layer due to microcracks



Even when dealing with dentin of a non-carious lesion and when no cavity
preparation is required, a dentist must be aware of the biofilm pellicle covering the
tooth lesion. To obtain satisfactory bonding, this lesion should be treated to obtain
a clean bonding substrate.

Interfaces and Hybridization;;

Micromorphological characterization of the interface is paramount to gain insight
into the bonding mechanism to tooth tissue. As the adhesive interaction process
occurs over a couple of micrometers, electron microscopy is preferred on the
grounds of the high resolution that can be achieved (1–2 nm). Mainly two differ-
ent electron microscopy techniques are used: TEM and SEM. The TEM provides
highly informative overview images of both the interaction zone with intact
dentin and with the resin layers. The SEM images give us a view of a surface, but
special specimen preparation methodologies can also provide SEM images of the
interface.

Right from the start, adhesive systems have known a large turnover rate. The
big business related to these materials, as well as the continuous search for im-
proved techniques and systems, have urged manufacturers into researching and
developing new bonding systems. Whereas original simple bonding agents
evolved to multi-step systems, recent development focuses on simplification of the
application procedure in order to abate technique sensitivity and reduce manipu-
lation time [80].
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Fig. 5.9. Classification of contemporary adhesives according the adhesion strategy and the clin-
ical application steps
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Table 5.1. List of contemporary adhesives categorized following the classification presented in
Fig. 5.9

Brand name Manufacturer

Three-step etch-and-rinse adhesives

All-Bond 2 Bisco (Schaumburg, Illinois)
Clearfil Liner Bond Kuraray (Kurashiki, Japan)
Denthesive Heraeus-Kulzer (Wehrheim, Germany)
EBS ESPE (now 3 M ESPE; Seefeld, Germany)
Gluma CPS Bayer (now Heraeus-Kulzer; Leverkusen, Germany)
Optibond DC Kerr (Orange, Calif.)
Optibond DC Kerr (Orange, Calif.)
Permagen Ultradent (Salt Lake City, Utah)
Permaquik Ultradent
Scotchbond Multi-Purpose 3 M (now 3 M ESPE; St. Paul, Minn.)

Two-step etch-and-rinse adhesives

C36 Prime&Bond NT Dentsply-Detrey (Konstanz, Germany)
Excite Vivadent (Schaan, Lichtenstein)
Gluma 2000 Bayer (now Heraeus-Kulzer; Leverkusen, Germany)
One-Coat Bond Coltène Whaledent (Altstätten, Switzerland)
One-Step Bisco (Schaumburg, Illinois)
Optibond Solo Plus Kerr (Orange, Calif.)
Prime&Bond 2.0 Dentsply-Detrey (Konstanz, Germany)
Prime&Bond 2.1 Dentsply-Detrey (Konstanz, Germany)
Prime&Bond NT Dentsply-Detrey (Konstanz, Germany)
Scotchbond 1 (Single Bond) 3 M ESPE (Seefeld, Germany)
Solobond M Voco (Cuxhaven, Germany)
Stae Southern Dental Industries (Victoria, Australia)
Syntac Single-Component Ivoclar Vivadent (Schaan, Liechtenstein)

Two-step self-etch adhesives

AdheSE Ivoclar Vivadent (Schaan, Liechtenstein)
ART Bond Coltène Whaledent (Altstätten, Switzerland)
Clearfil Liner Bond 2 Kuraray (Osaka, Japan)
Clearfil SE Kuraray (Osaka, Japan)
Denthesive 2 Heraeus-Kulzer (Wehrheim, Germany)
NRC Prime&Bond NT Dentsply-Detrey (Konstanz, Germany)
One Coat SE Bond Coltène Whaledent (Altstätten, Switzerland)
Perme Bond F Degussa (Hanau, Germany)
Prisma Universal Bond 3 Dentsply-Detrey (Konstanz, Germany)
Pro Bond Dentsply-Detrey (Konstanz, Germany)
Protect Bond Kuraray (Osaka, Japan)
Solobond Plus Voco (Cuxhaven, Germany)
Syntac Ivoclar Vivadent (Schaan, Liechtenstein)
Tokuso Mac Bond II MAC (Tokuyama, Japan)
Tyrean Bisco (Schaumburg, Illinois)
Unifil Bond GC (Tokyo, Japan)



Classifying dental adhesives in different categories is not straightforward,
because of the great supply and vast turnover of adhesives. Several classifications
have been suggested in the past in scientific literature; however, no consensus con-
cerning terminology has been reached yet. Van Meerbeek et al. [4, 36] have sug-
gested a scientifically based classification with three main groups of adhesives:
etch-and-rinse adhesives, self-etch adhesives and glass-ionomer adhesives
(Fig. 5.9; Table 1). This classification is simple and has proved to be reliable and
consistent. As it is based on the applied adhesion strategy, this classification pro-
vides a dentist or a researcher with background information on the adhesion
mechanism and on the characteristics of an adhesive system; therefore, from this
point forward, we discuss adhesives and their interaction with dentin, grouped
according to the three main divisions of this classification.

All three categories of adhesives exhibit a common adhesion mechanism of
hybridization. This is the process of micromechanical interlocking ensuring a
demineralization, infiltration and polymer setting process, and was first described
by Nakabayashi et al. [81]. A hybrid layer is the resulting resin-infiltrated surface
layer of dentin (and enamel).
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Table 5.1. (Continued)

Brand name Manufacturer

One-step self-etch adhesives

Admira Bond Voco (Cuxhaven, Germany)
Adper Prompt 3 M ESPE (Seefeld, Germany)
AQ Bond Sun Medical (Shiga, Japan)
Etch&Prime 3.0 Degussa (Hanau, Germany)
Sustel/ F2000 primer-adhesive 3 M ESPE (Seefeld, Germany)
Futurabond Voco (Cuxhaven, Germany)
Hytac OSB ESPE (Seefeld, Germany)
iBond Heraeus-Kulzer (Wehrheim, Germany)

One-Up Bond F Tokuyama (Tokyo, Japan)
Prime&Bond 2.1 (without etching) Dentsply-Detrey (Konstanz, Germany)
Prime&Bond NT (without etching) Dentsply-Detrey (Konstanz, Germany)
Prompt-L-Pop 3 M ESPE (Seefeld, Germany)
Prompt-L-Pop (LP2) 3 M ESPE (Seefeld, Germany)
PSA Dentsply-Detrey (Konstanz, Germany)
Reactmer Bond Shofu (Kyoto, Japan)
Xeno III Dentsply-Detrey (Konstanz, Germany)

Glass-ionomers
Exp. Vitremer (Primer) 3 M ESPE (Seefeld, Germany)
Fuji Cap II GC (Tokyo, Japan)
Fuji 2 LC (GC Dentin conditioner) GC (Tokyo, Japan)
Fuji Bond LC (GC Cavity conditioner) GC (Tokyo, Japan)
Fuji Bond LL GC (Tokyo, Japan)
HIFI Master Palette (HI Tooth cleanser) Shofu (Kyoto, Japan)
Ketac-fil (Ketac conditioner) ESPE (now 3 M ESPE; Seefeld, Germany)
Photac-fil (Ketac conditioner) ESPE (now 3 M ESPE; Seefeld, Germany)
Vitremer (Vitremer Primer) 3 M ESPE (Munich, Germany)



Etch-and-Rinse Adhesives;;

Etch-and-rinse adhesives can readily be recognized by an initial etching step, the
so-called conditioning step, followed by a compulsory rinsing phase. Another fre-
quently used name for this category of adhesives is “total-etch” adhesives [80, 82],
which is, however, less appropriate because self-etch adhesives can also etch and
demineralize tooth tissue.

This etching step demineralizes dentin in order to remove the smear layer and
smear plugs, and to achieve a microporous surface with enhanced bonding capac-
ity. To demineralize dentin, both chelating acids and mineral acids can be used
[45]. Many different conditioners with varying concentrations have been investi-
gated, such as citric, maleic, nitric, oxalic and phosphoric acid [80]. As etch-and-
rinse systems are applied on both enamel and dentin, the etching effectiveness of
weak acids or low concentrations on enamel are doubtful. Current etch-and-rinse
systems usually use 30–40% phosphoric acid.

Originally, etch-and-rinse systems typically consisted of three separate applica-
tion steps: (a) conditioning; (b) priming; and (c) adhesive resin application. An
adhesive system that follows this procedure is called a three-step etch-and-rinse
adhesive. In searching for fewer application steps and simplification, a two-step
etch-and-rinse design has been devised (Fig. 5.9) combining the priming and
bonding steps into one. Another frequently used name for a two-step etch-and-
rinse adhesive is “one-bottle adhesive”, misleadingly suggesting a single applica-
tion step.
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Fig. 5.10. Field-emission scanning electron microscopy photomicrograph of demineralized
dentin. Treatment with 35% phosphoric acid for 15 s demineralizes dentin over a depth of
3–5 mm, thereby exposing a scaffold of collagen fibrils that is nearly totally depleted of hydroxya-
patite.As a consequence, a retentive network with interfibrillar spaces of approximately 20 nm is
created. (Courtesy of M. Vargas, University of Iowa)



Both three- and two-step etch-and-rinse adhesives pursue a similar adhesion
mechanism. In the conditioning step, phosphoric acid removes the smear layer
while concurrently demineralizing dentin over a depth of 3–5 mm, thereby expos-
ing a scaffold of collagen fibrils that is nearly totally depleted of hydroxyapatite
(Fig. 5.10) [83–86]. As the highly mineralized peritubular dentin is almost com-
pletely dissolved, dentin tubules are widened and their orifices become funnel
shaped (Fig. 5.11). The exposed collagen fibrils function as a microretentive net-
work for micromechanical interlocking of the resulting resin polymers. When
drying acid-etched dentin, this collagen network collapses and shrinks, thereby
jeopardizing monomer infiltration [23, 87, 88].

After the conditioning step, adhesion-promoting monomers are applied in one
or two application steps to penetrate the exposed collagen network.

The priming step in three-step etch-and-rinse adhesives should ensure suffi-
cient wetting of the exposed collagen fibrils and remove remaining water, thereby
preparing dentin for adhesive resin infiltration. A primer solution is a mixture of
specific monomers with hydrophilic properties dissolved in organic solvents.
HEMA is an important monomer that is very frequently added to these primer
solutions. Due to its low molecular weight and hydrophilic nature, HEMA pro-
motes resin infiltration into and re-expansion of the collagen network [89], there-
by improving bond strength of the adhesive [90].
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Fig. 5.11. Field-emission scanning electron microscopy image of a cross-section through dentin
etched with 37.5% phosphoric acid.At the dentin tubule walls, peritubular dentin has been com-
pletely dissolved, resulting in the typical funneling of the tubule orifice. Note that the depth of
demineralization in the dentin tubule (6–7 mm) exceeds the depth of intertubular demineraliza-
tion (3–5 mm). Several orifices of lateral tubule branches can be observed. (From PhD thesis of
J. Perdigão, Katholieke Universiteit, Leuven, 1995)



The adhesive resin is a solvent-free, filled or unfilled (i.e. containing filler par-
ticles) solution containing mainly hydrophobic monomers. The main function of
this adhesive resin is to fill up the interfibrillar spaces left between the collagen
fibrils. Upon curing and polymerization of these monomers, a hybrid layer and
resin tags are created that provide micromechanical retention (Figs. 5.12–5.14)
[91]. In two-step self-etch adhesives, priming and adhesive bonding components
are combined into one solution that should fulfill both functions.

Neither the thickness of the hybrid layer nor the length of the resin tags seems
to play an important role regarding the bond strength [7, 92]. True chemical adhe-
sion between collagen and the methacrylate monomers is unlikely, because of the
inert nature of collagen fibrils and the low affinity of the monomers for hydroxya-
patite-depleted collagen [80].

Thus far, in vitro and in vivo research has pointed out that etch-and-rinse ad-
hesives can achieve high-quality adhesion to both enamel and dentin [93]. In in
vitro and in clinical studies, three-step etch-and-rinse adhesives perform superi-
orly to two-step etch-and-rinse adhesives [92, 94, 95]; the latter are also associated
with greater technique sensitivity than their three-step counterparts, which is
understandable as a single solution combines the two separate functions of
primer and bonding resin [96]. Moreover, after aging procedures in durability
studies, the bonding integrity of three-step etch-and-rinse adhesives is better
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Fig. 5.12. Field-emission scanning electron microscopy photomicrograph of a diamond-knife-
sectioned resin–dentin interface produced by the three-step etch-and-rinse adhesive Optibond
FL (Kerr). The loosely arranged collagen fibrils in the 3- to 5-mm-thick hybrid layer are easily rec-
ognizable



maintained [43]; therefore, three-step etch-and-rinse adhesives are often consid-
ered as the standard among adhesives. As two-step etch-and-rinse adhesives do
not really involve a time-saving or improved performance, their use does not hold
advantages and should be discouraged.

Technique sensitivity of etch-and-rinse systems in general is their major draw-
back. Most difficulties are related to the etch-and-rinse phase. Firstly, technique
sensitivity can in part be attributed to the susceptibility of the collagen scaffold to
collapse, thus impeding proper infiltration of the collagen with monomers [87, 97,
98]. Etching dentin removes the mineral phase completely, leaving the collagen
fibrils suspended in water.Whereas enamel should preferentially be dry to achieve
good bonding, a certain amount of water is needed to prevent the collagen fibrils
in dentin from shrinking (Fig. 5.15). To overcome this problem and to maintain
the structural integrity of interfibrillar spaces in the collagen network, two differ-
ent approaches can be followed, depending on the primer of the adhesive system
[4, 99].

The first approach, known as “dry-bonding” technique, involves air drying of
dentin after acid etching, and applying a water-based primer, capable of re-ex-
panding the collapsed collagen meshwork [100, 101].An alternative approach is to
leave dentin moist, thereby preventing any collapse and using an acetone-based
primer, known for its water-chasing capacity. This technique is commonly
referred to as “wet bonding” and was introduced by Kanca, and by Gwinnett et al.,
in the 1990s [102–104]; however, determining how moist the dentin should be to
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Fig. 5.13. Transmission electron microscopy photomicrograph of the interface produced by
Optibond (Kerr). Note that the hybrid layer extends into the dentinal tubules, attaching the resin
tags to the tubules walls. “Tubule-wall hybridization” is considered important for the hermetic
sealing of the pulp against microleakage



ensure complete water removal by the acetone-based primer is complicated. Prob-
lems resulting from excess of water have been described by Tay [105, 106] and have
been coined “overwetting phenomena” [107]. Because the “dry-bonding” tech-
nique is significantly less sensitive to variations in application procedure [101]
and does not compromise bonding effectiveness [100], it should be preferred over
the hard-to-standardize wet-bonding technique.

Even when preventing collapse, or when re-expanding after drying, incomplete
resin infiltration of the hydroxyapatite-depleted collagen can occur [10]. Especial-
ly over etching with subsequent deep demineralization can lead to suboptimal
resin impregnation and to a porous zone in the hybrid layer [10, 108]. In the long
run, this may compromise the durability of the bond [109–111]. The nanoleakage
phenomenon (Fig. 16), which is basically the presence of submicrometer-sized
gaps within the hybrid layer [98] that are disclosed by interface staining with 
silver tracers, is considered as a manifestation of incomplete resin infiltration of
the hybrid layer and of a discrepancy between the depth of demineralization and
the depth of resin infiltration. An alternative explanation for nanoleakage in the
hybrid layer is the poor adaptation and envelopment of the resin to the collagen
fibrils, leaving microscopic gaps [36].
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Fig. 5.14. a Laser scanning confocal photomicrograph illustrates the resin–dentin interface of
Optibond (Kerr). The adhesive resin component of Optibond is labeled with rhodamine B. Note
the formation of microresin tags in the lateral tubular branches. b Detail of transmission elec-
tron microscopy photomicrograph of a non-demineralized dentin section, showing a microresin
tag. A narrow core of resin is surrounded by a hybridized wall (“lateral tubule hybridization”). c
Transmission electron microscopy photomicrograph of a demineralized and stained dentin sec-
tion, showing a close-up of the thin hybrid layer produced in the wall of dentin tubules (“tubule-
wall hybridization”). Note the typical cross-banding of the collagen fibrils and their fraying ends,
called “shag-carpet” appearance
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Fig. 5.15. Lateral view of phosphoric-acid-etched dentin by FL. SEM. The exposed collagen net-
work is susceptible to shrinkage and has collapsed due to air drying. Note that no interfibrillar
spaces are left and that subsequent resin infiltration will be hindered

Fig. 5.16. Example of nanoleakage. Transmission electron microscopy photomicrograph of a
non-demineralized dentin section stained with silver nitrate. Due to its low molecular weight,
silver nitrate is capable of penetrating into very small discrepancies. Such silver tracers are there-
fore used to search for submicron gaps within the hybrid layer



This class of adhesives is also sensitive to humidity and contamination, making
the use of cofferdam in clinical patient treatment indispensable [112]. In particu-
lar, HEMA-containing adhesives have been reported to be influenced by water
[42].

In summary, three-step etch-and-rinse adhesives are considered as the gold
standard, and despite the elaborate and lengthy working procedure, and the tech-
nique sensitivity associated with acetone-based adhesives, they can achieve very
satisfactory results. Dentists should, however, be aware of their weak points, and
adapt their application procedure accordingly.

Self-Etch Adhesives;;

Although the self-etch concept is not new [4], it has only recently come under
extensive scrutiny. First self-etch adhesives were developed by raising the amount
of acidic monomers in HEMA-water based adhesives [82]. Self-etch adhesives do
not require a separate “etch-and-rinse” phase, as they contain acidic monomers
that simultaneously condition and prime enamel and dentin. As a result, the dis-
solved smear layer and demineralization products are not rinsed away but incor-
porated in the adhesive resin [113, 114].

