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Abstract

Current concepts in
dental adhesion

The use of restorative materials along with
the adhesive techniques has become rou-
tine in today’s dental practice. However,
the longevity of the adhesive restorations
mainly depends on good bonding between
restorative material and tooth structure,
which should be achieved in situ, within
minutes. While bonding to enamel is reli-
able through micromechanical retention,
bonding to dentin presents challenges due
to the moist structure of dentin. Contem-
porary adhesive techniques are based on
the removal of the smear layer, (etch-and-
rinse adhesive systems), or incorporation of
smear layer, (self-etch adhesive systems),
into the bonded interface. There are also
restorative materials with adhesive prop-
erties as glass-ionomer as well as newly
introduced luting cements. Attempts to
simplify the number of steps in adhesive
systems have resulted in compromises in
terms of bonding effectiveness, mechanical
properties and shelf-life. Good resin encap-
sulation of the etched dentin is essential
to minimize the degradation. Additional
therapeutic agents such as chlorhexidine
might increase the durability of resin-dentin
bonds in vitro.
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dhesive techniques have improved substantially during
the last decades and are now involved in most dental
estorative procedures. At the same time, it is not always
easy to achieve a good seal due to the different properties of
enamel and dentin. Enamel-resin bonds, produced after acid-
etching with phosphoric acid, have shown to be satisfactory and
stable over time (1). This is due to the absence of collagen and
to the high mineral content (96 % hydroxyapatite by weight) in
enamel, and to its dryness relative to dentin. Adhesion to dentin,
on the other hand, has been difficult to achieve and is less durable
(2-4). Dentin contains a significant amount of water and organic
material, mainly type I collagen (5). Dentin, being organic and
with a tendency to retain moisture, is difficult to bond.

Cavity preparation results in the formation of a loosely at-
tached 1-5 um thick debris, »smear layer«, on the tooth surface
(6). As smear layer constitutes an unstable barrier the smear layer
can be removed by acid-etching, or it can be made stable by adhe-
sives that can penetrate through the smear layer in order to have a
more stable bonding. The conventional adhesion strategy involves
etch-and-rinse adhesives, which removes the smear layer and
superficial hydroxyapatite through separate etching and relies on
micromechanical interlocking. The second strategy involves self-
etch adhesives, which makes the smear layer permeable without
removing it (Table 1). The mechanical interlocking is shallower
compared to etch-and-rinse adhesives, and additionally some of
them chemically interact with residual hydroxyapatite similar to
that of glass ionomers. A third strategy uses materials with an in-
herent capacity to bond to tooth structure, such as glass ionomer
cements and newly developed self-adhesive luting cements (7).

Etch-and-Rinse adhesive system
Etch-and-rinse adhesive systems are the most commonly used for

bonding and they include either three or two steps of application
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Adhesive systems

Bonding strategy

Three-step-etch-and-rinse adhesive

systems

- Acid etching with (usually) 37 %
phosphoric acid

Rinsing; drying, with surface left slightly
moist (shiny)

Application of primer
Evaporation of solvent
Application of adhesive resin

- Air-thinning of adhesive resin
Light curing

Adper Scotchbond Multi-Purpose

VIDENSKAB & KLINIK
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3M ESPE, Seefeld, Germany

All Bond 2/ All Bond 3

Bisco Inc., Schaumburg, IL, USA

ProBond

Dentsply, Konstanz, Germany

OptiBond/Optibond FL

Kerr, Orange, CA, USA

Gluma Solid Bond

Heraeus Kulzer, Hanau, Germany

Solobond Plus

VOCO, Cuxhaven, Germany

Syntac

Ivoclar Vivadent, Schaan, Liechtenstein

Clearfil Liner Bond

Kuraray Medical Inc., Tokyo, Japan

Two-step etch-and-rinse adhesive
systems

- Acid etching with (usually) 37 %
phosphoric acid

Rinsing; drying, with surface left slightly
moist (shiny)

Application of primer/adhesive resin

Evaporation of solvent

Light curing

Adper Scothcbond 1XT (Single Bond Plus) | 3M ESPE
One Step/ One Step Plus Bisco
Optibond Solo Plus/ Kerr

Optibond Solo Plus Dual Cure

Gluma Comfort Bond

Heraeus Kulzer

Prime and Bond NT/ Dentsply
Prime and Bond NT dual cure

Solobond M VOCO
Clearfil New Bond Kuraray
HelioBond Ivoclar

Superbond C&B

Sun Medical Co., Shiga, Japan

Two-step self-etch adhesive systems
- Application of an acidic primer

- Evaporation of solvent

- Application of adhesive resin

- Evaporation of solvent

- Light curing

Adper Scothbond SE 3M ESPE
All Bond SE Bisco
OptiBond Solo Plus self-etch Kerr
Clearfil SE Bond/ Kuraray