Self-etch adhesives can be subdivided according to their application procedure
(see Fig. 5.9) and their acidity and aggressiveness [4, 115]. Similarly to etch-and-
rinse adhesives, a two-step and a simplified one-step version of self-etch adhesives
exist. Initial self-etch systems consisted of an acidic primer, followed by an adhe-
sive resin. Recently, “all-in-one” adhesives or one-step self-etch adhesives have
been brought onto the market which combine etching, priming and conditioning
into one solution [116, 117].

The morphological features of the hybrid layer produced by self-etch adhesives
depend a great deal on the aggressiveness of the functional monomers [36, 118].
Consequently, three categories of self-etch adhesives can be made according their
acidity: mild (pH≥2); intermediate (pHª1.5); and strong self-etch adhesives
(pH≤1; Fig. 5.17) [115, 119, 120]. Mild self-etch adhesives demineralize dentin only
very shallowly, leaving hydroxyapatite crystals around the collagen fibrils avail-
able for possible chemical interaction. Usually, the smear plug is not completely re-
moved from the dentine tubule. As a result, a shallow hybrid layer is formed with
submicron measures (Fig. 5.18). The TEM images of strong self-etch adhesives ap-
plied on dentin strongly resemble the morphological aspect of an etch-and-rinse
adhesive, with a thick hybrid layer, which is completely devoid of hydroxyapatite
crystals, and with resin tags (Fig. 5.19). The more aggressive the adhesive, the
deeper hybridization [45].“Intermediary strong” self-etch adhesives exhibit mor-
phological features that lie between the mild and strong self-etch adhesives. Fig-
ure 5.20 demonstrates the interaction of a mild and a strong self-etch primer with
smear-layer-covered dentin. Current self-etch adhesives have been proven acidic
enough to penetrate beyond the smear layer, even without agitation and within a
clinically relevant time [27]; however, apart from the pH of the priming solution,
other factors, such as agitation during application, thickness of the smear layer,
viscosity and wetting characteristics, also account for the obtained depth of infil-
tration and demineralization by self-etch adhesives [108, 121].
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Despite the small hybrid layer and the absence of resin tags (little microme-
chanical retention), mild self-etch adhesives can reach satisfactory results as far as
bond strength is concerned [36, 92]. Together with the finding that the thickness
of the hybrid layer and the presence of resin tags do not overly influence the bond-
ing performance [7, 92], chemical interaction between the monomers and hydrox-
yapatite may be a plausible explanation for the good performance of self-etch
adhesives [5]. The carboxylic and phosphate groups that render these monomers
hydrophilic and that function as proton donors, have been proven to bond ionical-
ly with calcium in hydroxyapatite [122]. The ability to make chemical bonds is
monomer specific and depends on the hydrolytic stability of the calcium-
monomer bond. Yoshida et al. have shown using XPS (X-ray photo-electron mi-
croscopy) that 10-MDP exceeds the bonding potential of 4-MET and phenyl-P [5].
The hydrolytic stability of the monomer itself is also important, especially with re-
gard to bond durability.Whereas micromechanical retention is thought to provide
resistance to “acute” de-bonding stresses, the relevance of additional chemical
bonding is suggested to lie in durability and survival of adhesion [4, 36].

The composition of self-etch adhesives is quite unique as they contain high
concentrations of water and acidic monomers [118]. Water is an indispensable
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Fig. 5.17. Schematic overview of the interaction of different self-etch adhesives with dentin (bar
at left represents approximately 5 mm). On the left, unaffected dentin is represented that is cov-
ered by a smear layer. On the right, interaction of three classes of self-etch adhesives with dentin
and the smear layer is represented. As “mild” self-etch adhesives do not completely remove the
smear layer, a relatively thin sub-micron hybrid layer is formed without resin tags. The “interme-
diary strong” self-etch adhesives remove the smear layer along with a shallow demineralization
of dentin. Short resin tags (±10 mm) are formed, and a limited lateral-wall hybridization takes
place. In the bottom third of the hybrid layer, not all hydroxyapatite crystals have been dissolved.
The micromorphological aspect of “strong”self-etch adhesives is very similar to that of etch-and-
rinse adhesives and is characterized by a 3- to 5-mm-thick hybrid layer, dentinal tubules’ funnel-
ing, extensive resin tags, as well as tubule-wall and lateral tubule-wall hybridization
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Fig. 5.18. Transmission electron microscopy photomicrograph of a demineralized and stained
section through the resin–dentin interface produced by Clearfil SE (Kuraray).Note the formation
of a 1-mm-thick hybrid layer and the typical shag-carpet appearance of individual collagen
fibrils; these are easily recognizable thanks to their cross-banded appearance

Fig. 5.19. Transmission electron microscopy photomicrograph of a stained demineralized sec-
tion through the resin–dentin interface produced by the strong one-step self-etch adhesive Ad-
per Prompt (3 M ESPE). Dentin has been relatively deeply demineralized, and no hydroxyapatite
crystals remained in the hybrid layer. The demineralization front has stopped abruptly. This
image resembles greatly the morphological aspect of an etch-and-rinse adhesive



ingredient of current self-etch systems that provides in an ionization medium for
the functional monomers [123]. Two-step self-etch adhesives consist of a hy-
drophilic aqueous primer solution and a separate hydrophobic adhesive resin.
Similar to the combined primer/adhesive resin solution of two-step etch-and-
rinse adhesives, one-step self-etch adhesives are complex mixtures of both hy-
drophilic and hydrophobic components. In particular, the high concentrations of
water have raised questions about potentially harmful effects on polymerization,
given that incomplete water removal is realistic [42, 123]. This also applies for the
high concentrations of solvent that may cause incomplete resin polymerization in
case of incomplete evaporation.

While bonding to enamel remains a problem, especially for mild self-etch ad-
hesives [95, 108], bonding to dentin has yielded reasonable results. Some two-step
self-etch adhesives have been documented with adequate in vitro bonding
strengths that come in the vicinity of that of etch-and-rinse adhesives [92]. Recent
studies have also reported good clinical results for some self-etch adhesives.
Clearfil SE (Kuraray, Osaka, Japan), which is a mild two-step self-etch adhesive,
was reported to have high retention rates in non-carious class-V cavities after
2 years [124, 125] and after 3 years [126].

The great variability between the performance of different self-etch adhesives
can in part be ascribed to the use of different functional monomers with different
properties, regarding acidity, hydrolytic stability and chemical bonding capacity.
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Fig. 5.20. Field-emission scanning electron microscopy image shows the interactions of a
“strong” (left) and a “mild” (right) self-etch primer. The strong self-etch primer (Non-Rinse Con-
ditioner) of Prime&Bond NT (Denstply/Detrey) has removed the smear layer and smear plugs
while exposing the collagen network and widening of the tubules’ orifices. Conversely, the inter-
action of the mild self-etch primer of Clearfil Liner Bond 2 (Kuraray) is clearly less intense, as
only little collagen is exposed and most of the tubules remain occluded with smear



Compared with etch-and-rinse adhesives, many advantages have been appoint-
ed to self-etch adhesives. It has been suggested that they improve the efficiency in
clinical procedures by omitting the obligatory rinsing phase in etch-and-rinse ad-
hesives, thus reducing the chair-side time [127]. Conditioning, rinsing and drying
steps, which may be critical and difficult to standardize in clinical conditions, are
eliminated in self-etch adhesives [108]. Technique sensitivity associated with
bonding to dehydrated demineralized dentin is eliminated, as a rinsing and dry-
ing phase are no longer needed [128]. Collapse of the collagen network is prevent-
ed, as monomers infiltrate concomitantly as they demineralize [114, 129, 130].An-
other advantage of the attendant demineralization and resin infiltration is that
theoretically incomplete resin infiltration is prevented [114, 118]; however, recent
nanoleakage observations in the hybrid layer, and especially beyond the hybrid
layer, have shed doubt on the concept that self-etch adhesives ensure complete
resin infiltration [131]. As the smear layer and smear plugs are not removed prior
to the actual bonding procedure, rewetting of dentin by dentinal fluid from the
dentin tubules is prevented [132] and potential postoperative sensitivity has been
reported to be reduced [123, 125]. Perdigão et al. [133], however, did not observe
any difference in postoperative sensitivity between a three-step etch-and-rinse
adhesive and a self-etch system. In case of mild self-etch adhesives, which are char-
acterized by a superficial and partial demineralization of dentin, hydroxyapatite
crystals are left available in the hybrid layer for possible chemical bonding
(Fig. 5.18) [36].

One-step self-etch adhesives (1-SEAs) are undoubtedly the most user-friendly
adhesives on market, but they have also been associated with considerable short-
comings. The relatively low bond strengths obtained by 1-SEAs are a main con-
cern. Compared with multi-step self-etch and etch-and-rinse versions, one-step
self-etch adhesives consistently achieve lower bond strengths [92, 95, 134, 135].
Due to their high hydrophilicity, cured one-step self-etch adhesives have been
demonstrated to act as permeable membranes, permitting water movement across
the adhesive layer [136, 137]. Reticular patterns of nanoleakage, so-called water
trees, can be found within the adhesive layer of 1-SEAs and are considered as sites
of incomplete water removal and subsequent suboptimal polymerized resins
[138]. The relevance of these water trees remains unclear, but as they may function
as water ducts, they may contribute to accelerated degradation of tooth–resin
bonds [138–141]. More recently, complex processes of phase separation have been
shown to occur in one-component, HEMA-free SEAs [142]. Adhesive solutions
were examined using light microscopy. As soon as the adhesive was dispensed
onto a glass plate and solvent started to evaporate, a phase separation occurred,
yielding a multitude of droplets that slowly emerged towards the upper surface of
the adhesive drop, to finally disappear. If the adhesive was light cured, all remain-
ing droplets were entrapped in the adhesive layer.

The explanation for these observations is in the complex mixture of both hy-
drophobic and hydrophilic components, dissolved in an organic solvent (usually
ethanol or acetone). Gradual evaporation of solvent sets off the phase-separation
reaction, in which presumably water separates from the other adhesive ingredi-
ents. HEMA plays a key role in this process, as this monomer acts as a wetting
agent due to its hydrophilic character and can prevent water from separating from
other adhesive ingredients. It is self-evident that incorporation of droplets may
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contribute to bond degradation, but persistence of water in the adhesive layer may
also affect bond strength adversely.

Glass-Ionomer Approach;;

A third adhesive approach is based on the technology of glass ionomers and their
auto-adhesive capacity. Glass ionomers are the only true self-adhesive materials as
they can adhere to both enamel and dentin by a specific glass-ionomer interac-
tion. Diverse formulas of glass ionomers are on the market varying in use: glass-
ionomer restorative materials, cements and adhesives. Whereas glass-ionomer
cements provide adhesion for indirect restorations, glass-ionomer adhesives can
be used to bond direct composite restorations.

Glass ionomers have a specific composition, containing polyacrylic acid,
alkenoic copolymers, glass-filler particles and water. When resin components are
added to glass ionomers, these are called resin-modified glass ionomers. The
adhesion reaction to tooth tissue is based mainly on the glass-ionomer compo-
nents and involves both a micromechanical hybridization and a chemical reaction.
In the particular case of glass-ionomer adhesives, which are actually resin-modi-
fied glass ionomers, the resin components ensure good bonding with the lining
composite.

Regarding bonding mechanism, they can be considered a special group of self-
etch adhesives based on glass-ionomer technology. Like self-etch adhesives, their
adhesive capacity is twofold and depends both on a limited demineralization of
enamel and dentin with subsequent infiltration and mechanical interlocking, and
on a chemical adhesion between calcium in hydroxyapatite and polyalkenoic acid
[122, 143, 144]. The demineralization reaction is set off by the high molecular
weight polyalkenoic acid. This acidic molecule exposes a microporous collagen
network by selectively dissolving hydroxyapatite crystals. Additionally, an ionic
bonding takes place between the carboxyl groups of the polyalkenoic acid and the
calcium of remaining hydroxyapatite crystals. This bond has been proven to be
relatively stable, capable of withstanding ultrasonic rinsing [122].

Micromorphologically, a shallow hybrid layer of 0.5–1 mm in thickness is
formed (Fig. 5.21). Because of a mild and partial demineralization, hydroxyapatite
crystals can be distinguished on the collagen fibrils within the hybrid layer. Typi-
cally, a “gel phase” closely attached to the hybrid layer is observed in some glass
ionomers. This amorphous phase on top of the interface has been reported to rep-
resent salt of calcium polycarboxylate [145].

A conditioning step with a weak polyalkenoic acid (PAA) significantly improves
the bond strength [50]. Its beneficial effect on bond strength lies in a threefold
mechanism: (a) the removal of the smear layer by PAA; (b) a shallow demineral-
ization of the tooth tissue; and (c) a chemical interaction of PAA with residual
hydroxyapatite [122].

Clinically, the good adhesion of glass ionomers and resin-modified glass
ionomers is striking. Very high retention rates of more than 90% have been ob-
served for periods up to 5 years in non-carious cervical lesions [94, 126, 146, 147].
Moreover, a recent study has revealed that glass-ionomer retention rates exceed by
far the retention rates of other adhesives [126, 148]. Other advantages of glass
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ionomers are their biocompatibility and their fluoride release.The main drawback
of glass-ionomer restorations is their inferior esthetic quality as compared with
composites. This disadvantage can, however, be avoided by using a glass-ionomer
adhesive and a composite restoration.

Conclusion;;

A good classification of adhesives is indispensable to keep an overview of the cur-
rent adhesives. The strength of the proposed classification lies in its simplicity and
its scientific basis. Each category in this classification is characterized by a specif-
ic bonding mechanism, a specific and distinct application protocol and by a spe-
cific ultra-morphological image; however, as for bonding effectiveness, it becomes
increasingly clear that an adhesive’s in vitro and in vivo performances also great-
ly depend on its specific ingredient composition.

Despite enhanced ease and faster application, simplified adhesives thus far
seem to induce a loss of bonding effectiveness, and their advantages should be
weighed off against their shortcomings.

Ultimatelly, the only true criterion for an adhesive’s quality is its long-term clin-
ical performance.
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Fig. 5.21. Transmission electron microscopy photomicrograph of an unstained, non-demineral-
ized dentin section, showing the interaction of dentin with Fuji Bond LC (GC). A partially dem-
ineralized hybrid layer of approximately 1 mm is formed. The remaining hydroxyapatite crystals
within the hybrid layer function as receptors for chemical bonding with the carboxyl groups of
the polyalkenoic acid. On top of the hybrid layer, an amorphous, gray “gel phase” represents the
reaction product formed through interaction of the polyalkenoic acid with calcium that was
extracted from the dentin surface
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Introduction;;

Photo-polymerisation is now a widely accepted initiation mode for the clinical
hardening processes required with a wide range of biomaterials including dental
adhesives and restoratives. As we discuss in detail, there is a strong relationship
between the progressive phenomenon of photo-polymerisation, with attendant
network formation, and shrinkage stresses and strains set up in the material and
its host environment. Molecular densification during the polymerisation process
of dental restoratives, and the macroscopic effects of shrinkage strain and/or
shrinkage stress, continue to attract widespread international research interest
[1–13]. This is pursued at several levels. There is the need to characterise these
properties of both candidate monomer molecules, synthesised with the aim of
attaining reduced shrinkage materials [14], and also resin-composite materials –
either commercially available or formulated experimentally [10]. In addition,
different light-curing units and modes of operation require investigation with rep-
resentative materials in the context of shrinkage phenomena [3, 15, 16]. These
properties are strongly coupled and are controlled especially by the degree of con-
version (DC) of the network [3]; thus, there are numerous variables associated
with the photo-polymerisation process, and an understanding of these is impor-
tant for the dentist and the dental scientist.

Potential Clinical Consequences of Shrinkage Phenomena;;

Several clinical factors are often discussed in relation to polymerisation shrinkage
phenomena. These factors are often arranged in a causal sequence, with shrinkage
being seen as the underlying root cause; however, this is evidently an oversimpli-
fied model, since multiple causes can contribute to problems such as micro-leak-
age, debonding and especially post-operative pain. Nevertheless, shrinkage is one
crucial factor in relation to several clinical outcomes.

The objective of this chapter is not to exhaustively review the clinical evidence
but to discuss the underlying science of shrinkage behaviour, in its dependence
upon photo-polymerisation.

In Situ Photo-Polymerisation 
and Polymerisation-Shrinkage Phenomena

D. Watts, N. Silikas
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Marginal Staining;;

Marginal staining is often the first indicator that the clinician sees some possible
breakdown or aesthetic deficiency of a restoration. This is not necessarily a sign of
any serious problem meriting replacement of the restoration for any functional or
biological reason; however, such staining does show that at least superficial dete-
rioration has occurred at the margin. Stresses caused by shrinkage effects are a
probable cause.

Fractures;;

When restorations in a host cavity develop internal stresses, this is a pre-dispos-
ing factor in material fracture, especially in the restorative material itself; however,
the shrinkage stresses most probably operate in concert with stresses due to occlu-
sion and even due to intra-oral thermal changes.

Debonding;;

It is well documented that teeth deform under the cinfluence of externally applied
loads [17]. Similarly, cuspal deflection due to internal shrinkage stresses has been
reported. Various techniques indicated cuspal deflections of up to 50 mm. Defor-
mation of the tooth depends on the distribution of the residual stresses; hence,
tooth deformations may take a range of values. Deformation patterns have been
studied using numerical techniques, such as finite element analysis [2, 18, 19].

Microleakage;;

If debonding has occurred and if a gap also results, this may lead to leakage at the
gaps, including ingress of bacteria.

Secondary Caries;;

Although secondary caries is a major factor in restoration failure, it should be
remembered that this is a feature of many kinds of restorative techniques other
than those that undergo polymerisation; hence, polymerisation shrinkage is un-
likely to be the sole cause of secondary caries with resin-composite restorations.

Postoperative Pain;;

Several myths are often repeated about resin composites “shrinking towards the
light” and hence pulling away from the floor of a cavity. That composite materials
exhibit gaps at the pulpal floor, and that shrinkage may have a contributory role,
may nevertheless be probable. This void eventually fills with fluid and can cause
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hydrostatic pressure in the dentinal tubules, which leads to sensitivity to pressure
on the filling. This is the most common reason for pain when biting on a new com-
posite filling. The only solution for this problem is to redo the filling [20, 21]; how-
ever, an inevitable causal link between shrinkage and post-operative pain should
be doubted.

Clinical Management of Shrinkage Phenomena;;

Shrinkage stresses are very dependent upon the cavity geometry as well as the
underlying chemistry. This is often helpfully discussed in terms of C-factor, the ra-
tio of bonded to unbonded surface area of the restoration. There may be opportu-
nities in cavity design to adjust the shape so as to suitably modify the C-factor and
the resultant stress.

It is clinically possible to reduce composite curing rate by lowering the light
irradiance used for photo-activation. In one model for reaction kinetics, conver-
sion rate is proportional to the square root of the irradiance (in mW/cm2); how-
ever, to be effective, these new “soft-start”curing methods should be able to reduce
shrinkage stress, or at least the shrinkage-stress rate, and improve marginal
integrity significantly, without compromising the DC or composite mechanical
properties.

Light Sources for Photo-Polymerisation of Dental Biomaterials;;

Understanding photo-polymerisation begins with an understanding of light itself.
Since the time of Isaac Newton, the wave and particle models of light were in com-
petition until the Quantum revolution of the early twentieth century, when these
models were combined in the quantum synthesis. In our discussion related to pho-
tochemistry, it is helpful to highlight the particle, or photon, model.

Photons, the particles of light, have several characteristics:
1. Energy (frequency, wavelength) and its distribution. The energy of a photon of

frequency n is given by E=hn, where h is Planck’s constant. Because the energy
of photons is directly proportional to their frequency, low-energy photons have
low frequencies, while high-energy photons have high frequencies. Low-energy
photons are called radiowaves or microwaves, medium-energy photons are
called light (or light waves, or visible light), high-energy photons are called 
X-rays, and those having even higher energy are called gamma rays.

2. Momentum. The momentum of a photon is given by dividing the energy by the
speed of light.

3. Number/area/second (expressed equivalently as irradiance).
4. Spin (polarisation). In quantum mechanics, spin is an intrinsic angular mo-

mentum associated with particles. Photons should be observed in three spin
projections (–1, 0 and 1); however, the zero projection would require a frame
where the photon is at rest, but, since photons travel at the speed of light, such
a frame does not exist according to the theory of relativity, and so photons only
have two spin projections.
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5. Entanglement. Photon entanglement is a quantum phenomenon that occurs
when two or more photons share unique properties but remain physically
separated.

Photons may be produced by several different types of light source. These sources
include: quartz–tungsten–halogen (QTH); plasma arc; laser; and light-emitting
diode (LED).

Quartz–Tungsten–Halogen Sources;;

A quartz–tungsten–halogen light source consists of a halogen bulb with a fila-
ment. As a current passes through the filament, the wire heats up, and as a result,
electromagnetic radiation is emitted from the filament [22]. The traditional stan-
dard irradiance of the QTH sources has been approximately 500 mW/cm2, which
can adequately cure most dental composites to a depth of 2 mm in approximately
40 s. The spectrum of QTH radiation is continuous over the visible range, with
radiation intensity increasing considerably towards the red end of the spectrum.
Most of this radiation does not contribute to polymerisation and must be filtered
[23]. The QTH sources require filters to select blue-light wavelengths between
approximately 400 and 500 nm.

Plasma Arc Curing Sources

Plasma arc curing (PAC) sources contain xenon plasma lamps. The light is emitted
from glowing plasma, which is composed of a gaseous mixture of ionised mole-
cules and electrons. The lamp filled with high-pressure xenon gas emits high-in-
tensity light by an electric discharge. They are characterised by a very high output
in a narrow range of wavelengths around 470 nm [24]. Their claim is that the high-
er the light intensity, the higher penetration depth is achieved in a short time by
these systems; however, this raises the question of whether the high irradiance
delivered in short time would lead to an adequate polymerisation. Another issue
of concern is the rate of polymerisation. Curing by PAC sources occurs very fast
and there is the risk of high polymerisation shrinkage.

Laser Sources;;

Laser sources emit light at a few distinct frequencies within the desired region,
thus completely eliminating the need for filtering undesired wavelengths. Accu-
Cure-3000 is a commercially developed Laser-LCU whose output spectrum falls
entirely within the absorption spectrum of CQ. A study by Blankenau has shown
that the AccuCure-3000 produced post cure physical characteristics that are much
improved over those attained by an Argon-Ion laser and QTH light sources [25].
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Light-Emitting-Diode Sources;;

Light-emitting-diode sources are semi-conductor devices of an n–p type, con-
structed from two layers of semi-conducting materials, one doped with electrons
(n-doped), the other doped with “holes” (p-type). The ends of the crystals are
cleaved and polished to give a laser resonant cavity (the ends rarely necessitate
reflective coatings).When a small voltage is applied to the terminals, electrons are
injected from the n-region into the p-region (and the holes from p- to n-region).
The holes and electrons rejoin emitting photons of identical wavelengths. This
recombinant radiation forms the basis for the LED and explains the narrow band-
width of the light emitted [26]. The wavelength of the emitted light is not only
dependent on the crystal structure – in the case of the blue diode it is gallium-
nitride (GaN) – but also on the length and refractive index of the semi-conductor
crystal [27]. GaN LEDs were first proposed for activation of dental light-cured
composites by Mills [28] in a letter to the editor of the “British Dental Journal”.
Individual LEDs have a relatively low light irradiance output compared with a
QTH bulb; therefore, multiple diodes are often arranged into an array, the com-
bined output of which, when appropriately channelled through a light guide, can
approach that of QTH values [29]. Spectral output of one QTH source (Optilux
501) and two LED sources (Freelight-1 and Ultralume-2) are shown in Fig. 6.1.
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Further Variables with Light Sources;;

Alternative curing routines using stepped, pulsed or ramped energy delivery have
been developed with the intent of improving restoration interfacial integrity by
reducing composite curing rate, thereby increasing its flow capacity. A slow poly-
merisation of a resin composite may give rise to reduced polymerisation shrink-
age in restorations because of stress relief. This may be achieved by applying short
pulses of light energy (pulsed delay), pre-polymerisation at low light intensity
followed by final exposure at high intensity (soft start), or a combination of both
(ramp curing).

In pulse-delay cure the polymerisation is initiated by a short flash of light
followed by a waiting time of several minutes before the final polymerisation is
performed. It was shown that pulse activation and soft-start polymerisation regi-
mens did not significantly reduce post-gel shrinkage [30], and that pulse-delay
technique resulted in a polymer structure with lower crosslink density compared
with slow-start polymerisation [31].

The soft start was found to reduce the speed of shrinkage while maintaining
degree of cure [3, 32]. Other potential benefits of soft start include reduced poly-
merisation shrinkage and temperature rising [33], lower solubility and equivalent
hardness values compared with a standard halogen source [34].

The ramped light intensity can slow the rate of cure and help to reduce the rate
and maximum polymerisation stress without compromising the physical proper-
ties of the material [35].

Radiometry: Irradiance (Radiant Incidence and Radiant Exitance)
and Total Energy Concept

Irradiance is a term that can legitimately be used for light output from a source
and also for light input onto a defined surface area; thus, there are two possible
conditions. The flux can be arriving at the surface (Fig. 6.2a), in which case the
radiant flux density – or optical power received per unit area on the surface – may
also be referred to uniquely as radiant incidence. The flux can arrive from any
direction above the surface, as indicated by the rays. Irradiance in this case is
defined as:

M = dF/dA
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where F is the radiant flux arriving at the point and dA is the differential area
surrounding the point.

The flux can also be leaving the surface due to emission and/or reflection
(Fig. 6.2b). The radiant flux density is then referred to as radiant exitance. The flux
can leave in any direction above the surface. Irradiance in this case is defined as:

E = dF/dA

where F is the radiant flux leaving the point and dA is the differential area sur-
rounding the point.

Since irradiance is equivalent to power (or energy/time) per unit area, then the
integral of irradiance and time is equivalent to total energy per unit area. In cases
where the irradiance is constant over a time interval, then the product of the irra-
diance and time gives the value of the total-energy integral. This parameter is
often used when investigating the dependence of photo-polymerisation upon
irradiation conditions.

Light Penetration into and Through Oral Biomaterials;;

Depth of Cure, and Top/Bottom Surface Hardness;;

A major characteristic of visible light-cured (VLC) composites is the variable
depth of cure, which arises from attenuation of light transmission in these mate-
rials. The variation of cure with depth into composite filling materials has been
studied by several techniques, including microhardness profiles [36, 37] and DC
[38]. Several techniques have been compared [39–41].

Several parameters may be derived to characterise the depth of cure; these
include the depth at which hardness falls to 80% of its peak value [37] and the
depth at which the hardness falls to the lowest measurable value [42]. A resin
which is not fully polymerised will show reduced mechanical properties, poorer
colour stability and greater susceptibility to stain.

With the development of light sources of improved irradiance, at least a 2- to 
3-mm depth of material can be polymerised in 20–30 s irradiation. Irradiance falls
within the body of the material because of absorption and scattering by the resin
and filler particles, and by tooth substance.

Surface Reflection, Absorption and Scattering Processes
in Composites

Aesthetic restorative materials should match the optical properties of hard dental
tissues,especially in colour and translucency.The colour of the composites reflects
the reflectance spectrum (i.e. light reflection) of the composites, which are consid-
erably affected by the background colour and the thickness of the composites [43].
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According to Fresnel’s relationship, for light incident to a normal plane bound-
ary between media of refractive index n1 and n2, the reflectance [r] is:

Hence, a composite is only translucent when there is matching of refractive indices
between resin matrix and filler [44]. For methacrylate resins, the n is ~1.5. Adjust-
ments in refractive index over a small range can be made by change in the ratio of
primary and diluent monomers, such as Bis-GMA/TEGDMA. Of the glass fillers,
n=1.552 at the peak wavelength, ca. 470 nm, for a widely used barium glass. Under
the same conditions, n=1.506 for a strontium glass.

The theory of scattering is not well developed for particulate glass composite
resins of the appropriate particle size ranges, volume fractions and refractive
index increments (Dn). Rayleigh scattering describes the case where particles are
small compared with wavelength, Rayleigh-Gans scattering applies to larger par-
ticles provided that Dn is small. The more general Mie theory is still not fully
applicable and empirical relationships have been widely employed.

Kubelka and Munk (K-M) [45] mathematically expressed optical properties,
such as light reflection and transmission of translucent light-scattering materials,
in terms of simple hyperbolic functions of their thickness, dependent upon two
optical constants such as absorption and scattering coefficients at each wave-
length in the visible light spectrum. Because K-M’s theory could successfully pre-
dict reflection spectra and colour of translucent light-scattering materials of dif-
fering thickness on various backgrounds, several dental materials scientists and
clinicians have applied this theory to the evaluation of optical properties, especial-
ly light reflection, of set dental aesthetic restorative materials [43, 46–49]. There
are, however, few studies of optical properties, especially light transmission, of
uncured VL-cured composites by K-M’s theory [48].

Composites may be provided in both opaque and translucent forms to match
different areas of the dentition. Metallic pigments are added in small quantities to
give different tints; these absorb rather than scatter light.

The optical properties of composites can change as a result of polymerisation.
The extent of change is dependent upon the characteristics of the material and
wavelength [50]. When VLC resins are cured, nresin and hence Dn change slightly.
This can produce a significant change in light transmission and appearance of the
composite. The translucency can increase or decrease, depending upon whether
nresin >nglass, or vice versa.

The camphoroquinone photo-sensitiser imparts a yellow tint to the monomers,
which is lost as CQ is consumed. Residual amine-reducing agents may degrade in
clinical service and cause discolouration of the composite.

Surface reflectivity and gloss depends strongly on the mean particle size.
Polishable composites, which retain a gloss caused by specular reflection, are
based on particle sizes ca. 0.5 mm. Colour matching of composites for use under
artificial lighting, which may include UV components, is difficult.
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Application of Beer-Lambert Law;;

Regarding the Beer-Lambert law, light is attenuated with increasing cross-section-
al distance from the irradiated surface [51] as a result of light absorption and scat-
tering caused by fillers and other additives [52], leading to limited depth of cure
[37].

To express this mathematically, firstly, the relationships must be established
between the light levels incident upon the surface and those available at depth
within the specimen. This is given by the Lambert law:

I = I0e–gd

where Io is the light intensity entering the specimen surface and I is the light inten-
sity at depth d below the surface. g is the Naperian absorption coefficient of the
medium.Changing to a decadic exponent, the transmittance t,which expresses the
available light intensity within the medium at depth d, is defined as:

where a is the absorbance and g=2.303x a. The (decadic) linear absorption coeffi-
cient [a] includes the effects of absorption by all components of the resin-compos-
ite system, as well as scattering effects. (If the camphorquinone concentration is
unnecessarily high, this will lead to attenuation of radiation through the materi-
al.)

Secondly, the light intensity absorbed by the photo-sensitiser across a thickness
element dd, at depth d in the medium, is then:

Ia = I .[1–e–asdd] ª I.asdd

where as is the absorption coefficient of the photo-sensitiser. The value of asdd is
given by Beer’s law:

asdd = es . Cs

where es is the molar absorptivity (extinction coefficient) of the photo-sensitiser
[concentration CS], at the particular frequency of radiation absorbed.

The overall expression for nonuniform monochromatic light absorption of the
composite system, in terms of the number of quanta absorbed by the photo-sen-
sitiser per unit volume at a distance d below the surface, may be given by:

Ia = esCsI010–ad

It may often suffice to assume that, at depth within the composite, the concentra-
tion CS of the photo-sensitiser is constant, where this is present in excess of the
photon intensity.

Photo-Initiators for Free-Radical and Cationic Polymerisation;;

Most VLC dental composites are supplied as single-component formulations.
Resin composites formulated as dual-component types undergo either self-cure
upon mixing, or dual cure upon mixing and application of visible light, i.e. dual-

τ α= = =− −I
I
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0
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cure systems incorporate both self-cure and VLC activator/initiator chemicals.
These are commonly, but improperly, denoted the “catalyst” system(s).

The organic monomer phase usually includes low concentrations of inhibitors
and stabilisers together with the chemicals required for activation and initiation
of monomer polymerisation or “cure”. The initiation process has a significant
effect on the kinetics of polymerisation and the polymer structure; thus, it can
affect several properties, such as rheology and long-term performance, of the net-
work. The structure of radicals and their effect on the rate of reaction is critical to
the development of an understanding of polymerisation [53].

Camphorquinone;;

The VLC resin-composite materials usually employ photo-sensitised free-radical
initiators, commonly, an a-1,2 diketone, such as benzyl or camphorquinone (CQ;
Fig. 6.3), and an amine-reducing agent such as dimethylaminoethyl methacrylate
(DMAEMA) or dimethyl p-toluidine (DMPTI) [54, 55].

The CQ/amine photo-initiator system for generating radicals is widely used for
the polymerisation of dental restorative materials. Light is absorbed by CQ in the
blue region and leads to the nÆp* transition of the dicarbonyl group [56]. The
nonbonding electrons can be promoted to a p* antibonding orbital. This excited
state has a half-life of approximately 0.05 ms. The excited nÆp* transition inter-
acts with an amine molecule and forms an exciplex, which is an excited short-lived
state. Within this exciplex, CQ accepts an electron from amine and from the radi-
cal ion pair, and abstracts a hydrogen atom from the tertiary amine which results
in the primary radical. This latter radical then attacks the carbon double bonds of
the monomers. The former CQ radical may retard polymerisation through termi-
nation reactions [57].

The concentration of CQ photo-sensitiser is in the range 0.17–1.03 mass
percent of the resin phase and that of DMAEMA reducing agent is 0.86–1.39 mass
percent [55]. The combined photo-sensitiser/ reducing-agent complex has an
extended absorption band within the VL spectrum.
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1-Phenyl-1,2-propanedione;;

Camphorquinone is inherently yellow, which causes problems in colour matching.
This, in turn, places practical limits on the concentration of CQ and, consequent-
ly, limits the degree of polymerisation and depth of cure that can be attained;
therefore, alternative photo-sensitisers have been considered. Diacetyl (2,3-
butanedione) and propanal have been studied by Peutzfeldt and Asmussen [58,
59]. A prominent initiator is 1-phenyl-1,2-propanedione (PPD) which has an aro-
matic group on one side of the dicarbonyl and a methyl group on the other
(Fig. 6.4) and lmaxª410 nm. Recent experiments showed that PPD would be an
efficient visible light photo-sensitiser, comparable with camphorquinone, for the
initiation of the dental resin polymerisation [60], and that resins initiated with
PPD showed better mechanical properties than those initiated with CQ [61]. Fur-
thermore, PPD can act synergistically with CQ to increase the monomer conver-
sion to polymer and/or reduce the photo-sensitiser concentration (and, hence,
colour). This blend of photo-sensitisers may produce a better balance between
surface cure and bulk cure [62]. The combination will also contribute to a reduc-
tion in chroma (from deep yellow to a pale yellow) when the total photo-sensitis-
er (PPD+CQ) concentration is held constant since the PPD wavelength
(lmaxª410 nm) will shift the hue to a less yellow shade (shorter dominant wave-
length). The absorption spectra of CQ+PPD is shown in Fig. 6.5.

In Situ Photo-Polymerisation and Polymerisation-Shrinkage Phenomena 133

Fig. 6.4. Chemical structure 
of 1 phenyl 1,2 propanedione (PPD)

Fig. 6.5. Absorption spectra of CQ+PPD



Photon Numbers and Photo-Initiation;;

It is useful to calculate the typical numbers of photons produced by a light source
per second and to compare this with the numbers of photoinitiator molecules
commonly employed.

Regarding photons produced by a light source, the following terms and rela-
tionships are defined:

I = irradiance of light source (mW/cm2), e.g. 500

l = wavelength of light (nm), e.g. 470

u = frequency of light (Hz)

c = velocity of light [3¥108 m/s]

h = Planck’s constant [6.626¥10–34 J.s]

E = h.u = h.c/l

E = energy of 1 photon of light = 4.226.10–1 J, for l470

Nph = number of photons emitted per second and per square centimetre.

Nph = I/E = I [mW/cm2 or mJ/(s.cm2)/E [J]

Thus, for a typical blue light wavelength: l470

Nph = 1.185¥1018. 1¥1018 photons/(s.cm2)

How many molecules of CQ are in a disk of monomer?

d = 5 mm
h = 2 mm
A = p(2.5)2 ª 20 mm3. V = A.h = 40 mm3.

If monomer density = 1.0 g/cm3 = 0.001 g/mm3,
then monomer mass = 0.001¥40 = 0.04 g.

The concentration of CQ typically = 0.2 mass %.

Hence, within the monomer, the CQ mass fraction is f = 0.002.

Hence, the mass of CQ is MCQ = f ¥ 0.04 = 8 ¥ 10–5 g.

The molecular mass of CQ is m = 166 g/mole;
hence, in 40 mm3 the number of moles of CQ = MCQ/m = 8¥10–5/166. 4.8¥10–7.

Hence, in 40 mm3 the number of molecules of CQ = 
(MCQ/m) ¥ NA (Avogadro’s number).

= (4.8¥10–7) ¥ (6.023¥1023) = 0.289¥1018 0.3¥1018

With a composite consisting of 30% monomer, the number of CQ molecules in a
40-mm3 disc is calculated as follows:

NCQ = (0.3¥1018) ¥ 0.3 = 0.09¥1018 0.1¥1018
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This is the CQ content, in a material thickness of 2 mm.
This can be compared with the number of photons supplies per second per
20 mm2 disc area:

Nph .0.2¥1018 photons per second per 20 mm2.

It is concluded that the number of photons arriving per second is comparable to
the number of CQ molecules in the corresponding area or volume of the material.

Extent of Polymerisation;;

It is evident from many studies [63–66] that all of the dimethacrylate monomers
exhibit considerable residual unsaturation in the final product. This ranges from
25 to 45%, or degree of conversion (DC) ranging from 55 to 75%. The nature of the
unpolymerised resin is of considerable concern, especially in terms of deleterious
effects on the mechanical properties and dimensional stability of the restoration,
but less so in terms of biocompatibility [67]. The unconverted methacrylate
groups must reside in the polymer network either as residual monomer or (a ma-
jority) as pendant side chains (PSC) which extend from the main chains by virtue
of having reacted at only one end of the difunctional molecule.A further possibil-
ity is a cyclisation reaction. As residual monomer, these molecules function as
plasticising agents which can reduce the properties of the polymer network. This
occurs until such time as the monomers leach from the composite into the oral
environment. Pendant side chains act as permanent plasticisers in the composite;
hence, it is desirable to increase DC in order to produce stiffer and more durable
resins, although, for a given composite, shrinkage increases with DC.

For a given VLC product the DC depends on the (a) light irradiance reaching
the composite surface, (b) time of exposure and (c) thermal energy within the
system.

The structure, composition and polarity of the diluent monomer molecules
affects the DC and also shrinkage, water sorption and mechanical properties. The
greater the proportion of BIS-GMA in the composite, the lower its DC [68–70].

Thermal and Spectroscopic Probes;;

Several techniques have been used to measure the extent of the reactions and to
identify the formation of radicals.

Photo-DSC;;

Differential scanning calorimetry (DSC) can determine the rate of reaction and
can be applied to the development of kinetic models. It has been used successful-
ly to predict the incomplete polymerisation in commercial dental light-cured
composites [71].
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FTIR Spectroscopy;;

The unpolymerised carbon–carbon double bonds give rise to an infrared (IR)
absorption at 1638 cm–1, which enables determination of DC either by analysis of
the filled composite, using multiple internal reflection IR, or by analysis of the
unfilled resin films in transmission after extraction of the filler with a suitable
organic solvent. The methods appear to provide comparable results for the same
resin composites, although data suggest that DC is slightly reduced in composites
containing large-volume fractions of quartz or barium glass [72].

Photo-polymerisation reactions occur very fast. Real-time FTIR is an experi-
mental technique that offers the possibility to monitor these reactions in real time
[73]. It offers adequate time resolution and analytic capabilities to study the kinet-
ics of photo-polymerisation in situ [74].

NIR Spectroscopy;;

Near-infrared spectroscopy can measure Overton and combination bands of the
C=C vibrations [75]. This has the capability of measuring relatively thick speci-
mens.

FT-Raman;;

Raman spectroscopy offers an alternative to FTIR spectroscopy for evaluating the
DC in dental resins and follows it at the early stages of polymerisation [76–78].
Raman spectroscopy can also be used to study the composition and structure of
bonding of a sample [79, 80].

Solid-State NMR;;

Solid-state NMR has been used to measure the conversion of methacrylate resins
[81, 82].

EPR Spectroscopy;;

During photo-polymerisation, radicals are generated from the CQ/amine exciplex
and these in turn generate radicals on the growing polymer chains. The former
radicals are unlikely to have an extended lifetime, but the polymer radicals may be
expected to persist for some time after the apparent cessation of polymerisation
following the vitrification of the resin-composite mass. The presence and lifetime
of free radicals may be detected by electron paramagnetic resonance (EPR) spec-
troscopy [83]. In other cases, radicals have been detected with much longer life-
times. The persistence of these free radicals is a necessary, but not a sufficient, con-
dition for further polymerisation, for instance, at elevated temperatures [84–86].
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DMTA and DETA;;

DMTA and DETA were used to investigate the formation of network in dental resin
formulations [87].

Development of Mechanical Properties;;

Surface Hardness;;

The hardness of the top surface of a VLC composite resin specimen is observed to
increase with time at ambient temperatures after the cessation of light irradiation,
although there has been variation in the reported time scale [88–90]. The surface
hardness changes should at least partially reflect changes in the bulk properties.
An empirical mathematical model was proposed for this effect by Johnson et al.
[91] based on non-linear regression. This incorporates exponential terms of the
form derived previously, but involves two time constants.

Bulk Elastic and Visco-Elastic Compliance;;

The time dependence of development of Young’s modulus in flexure was reported
[92], and this followed a similar pattern to that of shrinkage and hardness. Similar
changes in visco-elastic properties, such as static creep and creep recovery [93],
are apparent following cure initiation as the network develops.

General Polymerisation Mechanism for Light-Activated Monomers

The principal chain-reaction steps involved subsequent to photo-activation of free
radicals (A*) are as follows, with the associated rate constants [k...]:

Initiation [ki] A* + M 6 AM
Propagation [kp] Mn

• + M 6 Mn+1
•

Termination [kt] Mn
• + Mm

• 6 M(n+m)
Inhibition/retardation [kx] Mn

• + X 6 MnX• (inactive)
R• + X 6 RX• (inactive)

A, M and X denote the photo-reducer (usually an amine), the monomer and the
inhibitor, while R and Mn are the initiator and polymer radicals. In the presence of
certain chemicals, chain transfer is a further mechanistic possibility.

An active centre is created when a free radical attacks the p-bond of a molecule
of monomer. Propagation involves growth of the polymer chain by rapid sequen-
tial addition of monomer to the active centre. With vinyl chain polymerisation
(e.g. methyl methacrylate or methacrylate end groups) there is head to tail or head
to head; the former predominates because attack at the methylene [CH2=] carbon
is less sterically hindered and yields a product free radical that is stable because of
the effects of the adjacent side chain. The time required for each monomer addi-
tion is typically a millisecond.
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Steady-State Hypotheses;;

Simplifying assumptions are commonly made in the development of equations in
chemical kinetics; these concern either an assumed or a demonstrable balance in
rate processes between the production and destruction of intermediate molecular
species. In the present case, three such assumptions are made, concerning:
1. Excited states of CQ (singlet and triplet). Radiation in the visible region

(400–550 nm, where max=470 nm) promotes an electron in one of the two car-
bonyl groups of CQ to a short-lived, excite state. The half-life is approximately
0.05 ms for the CQ triplet [57].

2. Initiator radicals. The CQ/amine photoinitiator system for generating radicals
is widely used for the polymerisation of dental restorative materials.

3. Polymer chain radicals. If the light irradiance is very high, then the system(s)
may not be in balance, and so the steady-state assumptions may not hold.

Polymerisation Kinetics of Light-Activated Resin Composites;;

The following analytical equations may be developed for photo-polymerisation
kinetics for linear-chain systems.

The rate of production of primary free radicals from the photo-sensitiser (Rr)
can be formally expressed by:

Rr = 2fIa

where Ia is the light intensity absorbed by the photo-sensitiser across a thickness
element dd, at depth d in the medium (as calculated above) and j is the quantum
yield for initiation [94, 95]. The factor 2 is strictly optional and is usually used
when two radicals are generated for each photo-sensitiser molecule. As already
noted, however, of the two, radicals generated according to the photo-activation
scheme that derived from the amine has the greater efficiency in initiation.

A detailed kinetic analysis of the activation steps has been made by Cook [96].
This can be re-expressed via the following expression for Rr which amounts to a
calculation of the quantum yield in terms of underlying mechanistic quantities:

Rr = b ka [A] [Q*
T]

where b is the fraction of exciplex “molecules” forming free radicals, and ka is the
rate constant for exciplex formation from bimolecular reaction between amine
and triplet-CQ.

The lifetimes of excited singlet states are normally very short, so the concentra-
tion of Q*

S should be low, also the concentration of the triplet Q*
T should be low

and unchanging (the “steady-state” assumption); thus:

d[Q*
S]/dt = d[Q*

T]/dt = 0,

and hence it can be shown that (where k’ = k1 + k2):

Q*
T = k2 eQ [Q] I /{k’.k3 + k’.ka [A]}

where, as above, I is the light irradiance at depth d in the material. Also, the other
quantities are defined above and/or in the reaction scheme.
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Some consequences of practical importance follow from this analysis: there 
are limiting cases for the kinetic equations, corresponding to high or low amine
concentrations:

At high [A], Rr is independent of [A].
At low [A], Rr is dependent on [A].

Since most resin composites are viscous and form a gel structure at low degrees of
conversion (ca. 15%), it can be assumed that the photo-sensitiser and resultant
free radicals do not rapidly diffuse [97]; thus, if the further steady-state assump-
tion is made that the rates of production and consumption of initiator radicals
rapidly become equal, then Rr is equal to the rate of initiation (Ri). This assump-
tion will require a concentration of photo-reducer [A] to be present that matches
that of the photo-initiator [Q].

Rate of Polymerisation;;

The rate of monomer disappearance, which is synonymous with the rate of poly-
merisation, is given by the sum of the rates of initiation and propagation, Ri and
Rp, since both steps consume monomer; however, the former term (Ri) is relative-
ly insignificant and can be neglected, so

where [M] is the monomer concentration and [M] is the total concentration of all
chain radicals of size M1 and larger.

Normal Termination Model;;

If a steady-state assumption is again made that the concentration of polymer rad-
icals rapidly attains a constant value, then this is equivalent to saying that the rates
of initiation and normal termination are equal, and hence:

Ri = 2kt[M*]2

Rearrangement and substitution into the preceding equation yields:

The first expression for Rr may be substituted for Ri in this equation to give

This gives us the important result that the rate of polymerisation is proportional
to the square root of the absorbed light irradiance, and hence proportional to the
square root of the photo-initiator concentration.
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This rate equation may be integrated with respect to time (t) from commence-
ment of irradiation to give an expression for the degree of conversion (DC):

M0 is the initial concentration of methacrylate groups and M is the concentration
at time (t). This equation, in conjunction with preceding expressions relating
absorbed light (Ia) to incident light intensity, predicts that at constant DC the max-
imum value for depth of cure (dmax) is directly related to both log I0 and log (irra-
diation time) with slopes of 1/a and 2/a [98]. These last two polymerisation-rate
expressions, in differential and integral form,are related further to polymerisation
shrinkage kinetics and to the development of surface hardness and bulk mechan-
ical properties [99, 100]. The preceding analysis may be extended to predict that
the number-average molecular mass of polymer chains, in the case of linear poly-
merisation (e.g. of methyl methacrylate), is inversely proportional to the square
root of photo-initiator concentration. Qualitatively, this is understood in terms of
many initiator centres resulting in relatively short chains, and vice versa, because
of a finite pool of monomer molecules.

Auto-Acceleration;;

There is often a sharp increase in Rp as the conversion of monomer increases. This
phenomenon is known as auto-acceleration or the Trommsdorf-Norrish effect or
the gel effect. Auto-acceleration arises as a consequence of the increase in viscosi-
ty and temperature of the reaction medium caused by the formation of polymer
molecules which leads to a rapid decrease in the termination rate constant kt.

The contrast between linear and cross-linking reactions is extensively reviewed
by Andrzejewska [101]. Figure 6.6 shows the contrast in kinetic profile (rate of
polymerisation vs time) for these two situations. It is apparent that the polymeri-
sation rate in crosslinking systems shows auto-acceleration followed by auto-
deceleration.
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Fig. 6.6 a, b. Typical shape of kinetic curve of polymerisation rate as a function of irradiation
time for the polymerisation of a monomethacrylate monomer and b dimethacrylate
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Definitions of Polymerisation Shrinkage Phenomena;;

Polymerisation Shrinkage Strain:
How Much? How Fast? What Direction?

The polymerisation of dental composite resins is inevitably accompanied by
shrinkage. Existing types of photo-curable resins and composites, especially those
based on acrylates and methacrylates, exhibit polymerisation shrinkage of
monomers during the setting process. Polymerisation shrinkage strain of resin
composites, particularly shrinkage in a direction normal to the interface of the
material with dental tissues, is of critical importance [102]. Plastic flow may occur
during the pre-gelation phase such that internal stresses within the material un-
dergo stress relaxation [103]. Beyond the gel point, however, stress development
occurs. Its magnitude, relative to the strain, depends on the elastic (or visco-elas-
tic) moduli, which are also increasing functions of time [92]. Polymerisation
stresses in a bonded structure may cause adhesive or cohesive failure and interfa-
cial gap formation or, if adhesion is maintained, deformation of residual tooth
structure may occur.

Shrinkage is a vector quantity and composite shrinkage patterns are often
anisotropic, especially when the material is placed in an open cavity. The adverse
effects of polymerisation shrinkage stress on the bond between restorative mate-
rials and hard tissues have been extensively described in the dental literature [13,
17, 104].

Following the onset of cure, the post-gelation rigid shrinkage is the factor of
clinical significance. Flow may compensate for the effects of shrinkage during the
pre-gelation phase; however,VLC resin composites reach the gel point rapidly, typ-
ically at 15% conversion. The present generation of flowable composites undergo
a free volumetric shrinkage of 4–9% [105]. For condensable composites volumet-
ric shrinkage is in the range 2.0–6.0%, with most values near 3.5% [6]. Sixty-five
to 75% of this shrinkage occurs within the first 10 min of placement, irrespective
of curing mode [106].

Polymerisation shrinkage can be influenced by various factors. Increasing the
volume of inert material, be it inorganic or organic filler, may reduce the overall
shrinkage of composites, simply because less monomer is present to react [107];
however, towards the upper limit of filler fraction there is increased viscosity that
results in a clay-like paste. Then monomers are added as diluents to reduce resin.
Also, high filler loading results in a high degree of stiffness, which can lead to high
shrinkage stress; hence, increases in volume fraction of filler do not invariably
produce a substantial reduction in shrinkage [72].

The magnitude of polymerisation shrinkage is also dependent on the extent of
the reaction, and its ability to flow. Another factor is the monomer size. The larg-
er a molecule is, the less the polymerisation shrinkage for a given volume [108,
109].
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Shrinkage Stress;;

Polymerisation shrinkage stress is not only a function of the composite’s volumet-
ric shrinkage strain, but it is also determined by its visco-elastic behaviour, which
is usually described in terms of elastic modulus development and flow capacity.
Generally, the higher the volumetric shrinkage and/or the faster the material
acquires elastic properties after the beginning of polymerisation, the higher the
stresses will be.On the other hand,at early stages of polymerisation,before the on-
set of gelation (known as “gel point”), crosslinking density is relatively low and the
polymeric chains may assume new positions (flow), permitting stress relaxation.

The inter-relationships between stress and strain are shown in Fig. 6.7.

Generation of Stresses in Different Cavity Configurations
(C-Factor)

C-factor is the ratio of the bonded to unbonded surface area of the specimen:

C = total bonded area/total unbonded area

Feilzer et al. showed the role of cavity configuration (C-factor) on the development
of polymerisation stresses with in a resin composite [110]. They described an in 
vitro model in which restorations, with C-factor <1, are the only ones likely to sur-
vive polymerisation shrinkage stresses; thus, early bond strengths are crucial
since they are responsible for preserving the adhesive interface during develop-
ment of stress from polymerisation. Therefore, the magnitude of the shrinkage
stress is dependent on material properties [111], on the cavity configuration 
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(C-factor) [112] and on the amount of compliance of the surrounding structures
[7, 113].

Several studies reported reductions of bond strength values under high C-fac-
tor cavities [114–116].

Generally, the less the free, unbonded area there is in a cavity, the less will be the
ability of resin to flow, and therefore the greater will be the shrinkage stress at the
bonded surfaces.

If a small fraction of the bond is broken during polymerisation shrinkage of the
resins, the retention of the resin composite may not be significantly affected; how-
ever, the seal of the restoration is compromised and may lead to undesirable clin-
ical consequences. This hypothesis may also explain the lack of a good correlation
between bond strength and marginal leakage data [117, 118]. To achieve good
dentin bonding, the forces of polymerisation shrinkage must be minimised and
dentin bond strengths must be maximised.

Measurement of Shrinkage Strain;;

For more than a decade, several techniques have been developed and utilised for
measurement of shrinkage strain. Composite shrinkage has been determined
from dilatometric [119], linometer [120] and “bonded-disk” methods (Fig. 6.8)
[100] where the shrinkage may occur in one dimension, normal to the specimen
surface. Other methods include laser interferometry [121] and differential vari-
able transducer [122].
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Kinetics of Shrinkage Strain;;

The theory of polymerisation kinetics, discussed above, predicts an exponential
growth curve for shrinkage vs time, provided that (a) there is a steady-state con-
centration of polymer radicals, with radicals disappearing by normal termination,
and (b) the shrinkage kinetics keep in step with the crosslinking polymerisation.
The time constant (t) is then inversely proportional to the square root of the irra-
diance of light (Ia), of appropriate wavelength, absorbed by the photosensitiser.

Once initiated, the initial rigid polymerisation shrinkage of VLC resin com-
posites proceeds rapidly, in a near-linear manner with time. For most materials,
however, the normalised overall decay in free volume (V), i.e., shrinkage, was
approximately represented by the Kohlrausch-Williams-Watts (KWW) stretched-
exponential relaxation function, [123, 124]:

DV/V0 = 1–e–(t/t)b
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Fig. 6.9 a, b. Represen-
tative shrinkage-strain
data for a dimethacry-
late monomer system,
from the bonded-disk
method. a Strain 
vs time; b strain rate 
vs time
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where 0<b£1, typical values being 0.3–0.6. This is particularly appropriate to the
situation following the initial linear shrinkage. The glassy state is swiftly generat-
ed by photo-polymerisation and the KWW function characterises the time de-
pendence of segmental motion in the glassy state as a fractal-time stochastic
process [123], which is the governing factor for the self-limiting processes of bulk
polymerisation and free-volume shrinkage. Representative shrinkage-strain and
strain-rate data, from the bonded-disk method, are shown in Fig. 6.9.

Relationship Between DC and Shrinkage Strain;;

Volumetric shrinkage is directly related to the degree of conversion of composites
[3, 4]. Higher degrees of conversion are usually associated with improved mechan-
ical properties; therefore, there is a myth that high degrees of conversion would
improve the performance of composite restorations over time. However, higher
degrees of conversion will also lead to higher contraction stresses. It was shown
that the stress-development rate increases at higher conversion levels [125]. Opti-
mum DC and minimal polymerisation shrinkage are generally antagonistic goals.

Theoretical Relationship Between Conversion
and Shrinkage Strain

In the polymer science literature it is widely accepted that the dominant cause of
shrinkage strain in mono-methacrylates arises from conversion of C=C double
bonds, where for each monomer segment of the chain the larger van der Waals in-
ter-molecular spacing is replaced by the smaller intra-molecular covalent bond
[126, 127]. This results in density changes on proceeding from monomer to poly-
mer [128]; thus, an exact semi-empirical relationship can be derived.

Experimentally, the volume change per mole of methacrylate groups (C=C) in
methylmethacrylate (MMA) is:

DVC=C = 22.5 cm3/mole [or 10–6 m3/mole] 

[126, 129] when MMA is polymerised. The molar volume of MMA is:

Hence, the volumetric shrinkage strain of MMA is 
22.5 × 110 = 21.12 %._____

106.5
where

Mm is the molecular weight and rm is the density.

Mm

mρ
= =100 12

0 94
106 51 3.

.
. .cm
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The values for density and molecular weight were obtained from the Polymer
Handbook [130]. In the more general case of multi-methacrylates, where f is the
functionality of the monomer, the number of functional groups present in volume
(V) is:

The number of functional groups reacted in volume (V) is:

where DC is the fractional degree of conversion.
The percentage relative change in volume (volumetric shrinkage strain) is:

(1)

For a mixture of monomers of any functionality:

(2)

For example, with two monomers, one monofunctional and one difunctional

(3)

Equations (1)–(3) embody the expectation that the volumetric shrinkage strain
will be directly proportional to the DC of the monomer systems; hence, if the DC
diminishes for any reason, the shrinkage strain should also be observed to
decrease [131].

Experimental Correlations between DC
and Shrinkage-Strain Magnitudes

The DC and shrinkage-strain values of two resin composites (Z100 and TRC) were
measured. The irradiance used was varied systematically, but each set of samples
prepared for DC and shrinkage-strain experiments were exposed to the same light
irradiance; therefore, a meaningful correlation between the two methods was
established. Significant reductions in light intensity by a factor of ca. 3.8 only
reduced DC by a factor of 1.3 for TCR and 1.6 for Z100 as measured by FTIR [3].

The results obtained from the shrinkage-strain measurements showed a signif-
icant decrease in shrinkage strain when light intensity was decreased. This
decrease in shrinkage, if sustained, could lead to better marginal adaptation.
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The correlation shown in Fig. 6.10 is restricted to the range 26–61% DC.Extrap-
olation to lower DC values should be done with care. It is possible, as indicated by
the dashed lines, that the plot could become curvilinear, so that it would express
the possibility of zero shrinkage despite a finite DC (ca. 10%); hence, a close rela-
tionship between DC and shrinkage strain, with antagonistic clinical implications,
was confirmed.

Network Variables Beyond Degree of Conversion;;

Although degree of conversion is the most important parameter for characterising
a dental composite network, it is not the only possible structural factor of interest.
Different irradiation modes may result in the same DC but differing network
structures. Exposure to suitable solvents, followed by surface hardness measure-
ments, has been explored as a means of investigation [132].

Measurement of Shrinkage-Stress Kinetics;;

Several methods now exist for measurement of the final shrinkage-stress magni-
tude generated by a composite in a defined host environment. Methods that deter-
mine the kinetic development of shrinkage stress with time are particularly use-
ful. One such method, using the Bioman instrument, incorporates a cantilever
load-cell geometry [133, 134].
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Fig. 6.10. Relationships between degree of conversion and shrinkage strain for two resin compos-
ites: Tetric Ceram (TRC) and Z100. The points on each graph were for increasing light-irradiance
levels applied to the composites, for both DC and shrinkage measurements, resulting in progres-
sively greater monomer conversion



Scientific Management of Shrinkage Phenomena;;

There are several possible approaches to producing resin-composite materials
that have reduced shrinkage strain and/or reduced shrinkage stress.
1. Adjustments to existing resin chemistry. Various modified dimethacrylate

monomer mixtures are being investigated to reduce shrinkage phenomena.
2. Adjustments to dispersed-phase filler technology. The highly filler-loaded

materials generally exhibit reduced shrinkage strain; however, the high moduli
of these materials do not generally lead to reduced shrinkage stress.

3. The quest for new resin chemistry.
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Fig. 6.11 a, b. Chemical
structures of silorane
monomer, in a 2D and
b 3D stick-and-ball
model. Purple Si;
red O; black C; green H
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Progress towards elimination or reduction of polymerisation shrinkage by syn-
thesis of monomers that expand upon polymerisation has been reported by
Thompson et al. [135] and Stansbury [14]. New developments have arisen using
epoxide and silorane chemistry (Fig. 6.11).

Conclusion;;

The polymerisation of resins is invariably accompanied by the volumetric shrink-
age of the cured material compared with the unset state. Shrinkage is associated
with the polymerisation reaction in a complex way. The reduction in shrinkage
strain could be attributed to reduced network connectivity, or to an increased
propensity for flow of the materials. Throughout the entire polymerisation
process, plastic deformation or flow of the composite resin may occur to a limited
extent, until vitrification occurs. Reduced light irradiance may result in a storage
modulus development at a slow enough rate to allow for flow and dissipation of
stress, while maintaining a sufficient bond to tooth structure. As the setting
process proceeds, shrinkage and flow decrease gradually because storage modulus
increases. Under high light irradiance, composite resins restrain this stress relief
much more by not allowing enough flow to reduce internal stress. Restriction of
the flow capacity by the configuration of the restoration also enhances the shrink-
age stress; hence, optimal rheological effects would enhance marginal adaptation.
These beneficial effects of flow are being utilised when decreased light intensity is
employed. The practice of “soft-start” polymerisation utilises the foregoing theo-
ry.

With regard to optimal light-curing intensities for clinical purposes, the mini-
mum amount of irradiation for direct curing and indirect curing through enamel
or dentine is still unknown. High curing intensities may not be essential. Low
intensities will slow the reaction. As the rate of conversion determines the rate of
shrinkage, stress development and the ultimate stress level, any retardation of the
reaction will contribute to slowing down the shrinkage stress development and
possibly its ultimate value. This will be primarily achieved by the extended time
period for some viscous flow, which may compensate for the developing stresses.
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Introduction;;

When a tooth becomes decayed or fractured, an indirect restoration may be indi-
cated to restore its functional and biological integrity. To reach that goal, special
requirements have to be set for the properties of the cement used to retain the
restoration. From a biological point of view the health of the pulp has to be
ensured by the creation of a tight and durable seal of the dentinal tubules, where-
as from a mechanical point of view that seal has to resist the forces caused by func-
tional loading of the restoration and the stresses caused by dimensional changes
during cement setting and use. Moreover, the optical properties of the restorative
system,which includes the cement and the restorative material, should correspond
to that of the tooth to create an esthetic restoration of high quality; thus, the key
for the success of any restorative dental material depends on its ability to fulfill
simultaneously biological, mechanical, and esthetic requirements to guarantee 
the health of the tooth, periodontal tissues, and the surrounding tissues, as well as
patient satisfaction.

In the past the function of the dental cements relied mainly on the mechanical
requirements, and the creation of retention by simply filling the gap between 
the restoration and tooth structure. The retentive quality of these non-adhesive
cements depends on the amount of friction generated between the restoration and
the preferably prepared parallel walls and the mechanical strength of the cement.
If applicable, supplementary retention can also be added by means of grooves,
skirts, slots, pins, or dowels. From a biological point of view the preservation of
tooth health with those conventional non-adhesive cements is more or less limit-
ed to an attempt to minimize the entrance of fluids by filling the space between the
restoration and the preparation.As the thickness of remaining dentin after prepa-
ration is inversely proportional to the pulpal response, minimal preparation is
advised; however, to achieve sufficient mechanical retention the operator has to
remove sound tooth structure that subsequently may lead to a harmful pulpal
effect and unduly will weaken the remaining tooth structure. Moreover, dentin
crazing or root fracture could develop from the use of supplementary retentive
means such as pins and radicular posts [1, 2]. The use of cements with adhesive
properties may give dentistry a tool to overcome these problems, as bonding the
restorative material to the underlying tooth structure makes, in contrast to the use
of non-adhesive cements, a less invasive restorative approach. With these cements
biomechanical preservation of sound tooth tissue became possible. Not only the
extra retentive possibilities but also a durable sealing of the dentin “wound”comes
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into view with adhesive cements.Biologically,adhesive cements should be not only
non-irritant to the pulp–dentin complex and the surrounding soft tissues but also
seal the tooth restoration interface to prevent microleakage and the potential sub-
sequent ingress of microorganisms. Microleakage and ingress of microorganisms
is considered to be the main etiological factor for pulpal damage; therefore, an
effective and durable seal of the tubules should be aimed, as it will enhance the
longevity of the pulp vitality. This goal is easier reached with adhesive cements
than with conventional, non-adhesive cements. The use of adhesive cements opens
also a new area in restorative dentistry in which ceramic and resin composite
restorative materials can be combined with contemporary adhesives, which
enables the dentist to create restorations with improved optical characteristics.
These challenges of the application of adhesive technology have had an enormous
influence on prosthetic dentistry. Finally, this leads to the increase of patient
demands for esthetic restorations, too.

In this chapter we discuss the advantages and the properties of some contem-
porary adhesive cements, with particular attention on the resin-based cements
and their significance for bonding indirect esthetic restorations.

Luting Cements;;

Originally the term cement was used in dentistry for the restorative and luting
materials that are composed of a powder and a liquid. Later, when other delivery
systems became popular, materials with equal compositions became available as
paste, too. Nevertheless, the development of dental cements can be characterized
by the powders and liquids used to make them. The powder is used as cement
reinforcing filler and consists mainly of metal oxides (glass, ceramics, zinc oxide),
or pre-polymerized resin (polymethyl-methacrylate). The liquid functions as base
that forms during the setting reaction a matrix in which the filler particles are
embedded and bonded to (Table 7.1). Generally, two types of chemical reactions
are recognized: firstly, a polymerization reaction of the resin matrix, initiated by
mixing a catalyst with an initiator or by exposing a photo-initiator with light with
a wavelength in the range of approximately 470 or 415 nm; and secondly, an
acid–base reaction between the basic glass and the acid liquid. Nevertheless, the
acid–base reaction of glass-ionomer cements can be interpreted as a type of poly-
merization reaction as it forms a polymer matrix of polyacrylic acid; thus, nearly
all dental luting cements can be characterized as a composite consisting of a ma-
trix filled with a reinforcing filler. The filler particle size and distribution is of
influence on the viscosity of the unset cement as well as the film thickness that can
be reached with the cement.

Yet, most contemporary cements are based on glass filler. For glass-ionomer-
based cements the glass should be acid soluble to enable ion discharge to react
with the acrylic acid. The liquid component of most cement is responsible for ad-
hesive properties. Generally, cements that contain only a resin need an adhesion
promoter to create adhesion to a substrate, whereas, for instance, glass-ionomer-
based cements can create a true chemical bond to the dental hard tissues.

Another way to classify dental luting cements is by dividing them into conven-
tional and adhesive cements. The conventional cements or the non-adhesive
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cements are cements that do not have the potentiality to bond to tooth structure.
The “adhesive” luting cements can be divided into two main groups, that of
cements that have the intrinsic property to create chemical bonding to the tooth
tissues through ionic exchange, and that of cements that can obtain this bond
principally by micromechanical interlocking with the conditioned tooth struc-
ture.The first group consists mainly of glass-ionomer cements and resin-modified
glass-ionomer cement. The second group consists mainly of resin-based cements,
which include unfilled adhesive resin cements and composite resin cements. The
composite resin cements generally are composed of polyfunctional dimethacry-
late-based monomers, such as Bis-GMA and/or urethane dimethacrylate, and in-
organic filler of fine glass or ceramic and silica. In other words, their composition
is analogous to that of resin-composite restoratives but with a lower filler loading.
Actually, in the latter group the adhesive properties are determined by the type of
the combined adhesive system and not primarily by the choice of the cement per
se. Concern is often raised regarding the risk of pre-curing the bonding agent
prior to the insertion of the luting composite on the fit of the indirect restorations.
To solve this problem, several ways are possible, firstly, by taking the impression of
the prepared tooth after the application and light curing of a bonding agent, and
secondly, by utilizing dual-curing bonding agents that do not necessitate separate
light curing before cementation. Finally, this problem can be solved by using resin-
composite cements that do not need separate adhesion promoters as they utilize
self-etching primers and inherent adhesive promoter monomers in the resin com-
ponent of the lute itself, e.g., Panavia F cement and Bistite II DC cement.

The unfilled resin cements, on the other hand, performs as both the adhesive
system and the luting media; hence, for these cements a diffusion promoter
monomer is often added to the liquid of the cement, which enables the infiltration
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Table 7.1. Classification of cements based on general composition

Liquid/powder Glass/ceramic Zn O Pre-polymerized 
resin powderb

Phosphoric acid Silicate cement Zinc phosphate 
cement

Acrylic acid Glass-ionomer cement Zinc polycarboxy-
late cement

Eugenol Zinc oxide–
eugenol cement

Resin Resin-composite cement

Resin Glass phosphonate 
and phosphoric acid cement

Resin Resin-modified 
and acrylic acid glass ionomer

MMA monomera Unfilled Resin 
cement

a Methyl-methacrylate monomer.
b For example, polymethyl-methacrylate polymer.



of the conditioned dentin. This diffusion promoter is a bifunctional molecule
containing hydrophilic and hydrophobic groups.Although the strength of unfilled
resin cements is inferior to that of composite resin cements, they have the advan-
tage of being bonded directly to the tooth structure without needing a separate
bonding-agent step that might compromise the restoration’s fit. In addition,
unfilled adhesive resin cements based on MMA monomer are more elastic than
those made of polyfunctional, cross-linked polymer chains. The most widespread
example of unfilled adhesive resin cement based on MMA monomers is the 
4-META/MMA-TBB resin cement (Super-Bond C&B, Sun Medical or C&B Meta-
bond, Parkell). Figure 7.1 gives an overview of the classification of luting cements.

Strength and Solubility;;

Strength and solubility of the cement is an important parameter for the longevity
of the cemented restoration. The conventional zinc ortho-phosphate cements were
prone to dissolve in saliva. For that reason a small cement film thickness at the
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margin is attempted for these cements. Despite the fact that resin-based cements
do loose some of their contents when exposed to water, they are hardly soluble;
therefore, a very tight fit of restoration cemented with the latter resins is not
mandatory. When the cement margins are in the occlusal area, the cement may be
prone to occlusal wear. For that reason highly filled cements may be required. As
the filler content and size influences the viscosity of the unset cement negatively,
special composite cements are developed the viscosity of which can be temporar-
ily lowered by applying ultrasound energy on the restoration to be placed utiliz-
ing its thixotropic properties.

Stability and Stiffness;;

All cements in dentistry do undergo dimensional changes during and after set-
ting. During setting the closer distance between reacted molecules does cause a
setting shrinkage, whereas the exposure of the set cement to the oral environment
may result in water sorption and swelling. As a reliable bond of the cement to the
substrates is attempted, both dimensional changes may lead to stress development
at the cement substrate interface. Generally, the setting shrinkage stresses may
place the adhesion at risk, whereas the hygroscopic expansion may affect the
integrity of all-ceramic restorations. Also, the modulus of elasticity of the cement
is of importance for mainly the brittle all-ceramic restorations. Ceramic restora-
tions need a stiff cement, such as resin-composite cement, for providing good sup-
port. In contrast, the low modulus of elasticity of the unfilled MMA-based adhe-
sive resin cement offers resiliency and flexibility to the bond with higher
resistance to occlusal impact stresses, which is more relevant for splinting loose
teeth or cementing adhesive bridges.

Bonding to Tooth Structure;;

Buonocore in 1955 showed that etching enamel with phosphoric acid leads to loss
of superficial enamel with preferential dissolution of the underlying enamel lead-
ing to the creation of microporosities [3]. By applying unfilled bonding resins to
the etched enamel, the resin can be drawn by capillary attraction into the microp-
orosities to form a resin–enamel interlocked composite layer. This bond is still one
of the most reliable; however, the development of self-etching primers and adhe-
sives that require the omitting of the separate etching step may result in insuffi-
cient resin–enamel bond due to the weak acidity of some mild self-etching sys-
tems. This concern is more relevant when there is a large surface enamel–adhesive
interface area such as facial laminate veneers or adhesive bonded-bridge restora-
tions. To tackle this drawback, application of the self-etching primer during a suf-
ficiently long time of at least 15 s and actively applying it through rubbing the
enamel surface with repeated applications of fresh material is suggested [4].Alter-
natively, a separate step of acid-etching procedure can be accomplished prior to
the application of the self-etching primer.

In contrast to bonding to enamel, bonding to dentin is more technically sensi-
tive and is affected by several variables. After preparation of dentin, nearly always
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a smear layer, consisting of inorganic material and embedded in organic matrix,
develops. The layer tenaciously adheres to the prepared dentin surface. For that
reason the smear layer and the underlying dentin has to be conditioned to enable
resin to penetrate or remove the smear layer and to bond to the underlying dentin.
Resin-based adhesive systems utilize different methods to condition dentin. The
first method attempts to remove the smear layer completely via acid etching and
rinsing. The second approach aims at preservation of the smear layer; however,
in both approaches the adhesion is based on micromechanical interlocking by
creating a so-called hybrid layer. Among the contemporary adhesive systems are
cements that employ self-etching primers that are based on the latter approach
(Fig. 7.2). The use of these adhesive systems is an outcome of efforts made to sim-
plify the bonding procedure and to improve the bonding quality by reducing the
number of required steps in the bonding procedure. When applied to smear lay-
ers, these resin systems demineralize the smear layer and incorporate it into the
applied resin, which slightly penetrates into the underlying dentin, thereby creat-
ing a hybrid layer in which the undissolved collagen fibers of the dentin are incor-
porated and which contain the remnants of the original smear layer [5]; thus, the
separate steps of using an acid and primer are combined in one procedure. More-
over, a number of contemporary adhesive resin-based cements that utilize self-
etching primers do not make use of the separate resin-bonding-agent phase that
might affect the fitting of the indirect restorations. More recently, self-etching
adhesive resin-based cement was developed (RelyX Unicem, 3 M ESPE). The or-
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Fig. 7.2. Scanning electron microscopy photomicrograph of resin–dentin interface produced by
Bistite-II cement which utilizes self-etching primer. The luting composite is attached to the
dentin surface by an acid-resistant hybrid layer (H) of 0.6–1 mm.The hybrid layer is extended into
the tubule wall forming tubule-wall hybridization (arrow) at the top of the resin tags (T). Later-
al branches (asterisk) are formed from the main resin tags representing the high infiltration
potentiality of that cement.



ganic matrix of this cement consists of multifunctional phosphoric acid-modified
(meth)-acrylates. This adhesive cement does not employ pretreatment of the tooth
surfaces as it depends on the inherent acidity of the resin matrix to condition the
tooth surface. The Unicem cement can be categorized as glass phosphonate ce-
ment as it is related to silicate cements due to the incorporation of basic inorgan-
ic filler within the matrix which participates in the cement reactions together with
the acidic groups of the monomer.

Nevertheless, resin cements that utilize self-etching approach generally suffer
from the weak acidity of their acidic resin in comparison with phosphoric acid;
therefore, it is widely believed that the bonding performance of these systems
could be affected by the quantity and quality of the smear layer [6]. Clinicians rou-
tinely use diamond burs for extracoronal preparations followed by impression
taking and provisional restoration using temporary cements. It was found that
bond strength to dentin prepared with diamond burs and conditioned with self-
etching primers was lower than that prepared with fine-fissure steel burs and con-
ditioned with the same system. Alternatively, the reduction in bond strength was
not observed when the smear layer created by different burs was removed with
adhesives that utilize phosphoric acid conditioning [7]. For these reasons, it might
be useful to finish the preparation steel burs.

Bonding to Ceramic;;

Bonding of adhesive resin cement to ceramic can be achieved through microme-
chanical and/or chemical bonding mechanisms. There are several methods to con-
dition ceramic surfaces to enhance bonding to resin-luting cements, although the
effects of different surface treatments on bonding are strongly dependent on the
type and the microstructure of the ceramic surface to which to bond [8–10].

Surface Preparation;;

Mechanical bonding to ceramic surfaces can be enhanced by preparing the surface
by grinding, abrasion with a diamond rotary instrument, airborne-particle abra-
sion with aluminum oxide, and etching using different types of acids. Hydrofluo-
ric acid (HF) is commonly used to etch porcelain for indirect restorations [11, 12].
As alternatives, to avoid the hazardous HF, acidulated phosphate fluoride [8] or
phosphoric acid (H3PO4) were also used to condition the ceramic surfaces; how-
ever, their effectiveness on the enhancement of the bond strength is still doubtful
[13]. Phosphoric acid is used in industry to etch glass at high temperature.At room
temperature the action of H3PO4 is limited to clean the ceramic surface without
producing an apparent etching pattern (Fig. 7.3), and therefore this treatment
does not contribute to the resin ceramic bond strength [14].

The capability of HF to alter the ceramic surface depends on the ceramic mi-
crostructure and composition. Ceramic that contains a glass phase (leucite, silica-
based feldspath, or glass ceramics) can be etched with HF, whereas all-ceramic
restorations made of aluminous cores cannot be etched sufficiently. The HF cre-
ates a surface pattern for micromechanical attachment by preferential dissolution
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of the glass phase from the ceramic matrix which increases the surface area and
enhances the micromechanical retention of the resin cement [15]. The micro-un-
dercuts formed on the ceramic surface by HF etching allow the penetration of both
the resin and filler components of the luting composite cement to form particle-
reinforced resin tags that contribute to strong resin–ceramic bond [16].Due to this
ability of the filler to penetrate the micro-undercuts without being filtered, the
resin ceramic bond strength can substantially increase by treating the etched ce-
ramic with filled bonding agent [17]. On the other hand, over-etching with high
HF concentrations or extended etching times may lead to a reduced bond strength
[18], or HF can be so aggressive to the surface of some ceramic materials that it
declines its mechanical properties, which would in turn affect the resin–ceramic
bond strength [9, 19]. Consequently, one should take into account the type of
ceramic being used before HF etching.

Alumina blasting is used to remove refractory investment material during the
laboratory procedures of the fired ceramic restorations when the hot-press tech-
nology is used. For these cases the ceramic surface is always gently roughened. It
was found that the bond strength of porcelain laminate veneer was greater when
etched than when lightly sandblasted [12]. Conversely, excessive sandblasting to
improve the bond can induce chipping and adversely affect the fit of all-ceramic
restorations without significantly improving bond strength [20, 21].

Chemical Bonding;;

For effective and durable resin ceramic bond, not only micromechanical bonding,
but also a chemical bonding, should be attempted. The most common and effec-
tive way to achieve a chemical resin–ceramic bond is through using silane cou-
pling agents. Silane coupling agents are bifunctional molecules that improve the
wettability of the ceramic surface and form a covalent bond with both the ceram-
ic and the resin cement [22]. Silane agents commonly consist of g-methacry-
loxypropyl trimethoxysilane (g-MPTS). The reaction between methoxy silane
groups of g-MPTS and OH groups of the porcelain surface that formed siloxane
bonds can be initiated and accelerated by using acid catalysis [23]. Presently,
contemporary ceramic primers utilize separate acidic catalyst liquids, such as
monomer of 10-methacryloyloxydecyl dihydrogen phosphate (MDP), or car-
boxylic compound.When the acidic catalyst is mixed with the silane coupler com-
ponent, the methoxyl groups hydrolyze to initiate stable siloxane bond (Si–O–Si)
with the porcelain surface (Fig. 7.4) [24].
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Fig. 7.3 a–c. Scanning electron micrographs of the Vita blocs Mark-II ceramic surfaces. a Speci-
men after 600-grit SiC wet grinding. b Specimen treated with 37% H3PO4. Note that there are no
apparent etching patterns; the surface shows only exposed surface porosities and defects caused
by the cleaning action of the acid. c Specimen treated with 8% HF. The etching pattern with
numerous undercuts for micromechanical retention is clearly seen
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Accordingly, ceramic primers can be classified as follows [25]:
1. Unhydrolyzed single-liquid silane primer
2. Prehydrolyzed silane primer that is also single liquid
3. Two- or three-liquid primer with separate silane coupler and acid activator

The single-liquid prehydrolyzed silane primer has shown a better bonding per-
formance than the unhydrolyzed form; however, the stability of the prehydrolyzed
silane primer appears to be insufficient and its shelf life is limited compared with
the multicomponent liquid primers [25].

Improvement in ceramic resin bond strength can also be accomplished through
heat treatment of the silanized porcelain. It is believed that during heating (100 °C
for 60 s) water and other contaminates, such as alcohol or acetic acid, are eliminat-
ed from the silane-treated surface, which drives the silane/silica surface conden-
sation reaction towards completion and promotes silane silica bond formation
[21].

The try-in procedure is an important step for all-ceramic restoration to opti-
mize fitting and color match. Etching and silane treatment are best accomplished
after the try-in procedure to prevent contamination of the conditioned ceramic
surface. Nevertheless, for the convenience of dental practitioners, to save time at
the chair side, many commercial dental laboratories etch and silanize the fitting
surface of the ceramic restoration. When this pretreated surface is contaminated
during the try-in procedure, with saliva or blood, the surface has to be cleaned and
silanized again before the application of the adhesive cement. Cleaning can be car-
ried out with phosphoric acid or acetone, after which time the silane treatment has
to be repeated [26].
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Due to the high concentration of various solvents within the silane-coupling
agents, an improperly sealed container will permit evaporation of the solvent,
which increases the concentration of coupling agent, which in turn can act as a
separation medium and adversely affects the resin–ceramic bond strength [27].

Although many laboratory studies have shown that only silane treatment with-
out additional micromechanical bonding could provide sufficient resin–ceramic
bond strength [23, 28], the technical sensitivity of silane treatment and the com-
plicated multi-step cementing procedure favor employing the twofold bonding
mechanism to insure strong and durable bond.

Nevertheless, HF etching followed by silanization, which enhances the resin
bond to conventional silica-based ceramics, does not improve the resin bond
strength to alumina- or zirconia-based ceramics. This is probably due to the inher-
ent microstructure of the latter ceramics, which are more resistant to the HF acid.
Moreover, as a consequence of the small percentage of silica at the surface of alu-
mina-based ceramics and its nonexistence in the zirconia ceramics, it is less likely
that silane treatment can initiate effective chemical bonding. Tribochemical appli-
cation of a silica layer by means of sandblasting (Rocatec system, 3 M ESPE,
Seefeld, Germany) followed by silane application was found to provide long-term
durable bond of BIS-GMA composite resin cement to alumina-based ceramic [29].
In addition, the ability of the phosphate ester group contained in some adhesive
resin-based cement (e.g., Panavia cements) to bond directly to metal oxides can
also offer an alternative bonding mechanism to sandblasted alumina-based or
zirconia ceramics.

Bonding to Pre-Processed Composite Restorations;;

The first composite inlays were made from a microfilled material, which was heat-
and-pressed cured [30], followed by an inlay system based on a light-cured hybrid
composite (DI system, Coltène, Switzerland), which was launched in 1987. The sec-
ondary heat cure which is included during fabrication of the pre-processed com-
posite restoration increases the rate of monomer conversion and enhances cross-
linking which results in improved physical and mechanical properties [31, 32];
however, bonding of resin cements to pre-processed composite restorations may
be challenged by the reduced number of reactive sites due to the high degree of
double-bond conversion. For this reason the bonded surface of the pre-processed
composite should be mechanical and chemically modified to improve bonding of
the resin cement. Similarly to all-ceramic restorations, the capability of HF to 
alter the pre-processed composite surface is generally influenced by the nature of
the reinforcing filler. The HF has been shown to improve bond strength to micro-
filled composite inlays, as it has a roughening effect by preferentially attacking the
SiO2 glass filler [33]. An additional silane treatment of the surface would further
enhance the bond strength, as mainly the filler particles at the surface are poten-
tial sites for silanization and the well-cured resin matrix does not provide much
remaining double C=C bonds to bond with. In contrast, HF has an aggressive etch-
ing effect over glass-filled hybrid composites which can degrade partially the resin
matrix and cause total dissolution of exposed glass filler particles with subsequent
deterioration in resin bond strength [34, 35]. It seems that the most effective
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method to enhance bonding to pre-processed composite is one which employs
roughening of the bonded surface followed by the application of a coating of an
intermediate bonding agent [17, 36–38].

Biological Considerations;;

At the present time biological seal of cut tooth tissues can be achieved either
through auto-adhesion mechanisms by ionic bond formation using glass-
ionomer-based cement or through micromechanical interlocking of adhesive
resin-based cements with the tooth tissues by forming an impermeable resin-in-
filtrated hybrid layer [39].Adhesively retained restorations yield profit in terms of
the conservation of sound tooth structure especially with teeth of compromised
retention due to short, over-convergent, or insufficient remaining tooth to retain a
restoration. Additionally, by relying on the bonding potentiality of the adhesive
cements, it is more feasible to end the preparation line above the gingival margin,
which ensures minimal periodontal response.

It is important for the cement–tooth interface to maintain strong adhesion, not
only for resistance to early marginal alteration, due to the dimensional changes 
of the material during setting, but also for a durable seal to resist bacterial acidic
attack and the oral detrimental factors. However, an absolute leak-proof and
durable, strong resin dentin bond could thus far not be reached [40–44]; therefore,
a luting cement which is able to release fluoride may play a role in caries inhibi-
tion, which is of value for the leaking parts of the cement–tooth interface. For this
to occur a strong initial fluoride release “burst effect,” and a less strong, stable, and
constant release are required from the material in order to reduce caries activity
[45]. It has been reported that glass-ionomer cement and resin-modified glass
ionomer showed an initial higher fluoride burst effect and higher fluoride uptake
in comparison with polyacid-modified and fluoride-containing composite
[46–49]; however, the low mechanical strength and the moisture sensitivity of the
conventional glass-ionomer cement and the high water sorption tendency of the
resin-modified glass-ionomer cements limits their ability to be used as adhesive
cements particularly for retaining all-ceramic restorations.

Mechanical Considerations;;

Metal and porcelain-fused-to-metal restorations have for a long time been suc-
cessfully luted with non-adhesive cements. The main additional merit of using
adhesive cementation for metal ceramic restorations is to give extra retention for
preparations with compromised retention, although using resin-adhesive cements
with relatively high film thickness could disturb the accurate placement of the
restoration. In contrast, the brittle nature of all-ceramic restoration requires the
use of strong stable substructure to support the restoration against the destructive
tensile stresses. This goal can be reached either by a strong adhesion of the ceram-
ic to the metal support or adhesive bonding the ceramic with the underlying tooth
structure.Various investigations have shown that all-ceramic restorations cement-
ed with adhesive resin-based cements have higher fracture resistance when com-
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pared with non-adhesive cemented restorations [50, 51]. It is believed that the
bonding capability of the adhesive resin cement is able to repair the surface flaws
located at the fitting surface of the all-ceramic restoration; hence, it might reduce
the potential for crack propagation. Besides, the higher fracture toughness and
improved mechanical properties of resin-based cement, in comparison with con-
ventional cements, enables it to create better support and load transfer through
the brittle ceramic restoration to the underlying tooth structure [52].

On the other hand, conventional glass-ionomer cement suffers from low me-
chanical properties and low bonding capability to ceramic material that can lead
to failure and marginal breakdown of the ceramic inlays under occlusal loading
[53]. The clinical efficacy of the resin-based luting cement over a glass ionomer for
cementing ceramic restoration has also been reported [54–56]. Resin-modified
glass-ionomer cements were developed to overcome these specific disadvantages
of conventional glass-ionomer cements, and increased values of fracture tough-
ness have been reported for restorative-grade cements; however, a major concern
about using resin-modified glass-ionomer cement for bonding all-ceramic
restorations is its hygroscopic expansion. Although all glass-ionomer cements do
shrink during setting, after being set, they show expansion due to water uptake
from the surrounding environment. This expansion is more pronounce and exces-
sive with resin modified glass-ionomer cements due to the high water sorption
tendency of the hydrophilic resin component of the cement; therefore, the cement-
ed all-ceramic restoration may come under an expansion stress, which increases
the risk for crack propagation [57] and failure. For the purpose of maintaining a
strong cement–tooth and cement–ceramic bond, the dimensional stability of
the adhesive cement during and after setting is crucial. The setting of resin-based
cements takes place after initiation of the polymerization reaction of the matrix
phase. The conversion of the monomer molecules into a polymer network is
accompanied with a closer packing of the molecules, which leads to a reduction of
volume [58] usually denoted as curing contraction or polymerization shrinkage.
When the contraction of the adhesive materials is hindered, stresses are induced
which can be detrimental for the bonded interfaces or even the cohesive strength
of the cement [59]. In cases with an unfavorable configuration (C-factor), where
the ratio of bonded surface to free surface of the shrinkage material is higher than
five, all shrinkage will be directed uniaxially, leading to a contraction that is almost
three times higher than the expected linear shrinkage [10]. Cement films exhibit
unfavorable C-factors because the shrinkage of the cement is totally hindered by
both the restoration and the tooth interfaces; thus, the initial bond of the shrink-
age cement to tooth/restoration interfaces should exceed the contraction stresses.
However, some stress relief may originate from the surrounding structures, as for
the thin cement film only a small amount of compensation by shrinkage strain of
the restoration and/or the cavity walls may be enough to drop down the develop-
ing shrinkage stresses to a level lower than the adhesive strength of the cement at
that very moment.
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Curing Strategies;;

Resin-based luting cements can be categorized on the basis of their polymeriza-
tion method into auto-cure cements, light-cure cements, and dual-cure cements.
For facial veneers, light-cured resin cement can be used due to the superior acces-
sibility of that particular restoration. When access of the curing light is limited 
for large ceramic or resin-composite indirect restorations, dual-cure resin-based
cements are recommended to compensate for light attenuation affected by the
restoration thickness and shade [60]; however, self-curing alone is insufficient for
dual-cured cements to achieve maximum hardening [61, 62]. In the absence of
light, polymerizations start by chemical initiation only, which results in poor
mechanical properties of the cement and consequently poor bonding potentiality
to the restoration; therefore, it is recommended to direct the light-curing tip at the
restoration from several directions to insure higher initiation effect to the dual-
cure cement by light.

Esthetic Considerations;;

As the adhesive technology made it possible to create tooth-colored restorations,
not only the esthetic requirements of the restorative materials became an issue but
also that of the luting cements. In two ways the esthetic properties of the luting
cement can be of importance, firstly, its color properties, concerning color translu-
cency and opaqueness, and secondly, the color stability.

Color;;

Mainly for veneers the color of the cement may influence the final shade of the
restoration; however, one has to recognize that a luting cement can never change
a wrongly chosen color of an esthetic restoration into a matching color. Only a
slight shade change can be reached with luting cements. Mainly the opaqueness of
the cement is of importance for cases in which the dentist wants to hide discolored
dentin. Also, for these cases the normal thin cement layer will not be able to hide
totally such a discoloration.

It is important for two reasons to know the type of photo-initiator in resin-
based restoratives used to lute esthetic restorations, as the yellow color of cam-
phorquinone changes with the curing of the cement into white. Uncured resin-
based cements may therefore be more yellow than cured ones. Some cement does
contain bis-acylphosphine oxide (BAPO) as photo-initiator, which does not show
this effect; however, BAPO does not cure at light with a wave length of 470 nm but
of 415 nm. Most LED-based curing lights do not cover this wavelength range and
cannot be used to cure the BAPO-containing cements.
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Color Stability;;

Cements may discolor during lifetime due to the absorption of dyes from food.
Two properties are of importance for the sensitivity of cured cements to this dis-
coloration. The degree of cure has an important influence on the color stability:
an improper cure makes resin-based cements prone to discoloration. Also, the
hydrophilicity of the resin component of the cement is of influence. The more
hydrophilic the resin is, the less color stable the cement. This was the main draw-
back of the earliest resin-modified glass-ionomer cements that contained HEMA,
which is a very hydrophilic acrylate. Generally, the resin-based composite cements
are less prone to discoloration, if properly cured, than resin-modified glass-
ionomer cements.

Value of the Bond Strength Test;;

Despite the fact that there are many properties on which the dentist can base a
choice of adhesive cement, the manufacturers approach the dentist mainly with
impressive data with regard to bonding quality. These data are mostly based on
bond strength determination of the cements to tooth tissues.

During the past decade many new bonding systems have been introduced for
which good clinical performance is claimed. Such claims have to be proven in lab-
oratory studies as well as clinically; however, it is difficult to predict the clinical
success of adhesive systems from only laboratory experiments. Moreover, the rap-
id shift of the manufacturer from one system to a newly developed one does not
provide sufficient time for long-term clinical evaluation.

Many investigators have questioned the reliability of the conventional shear
and tensile bond strength tests. There are numerous reports on bond strength
evaluation in which tests are applied, not only with different designs, but also
showing varying incompatible results between studies using the same design. Fur-
thermore, it has been shown that the type of bond strength test and size of the
specimen have a relatively large influence on the test results [63, 64].

A crucial factor in evaluating the usefulness of a specific bond strength test is a
thorough awareness of the stress patterns, which are involved in bond failure. For
all tests the average bond strength is calculated by dividing the load at fracture by
the area of the bonded surface, which in fact is based on the assumption of equal
stress distribution at the adhesive interface; however, finite element analysis stud-
ies demonstrated that the manner in which loads are generally applied in common
shear or tensile bond strength tests results in non-uniform stress patterns [65].
Conventional bond strength tests also suffer from frequent cohesive failures with-
in the bonded substrate, which reflect the discrepancy between the actual cohesive
strength of that substrate and the apparent low stress measured [66–68].

As a solution to overcome these problems, the microtensile bond strength test
(mTBS test) was introduced [69].With the mTBS test a reduced incidence of dentin
cohesive failures and higher bond strength values were reported in comparison
with the more conventional tests. These differences were explained by the reduc-
tion of the number and size of flaws, as an outcome of the diminution in specimen
size [70]; however, it is unclear why such a wide variance of values are reported by
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different investigators when employing the mTBS test. In addition, the high bond
strength values obtained by using the mTBS should not be interpreted as an out-
come of improved bonding capability of a particular system rather than the con-
sequence of an altered test setup. The larger bonding area used with the conven-
tional tensile and shear bond strength tests results in less uniform stress
distribution of the applied load in comparison with the smaller bonding areas em-
ployed with the mTBS, and hence higher bond strength values generally obtained
by the latter test.

Thus far, a clear relationship between the bond strength of an adhesive system
and its sealing capacity has still not been established, which brings the validity of
using only the bond strength data to predict the adhesion efficiency of the system
further into question. It is much more likely that bond strength tests should be
used as screening tests to compare one system with another using the same test
configuration or to determine the effect of changing some variables within a
system [71], even though preferences of one adhesive system over the other on the
basis of numerical comparison or using unreliable statistical approach could give
misleading conclusions; therefore, it is necessary to utilize reliable and standard
laboratory tests combined with short-term controlled clinical studies to predict
the efficiency of a particular adhesive system.

Finally, the decision making by the clinician to shift to a new adhesive system
should be based principally on his own clinical experience with his current adhe-
sive system and whether or not it is mandatory to change.
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Part III
Bonding to Cementum



Introduction;;

The cervical margin of class-II and class-V cavities is usually located below the
cemento-enamel junction. This area poses a clinical problem in adhesive resin
restorations, since the margins of the cavities are limited by cementum (Fig. 8.1),
a calcified tissue exhibiting several histo-morphological and functional variations
from the dental structures that have been extensively evaluated as bonding sub-
strates (enamel and dentin).

Cementum is a specialized connective tissue covering the outermost layer of
calcified matrix on root surface, with a primary role to connect the periodontal
ligament to the root surface. Cementum has not been largely encountered as a sub-
strate from the bonding point of view, despite the fact that cervical microleakage
has been early recognized to contribute to high incidence of secondary caries and
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Fig. 8.1. Light micrograph of a ground section 
of an adult human canine. Enamel (E), dentin (D)
and cementum (C ) at cervical tooth situation



fail of restorations [1, 2]. Very few studies have evaluated cementum-bonding
restorations and the techniques used in present clinical practice in terms of their
effectiveness and predictability [2–6].

A systematic approach to bonding at the cervical margins of class-II and class-
V restorations requires understanding of anatomy and histo-physiology of the
root dental structures.

This chapter reviews the main structural, compositional, and functional
aspects of cementum, and its primary evaluation as a bonding substrate.

Developmental and Structural Aspects

Cementum Varieties and Their Locations

Three varieties of cementum cover the root of the human tooth: acellular afibril-
lar cementum; acellular extrinsic fiber cementum, and cellular mixed-stratified
cementum. Their location and structural characteristics are associated with their
different functional identity [7–10].

Acellular afibrillar cementum. Acellular afibrillar cementum is  located mainly
around the cemento-enamel junction covering further small enamel areas. Its
distribution pattern varies from tooth to tooth and along the cemento-enamel
junction of the same tooth [9]. By light and electron microscopy acellular afibril-
lar cementum represents a non-homogenous matrix composed of multiple calci-
fied layers without collagen fibers [11].

Acellular extrinsic fiber cementum. The acellular extrinsic fiber cementum con-
stitutes the majority of the cementum. It represents a thin layer of mineralized tis-
sue located along the coronal two-thirds of the root surface (Fig. 8.2a, b). In ante-
rior teeth acellular extrinsic fiber cementum is further extended to the apical root
third. The formation of this type of cementum (Fig. 8.2c) is a continuous process
characterized by an extremely slow rate of new matrix deposition [12]; thus, it
reaches a thickness of approximately 15 mm during the prefunctional stage of root
development, and a total thickness of approximately 50 mm during the functional
stage throughout the life of the tooth [13, 14]. The periodic deposition of this type
of cementum is seen in light microscopy as multiple layers of matrix interspersed
by growth lines.

Cellular mixed stratified cementum. Cellular mixed stratified cementum is com-
posed of multiple interposed layers of acellular extrinsic fiber cementum and cel-
lular intrinsic fiber cementum (Fig. 8.2d, e), which is mainly deposited on the api-
cal root surface area and in the furcation areas. In fact, pure cellular intrinsic fiber
cementum is only deposited as a part of the reparative process following root re-
sorption [15]. The appositional growth of cellular cementum is much faster that
acellular cementum, reaching a mean thickness of more than 200 mm [16]. In adult
teeth, impacted teeth, and in teeth without antagonists, extremely thick layers of
cellular cementum could be found around the apical third of their roots [9, 17].
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The primary role of acellular extrinsic fiber cementum is to attach periodontal
ligament fibers to the root surface, supporting tooth mobility and function. Cellu-
lar cementum has important functional role in maintaining the occlusal relation-
ship of the tooth and repairing the resorbed root surface areas. Furthermore, acel-
lular afibrillar cementum seems to have only adaptive function.

Cementum Formation;;

Cellular and molecular mechanisms, which regulate formation of periodontal tis-
sues, including cementum, have not been fully understood. It is well known that
dental follicle cells of ectomesenchymal origin are capable of forming cementum
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Fig. 8.2 a–e. Light micrographs of the main types of cementum. a Demineralized section of adult
dog molar. Acellular extrinsic fiber cementum. b Ground section of adult human premolar. Acel-
lular extrinsic fiber cementum. Note the dentino-cemental junction. c Demineralized section of
developing dog molar. Cuboidal-shaped cementoblasts forming acellular extrinsic fiber cemen-
tum. d Apical situation from the section seen in a. Cellular mixed stratified cementum. e Apical
situation from the section seen in d. Cellular mixed stratified cementum with numerous cemen-
tocyte lacunae
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when properly stimulated [18–20].As to the nature of the cementum-forming cells
(cementoblasts), there is a widely accepted opinion that they represent a popula-
tion of periodontal cells [9, 21], although some authors suggest that epithelial cells
may also contribute to the process of cementum formation [22–24].

The differentiation of dental follicle cells into cementoblasts is closely related to
root dentin formation at a band extending 200–300 mm coronally to the develop-
ing root edge [9]. Progenitor cells migrate towards the newly deposited, but not yet
mineralized, dentin matrix, as the Hertwig’s root sheath breaks down. Numerous
cytoplasmic processes are interposed between the dentinal collagen fibers, form-
ing the dentino-cemental junction [14]. A layer of new matrix (precementum or
cementoid) is deposited onto the external surface of the dentin by the surface root
lining cells in a polar pattern. Recently, Nociti et al. [20] reported that the levels of
inorganic pyrophosphate within the extracellular matrix of periodontal ligament
is one of the crucial factors that regulate both initiation and maturation of cemen-
tum. Early mineralization of precementum into acellular extrinsic fiber cemen-
tum by deposition of hydroxyapatite crystals initially between and then within the
collagen fibers, before the complete mineralization of the mantle root dentin, is
usually found [25, 26]. At the apical third, highly active cementum-forming cells
[12] deposit matrix in a non-polar bone-like pattern (cellular cementum). Cells
entrapped into cellular cementum are called cementocytes. In mature teeth acel-
lular cementum is not covered by precementum, a 3- to 5-mm-width layer which is
usually seen along the cellular cementum [27, 28].

The formation of cementum is characterized by apposition throughout the
functional stage of the tooth life. Since the collagen fibers of the periodontal liga-
ment undergo remodeling, acellular cementum formation providing attachment
to Sharpey’s fibers is a continuous process. New cementoblasts seem to be contin-
uously recruited from the periodontal ligament pool to replace destroyed cemen-
toblasts or cementoblasts that have reached the end of their life span [9]; however,
it is not generally agreed that a specialized cell type exists in the periodontal liga-
ment for the continuous cementum formation. Whether cementoblasts-forming
acellular extrinsic fiber cementum are phenotypically different from the peri-
odontal fibroblasts, or further cementoblasts-forming cellular cementum are
specific cells or “osteoblast variants,” is still not known [30].

The root surface covered by the acellular extrinsic fiber cementum is an area at
risk of carious demineralization or invasion by plaque bacteria. Regeneration of
cervical dental structures is of clinical importance, and it seems challenging to
devise new therapeutic methods enhancing cementum regeneration in affected
root surfaces. More particularly, with regard to restorative strategies, novel bioma-
terials aiming to induce controlled formation of acellular extrinsic fiber cemen-
tum might be designed.

Structural Characteristics of Acellular Extrinsic Fiber Cementum;;

Acellular extrinsic fiber cementum is not a homogenously calcified tissue
(Fig. 8.3). Cementum is characterized by amorphous mineralized microstructures
and a dense network of unmineralized Sharpey’s fibers, oriented perpendicularly
to the root dentin. At the onset of cementum formation these fibers are extremely
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short, whereas in mature teeth they are continuous with the long periodontal lig-
ament fibers. These fiber types are clearly distinguishable from a small number of
intrinsic collagen fibers, which are also found in acellular cementum. Hydroxyap-
atite crystals, perpendicularly deposited to the root surface, between or within the
collagen fibers, form crystals of 1–4 mm in length over a long period of time [27,
31]. In light microscopy acellular extrinsic fiber cementum is characterized by the
presence of incremental lines, oriented parallel to the root surface.

The Cemento-Enamel and Dentino-Cemental Junctions;;

The junction between cementum and enamel exhibits three normal variations:
1. Cementum overlaps the cervical border of enamel in more than 60% of the hu-

man teeth.
2. Cementum meets directly the enamel in approximately 30% of the human

teeth.
3. In <10%, a gap (exposing the dentin surface) exists between enamel and

cementum.
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Fig. 8.3 a–c. Scanning electron micrographs of adult human acellular extrinsic fiber cementum
at cervical tooth situation. a Root surface. The non-homogenously calcified structure of cemen-
tum. b Longitudinal section from the same root area. The uncalcified core of Sharpey’s fiber ori-
ented perpendicularly to the root dentin (D). c Higher magnification of b. Atypical organization
of apatite crystals
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The dentino-cemental junction is developed as a result of the multiple events
occurring during the early stages of root formation, i.e., root dentinogenesis,
cementum formation, epithelial root sheath disorganization, and periodontal
ligament formation. Cementum-forming cells differentiating along the newly
deposited predentin produce collagen fibers which are integrated between the col-
lagen fibers of the predentin matrix [12]. Two structures have been associated
with the dentino-cemental junction:
1. The intermediate cementum. Some authors have reported the presence of a gly-

coprotein-rich matrix, or an enamel-like material at the interface between root
dentin and cementum. This 10- to 20-mm-thick layer, characterized as hyaline
zone in rodent teeth, is formed before cementum deposition, and it has been
associated with cementum attachment to root dentin. Its existence in human
teeth has been reported only for the apical portion of the root [32]. The pres-
ence of this collagen-free matrix at the junction between acellular cementum
and root dentin and its origin is controversial [33, 34]. Thomas [12] stated that
the junction is formed as a slow accretion of mineral on the root dentin surface,
rather than the accumulation of minerals within a preformed collagenous
matrix.

2. Tomes’ granular layer. This layer has been described as a number of dark gran-
ules in the periphery of the root dentin underlying the cementum in ground
sections with transmitted light. No collagenous matrix was found in this gran-
ular layer. Most authors believe that it represents a structure caused by the loop-
ing of the dentinal tubules in that region [35]. While peripheral dentin in the
crown contains multiply branched dentinal tubules, the peripheral root dentin
is atubular. Only in the subjacent granular area are dentinal tubules localized,
but in a somewhat chaotic manner [36].

Biochemistry of Mature Cementum;;

Cementum represents the less characterized mineralized tissue. Similarly to the
other connective calcified tissues, approximately 40% of extracellular organic
matrix and 50–60% of hydroxyapatite crystals are composed of water [35]. In gen-
eral, the two major types of cementum (acellular extrinsic fiber cementum and
cellular mixed stratified cementum) are similar to bone, with three crucial excep-
tions:
1. Cementum is avascular.
2. Since cementoblasts do not express parathormone receptors (as do osteo-

blasts), cementum does not undergo remodeling [37].
3. Tissue-specific proteins have been identified in the cementum [38, 39].

Extracellular Matrix;;

The extracellular matrix of human cementum consists mainly of collagen type I
(90% of the organic matrix) and collagen type III (5%) according to the classic
study by Cristoffersen and Landis [40]. In all connective tissues collagen mole-
cules play important structural roles, providing the functional tissue scaffold.
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Furthermore, a number of non-collagenous cell attachment proteins, with only
partially characterized properties, have been detected in cementum [29]:
1. Fibronectin, osteopontin, and osteocalcin with possible role in cementum

development and regeneration.
2. Vitronectin, an adhesion molecule found in high concentration in serum with

unknown function.
3. Cementum attachment protein (and possibly other yet unidentified adhesion

molecules) and cementum growth factor are tissue-specific molecules, al-
though some homology to known bone proteins has been reported [38, 39].
Cementum attachment protein binds with fibronectin and hydroxyapatite but
not with collagen [41]. It supports the attachment of mesenchymal cells, but not
of epithelial cells [41].

4. Enamel proteins have been detected in cementoblasts, but their presence in
cementum extracellular matrix has not yet been demonstrated [9].

5. Alkaline phosphatase,playing a role in precipitation of calcium phosphate salts,
is at least partially found in a collagen-bound form [42].

Inorganic Component;;

The inorganic component of cementum is the same as in other calcified tissues,
bone, dentin, and enamel. Chemical analysis of the cementum inorganic phase has
shown that the primary mineral component is hydroxyapatite [Ca10(PO4)6(OH)2]
containing amounts of amorphous calcium phosphate. In transmission electron
micrographs hydroxyapatite crystals are found mainly between the collagen fib-
rils, normally arranged with their c-axis parallel to the long axis of collagen fibrils
[27].

The crystallinity of the cemental inorganic component is lower than the other
calcified tissues [9]. As a result, cementum is decalcified more easily, while it has a
greater affinity for adsorption of environmental ions (i.e., fluoride). In general,
cementum of adult mature teeth has a higher fluoride content in comparison with
the other calcified tissues [43–45]. The Mg content in cementum is about half that
in dentin. There is a gradual increase of Mg present in the cementum from periph-
ery to deeper layers [43, 46]. Trace elemental concentrations of Cu, Zn, and Na were
further detected by electron microprobe analysis in human root cementum of
healthy and periodontally involved teeth [47].

Cementum in Health and Disease;;

Root Permeability;;

The physiology of root-calcified tissue system has not been studied systematical-
ly. With regard to permeability of cementum in health and disease, contrary data
have been reported. In general, the cemental matrix is porous allowing only per-
meation of water and inorganic ions under physiological tissue conditions. Never-
theless, the structure of diseased root surface is also permeable to saliva organic
components and plaque bacterial byproducts.
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In periodontally involved teeth,plaque bacterial products have been detected in
the 10- to 12-mm-deep surface layer [48]. Furthermore, Lygre et al. [49] found bac-
terial lipopolysaccharide at a distance of 70 mm from the surface of the periodon-
tally diseased roots. Penetration of substances derived from saliva to the exposed
root cementum might be attributed mainly to numerous cracks and fractures,
which are developed at the non-supported areas with cells and fiber root surface
[9]. Invasion of bacteria into cemental matrix has been demonstrated in chronic
periodontal pathosis [48, 50]. Infected cementum has been characterized as a
reservoir of periodontopathogenic bacteria [50].

In teeth with heavily infected root canals bacterial substances have been detect-
ed near the dentino-cemental junction [51]. In an experimental study, necrosis of
cementocytes was found after root canal treatment in rat molar teeth [52].

Age Changes in Cementum;;

Cementum grows appositionally throughout life at a linear rate [53], although the
variations in width of incremental lines indicate that the rate of cementum depo-
sition varies from period to period. Generally, cementum increases in thickness by
different growth patterns among types of cementum being formed. Its thickness
varies greatly with tooth group, tooth surface area, and cervical/apical root posi-
tions [54]. Cementum, like bone, is a dynamic tissue, capable of responding to
occlusal forces and physiological tooth movement. The greatest amount of cemen-
tum is deposited apically, constricting the apical foramen, and in the furcations 
of multi-rooted teeth. According to Schroeder [7], cementum is thicker in areas
exposed to tensional forces, whereas Dastmalchi et al. [55] found that cementum
thickness is increased more rapidly at the distal than the mesial parts of root
surface.

Root Surface Caries and Cementum;;

The increased number of teeth in older individuals, due to caries preventive strate-
gies, resulted in higher prevalence of root caries during the past two decades. Root
caries occurs on exposed tooth surfaces below the cemento-enamel junction after
gingival recession. Cariogenic plaque, rather than periodontitis or gingival
inflammation, is the essential factor responsible for root caries development. The
different forms of root surface caries, ranging from minor undemineralized and
discolored areas to extensive yellow-brown soft areas, are rarely associated with
cavitation below the affected cementum [56, 57].

The histopathology of root caries is similar to that of enamel carious lesions.
The early root caries lesion appears as a zone of demineralization deep to the root
surface. The radiolucent area is usually detected below a well-mineralized layer of
acellular extrinsic fiber cementum, which varies in thickness and mineral con-
tents. Nyvad et al. [58] described in an experimentally induced root caries model
the initial histopathological changes seen after covering of exposed cementum
with plaque.Within 1–3 months a continuous subsurface loss of mineral was asso-
ciated with redeposition of minerals in the surface cementum layer which ap-
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peared hypermineralized when compared with the neighboring cementum. Larg-
er apatite crystals were found in the root surface of the caries-affected cementum
[59]. Bacteria infiltrating the lesion split the collagen fibers of the cementum and
were frequently detected at the dentino-cementum junction [60, 61]. Bacteria were
also identified within the subjacent dentinal tubules during early root caries
development [62]. As in enamel, caries active and arrested or slowly progressive
lesions may be seen in cementum. Active root surface lesion presents a well-de-
fined area of softening and yellowish discoloration. Inactive root surface lesion
appears hard on probing with dark discoloration. Transitory stages between active
and arrested root surface caries cannot be excluded.

Changes of Cementum in Periodontally Involved Teeth;;

In periodontally involved teeth, the exposure of acellular extrinsic fiber cementum
to the environment of oral cavity or periodontal pocket creates constantly changes
in the surface structure and composition of cemental matrix and eventually dis-
eases of the root calcified tissues, such as development of cementum caries and
cervical root resorption.

Structural modifications of the cementum surface are characterized mainly by
loss of collagen cross-banding, breakdown of dentogingival fibers, and dissolution
of mineral components [63, 64]. Bosshardt and Selvig [9] state that these surface-
limited modifications transitionally extent to the subsurface tissue area and can be
described only by electron microscopy. It has been reported that surface fractures
and cracks are also developed at the exposed cementum.

It has been repeatedly demonstrated by chemical [45, 66], microradiographic
[58, 64, 67, 68], and SEM-microprobe [43] investigations that the exposed cemen-
tum surface is progressively hypermineralized, although Barton and Van Swol [47]
and Cohen et al. [69] did not detect such a hypermineralized zone. Furseth [70]
found that this zone can be experimentally created 21 days after a gingivectomy
procedure, whereas it can be re-established 4–8 weeks after removal of the hyper-
mineralized cementum surface by root planning [64]. The cementum hypermin-
eralization is related to the loss of cross-banding after chronic exposure of root
surface to the oral environment [43, 71]. Atypical development and orientation of
large apatite crystals characterize the surface structure of hypermineralized
cementum in an SEM. The atypical distribution of mineral components and the
increased fluoride concentration in this zone may explain the resistance of hyper-
mineralized cementum to acid demineralization [68].

In periodontally involved teeth, especially in cases of hyperplastic gingivitis,
large resorptive defects in the cervical region of vital teeth are usually found. This
phenomenon is called cervical root resorption or idiopathic root resorption, and
its nature has not been adequately elucidated [37, 72]. The defect penetrates deep
into the tooth, and areas of the dentin are replaced by formation of inflamed soft
tissue and defective hard tissue of periodontal origin. This type of resorption is
usually prevented by the downgrowth of cervical epithelium [73]. External root
resorption associated with periodontal trauma has been distinguished by An-
dreasen [74] into the surface resorption, inflammatory resorption, and replace-
ment resorption (ankylosis). Two structural components of cementum have been
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related to prevention of external root resorption; the layer of cementoblasts and
the zone of precementum. Damage of cementoblasts combined with absence of
precementum zone is considered to cause initiation of the resorptive process.

Strategies for Bonding to Root Dental Structures;;

D. Tziafas, G. Eliades

One of the most frequent clinical problems associated with class-II and class-V
cavities in adhesive resin restorations is the weak link of restorative material to
root dental structures, when the cervical margin is located below the cemento-
enamel junction. In terms of cementum, the tissue-bonding properties have not
been adequately elucidated.

The Problem;;

Most studies on adhesive bonding to root surfaces deal with the bonding mecha-
nism of adhesive systems to exposed cervical dentin surfaces (sound, sclerotic, or
carious) [75, 76], without giving particular attention to cementum. Nevertheless,
cementum usually occupies the critical cervical marginal edge of the complex
cervical restorations extending beyond the cementum-enamel junction. More-
over, it is implicated in the adhesive treatment of cervical hypersensitivity of
newly exposed root surfaces after periodontal scaling.

Since complete cementum removal is not considered a realistic approach in
periodontal therapy [77], desensitizing agents based on dental-adhesive technology
are frequently used for pain relief. It is well known that root surfaces exposed for a
long period to the oral environment develop a superficial hypermineralized layer
with limited permeability, compared with intact cementum. These surfaces may in-
terfere in the marginal quality of root restorations, especially in elderly population.

Very limited information exists on cementum-bonded restorations [2–6, 74].
Ferrari et al. [5] reported that cementum treated with dentin bonding systems is
infiltrated by the resin, but the predictability of the bond is unclear. Van Dijken 
et al. [78] found excellent adaptation in the cervical margins located below the
cemento-enamel junction with the directed shrinkage technique; however, in vitro
measurements evaluating similar restorative techniques have shown moderate to
severe leakage in cementum, with almost no leakage in enamel [2, 6]. Recent stud-
ies evaluating the bond strength of restorative materials to the three calcified den-
tal tissues put important questions about the contribution of cervically bonded
materials to the mechanical properties of restorations [5, 79, 80]. Such controver-
sial findings show that our knowledge on bonding to cementum is limited. Fur-
thermore, it is still unclear whether or not the problem of bonding to cementum
is related to the structure and properties of the tissue or to a limited effectiveness
of the adhesive materials at the region.

Treatment of intact and periodontitis-affected cementum with acidic (citric
acid of pH:1, 37% phosphoric acid of pH:1) and neutral (24% EDTA·2NaOH of
pH:7) conditioners revealed a higher demineralization capacity of the EDTA solu-
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tion on both substrates; however, the morphology of the periodontitis-affected
cementum surface was highly variable, with islands of dense granular material
[81]. Based on these findings, mechanical removal of the superficial layer of
the exposed cementum prior to any periodontal regenerative treatment has 
been advised. This treatment mode may be applied to improve adhesive bonding
as well.

From a surface science perspective, intact cementum demonstrates a complete-
ly different composition from smear-layer covered dentin, the latter being the
most common substrate for adhesive bonding. X-ray photoelectron spectroscopy
showed a strong reduction in the Ca/C ratio of intact cementum surfaces com-
pared with smear-layer covered dentin surfaces (0.07 vs 0.43); however, the
apatitic structure of the inorganic phase was more preserved in cementum sur-
faces (Ca/P ratio 1.69 vs 1.13), being close to the theoretical hydroxyapatite value
(Fig. 8.4a, b) [82, 83]. These results imply that organic material predominates on
the outmost cementum surface. Treatment of intact cementum surface with 17%
EDTA·4NaOH (pH:7.4) further reduced the Ca/C (0.05) and the Ca/P (1.08) ratios
due to demineralization. The shear bond strength of a resin composite to EDTA
conditioned sound cementum, after treatment with an aqueous primer composed
of 5% glutaraldehyde and 35% hydroxyethyl methacrylate, was estimated as
6 MPa, a value statistically significantly lower than the corresponding value for
dentin [82, 83]. It seems that after demineralization the increased intrinsic fibrial
content of intact cementum surface creates an organic network that lacks the
cohesive strength of demineralized dentin collagen, and although it is reinforced
by resin infiltration [5], results in low bond strength. From the variety of the den-
tal adhesive systems currently available (three step, two step, self-etching), the tra-
ditional three-step multicomponent adhesives provided surface and interfacial
characteristics of intact cementum more compatible with conventional dentin
hybridization [84].

Treatment of cervical hypersensitivity with general-purpose hydrophilic dental
adhesives or specially designed polymerizable sealers is one of the in-office meth-
ods available, aiming to reduce tissue permeability and/or nerve excitation capac-
ity. Based on the hydrodynamic theory of pain perception in dentin [85] and the
in vivo dentin biopsy studies from hypersensitive and non-sensitive areas [86, 87],
the extent of dental tubule occlusion and the reduction in dentin hydraulic con-
ductance are considered as the two major treatment requirements that have been
used as well for the in vitro screening of the effectiveness of desensitizing agents
[88]; however, no clear relationship was found in vitro between extent of tubule
occlusion and hydraulic conductance analysis [88, 89]. Moreover, clinically effec-
tive agents failed to meet these criteria, indicating that other mechanisms may
contribute as well. The role of residual cementum thickness, especially in the treat-
ment of post-scaling sensitivity, is unknown. Some of the polymerizable desensi-
tizing sealers contain biological fixatives, crosslinking agents, and hydrogels that
may react with proteins or other extracellular components. The contribution of
the intrinsic cementum fibrial network to the nucleation of such reactions has not
been investigated. Treatment of these surfaces with glass ionomer liners seems
problematic. The minimal film thickness, viscosity, and surface tension require-
ments for desensitization treatments without cervical tissue loss do not allow for
placement of glass ionomer liners, without changing the anatomical form of the
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region. Also, the presence of the fibrial arrangement may provide a diffusion
barrier to the inorganic phase for adequate sealing.

Hypermineralized cementum, after long-term intraoral exposure, may appear
as the most suitable substrate for the strong ionic reactivity of glass ionomers with
mineralized tissues and capacity for molecular bond formation; however, poor
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Fig. 8.4 a, b. X-ray photoelectron spectroscopy spectra of intact cementum before (a) and after
(b) 20 s conditioning with 17% EDTA·4NaOH (pH:7.4) aqueous solution. Note the presence of
fluorine on conditioned surface
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marginal integrity at the cervical matrix is a common clinical finding in conven-
tional glass ionomers. This is considered to be the result of the low flexural fatigue
limit of these brittle materials, which buffer the tensile stresses developed at the
cervical region during functional loading, and by marginal deterioration prevents
bulk fractures or debonding [90]. Resin-modified glass ionomer processing im-
proved flexural fatigue limits and hybrid layer formation with conditioned or
primed cavity walls, demonstrating marginal discrepancies as well, which possi-
bly developed after a short post-insertion period [91].

Future Directions;;

Modification of intact cementum surfaces to improve adhesion may include a
eproteination step, prior to any adhesive treatment, in order to remove the high
organic content and expose the inorganic substrate, like conditioning with aque-
ous solutions of sodium hypochlorite (NaOCl).

NaOCl is a well-known, non-specific proteolytic agent that demonstrates effec-
tive removal of organic constituents from biological materials at room tempera-
ture. The proteolytic action of NaOCl involves extensive fragmentation of long
peptide chains and formation of n-chloramines with terminal amine groups that
may form other byproducts, including inter- and intramolecular crosslinks via
Schiff base formation [92]. NaOCl has been advocated as an intermediate condi-
tioning treatment of acid-demineralized dentin, in order to remove exposed col-
lagen and produce protein-depleted channels into subsurface intact dentin for
resin diffusion, thus creating the so-called reverse hybrid layer [93]. Such dentin
surfaces have been proposed as mineralized, hydrophilic alternatives to collagen-
rich, hydrophobic acid-demineralized dentin, possessing increased stiffness and
stability to degradation [94]. Since the intrinsic fibrial arrangement of intact ce-
mentum is not calcified, the deproteination capacity of NaOCl may be intensified
by employing a rubbing action. Freshly prepared 10% solutions may efficiently
remove the fibrial arrangement within a time period of conventional conditioning
treatments (i.e., 20 s).

Low-energy laser treatment may be used as well for removal of the intrinsic fib-
rial arrangement of cementum; however, no information exists on such applica-
tions. Laser irradiation under the conditions used for treatment of dentin hyper-
sensitivity (fusion of exposed dentin tubules) may alter the structure and
composition of the substrate towards a non-compatible surface for currently avail-
able adhesive systems.

As the patterns of oral disease continue to evolve, restorative strategies in future
research will include the root-calcified tissue system.A complete understanding of
tissue microstructure and chemical composition and the basic reaction patterns
of root dentin and cementum to restorative techniques and materials must be pur-
sued. In addition to the future directions in adhesive dentistry [95], advances in
biotechnology, such as the biomimetic molecular-based applications, might not be
excluded from the designing of novel biomaterials. It always must be remembered
that the cervical margin of restorations located below the cemento-enamel junc-
tion is primarily an area of vital tissue therapy.
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