Clearfil Protect Bond
Clearfil Liner Bond 2

Peak Self-etch

Ultradent Products, Inc.,
Salt Lake City, UT, USA

One-step self-etch adhesive systems

- Application of the acidic/primer
adhesive resin

- Evaporation of solvent
- Light curing

Adper EASY Bond/ Adper Prompt L-Pop 3M ESPE

Adhe SE One Ivoclar Vivadent
Optibond All-in-one Kerr
FuturaBond NR VOCO

iBond Heraeus Kulzer
Xeno V Dentsply
Clearfil S3Bond Kuraray

Table 1. Examples of currently available etch-and-rinse and self-etch adhesive systems. The bonding strategies are described on a
general level, and differences may occur e.g. in the number of recommended applications of primer and/or adhesive resin.
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Fig. 1. In three-step etch-and-rinse adhesive systems, acid is used to remove the smear layer and smear plugs from the dentin and
to remove peritubular dentin, increasing the diameter of tubules. The etched surface is then primed with methacrylate monomers in
a solvent to expand and precoat the dentin matrix. Then a solvent-free, hydrophobic adhesive layer is applied that diffuses into the

primed surface and down into the tubules, and light-cured.

(Fig. 1, Table 1). Dentin and enamel are treated first with an acidic
gel to remove the smear layer and to demineralise the superficial
hydroxyapatite crystals, and the remaining acid is rinsed away
with water.

Etching step

Both three- and two-step etch-and-rinse adhesives rely on a
similar adhesion mechanism. Enamel etching with 32-37 % phos-
phoric acid dissolves the apatite crystals and creates micropo-
rosities, increasing surface area and also surface energy, without
any changes of the chemical composition of the surface (8,9). In
dentin, acid treatment removes the smear layer and demineralises
5-8 um of the intertubular dentin surface to expose the underly-
ing collagen fibrillar matrix. However, in demineralised form
dentin is very sensitive to drying, and when it collapses, it will
prevent the adhesive permeation to create effective bonding (10).
Therefore, a slightly moist environment was shown to increase
the bonding and defined as wet-bonding technique.

Priming step
Conventional primers in etch-and-rinse adhesive systems con-
sist of polymerizable monomers in an organic solvent such as
ethanol or acetone (11). They include water and hydroxyethyl-
methacrylate (HEMA)-rich solutions to ensure the expansion
of the demineralised collagen matrix and wet the collagen with
hydrophilic monomers. Re-expansion of the collagen matrix that
has collapsed upon air-drying after acid-etching/rinsing step is
essential to achieve a good bonding (12). The primer’s function
is to wet collagen fibril surfaces and to displace water to the full
depth of demineralization.

The primer solvent is an important factor affecting the hand-
ling (13) and performance (12) of the adhesives. Water-based
adhesives are believed to be the most forgiving regarding ap-

plicational errors, such as in the degree of dentin wetness or
dryness. However, control of moisture may be difficult e.g. in
deep dentin with wide open tubuli (14), and the water remain-
ing in the interface (15) jeopardizes the durability. Therefore,
water, or water-ethanol based primers require careful evapora-
tion of the solvent (14). Acetone-based adhesives, on the other
hand, have water-free formulations, but require challenging wet
bonding technique. Due to the high vapour pressure of acetone,
it may evaporate too quickly and may not be able to dehydrate
the matrix.
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Fig. 2. Scanning electron microscope (SEM) image, showing
the open dentinal tubuli and exposed collagen fibres after acid
etching. This collagen matrix serves as a substrate for the hy-
brid layer formation (Photo: Dr. Franklin R. Tay, by permission).
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Adhesive resin step

In three-step etch-and-rinse adhesive systems the bonding resin
is normally solvent-free. A relatively hydrophobic adhesive layer
covers the primed dentin encapsulating the exposed collagen
fibrils (Fig. 2), resulting in the so-called hybrid layer. Solvent-
free adhesives have water sorption and solubility values that are
less than half that seen for two-step etch-and-rinse adhesives
(16,17). In two-step etch-and-rinse adhesive systems, primer
and adhesive resin are combined into the same liquid that
therefore includes also solvated hydrophobic and hydrophilic
monomers.

Problems related to etch-and-rinse adhesive systems

Despite the success of etch-and-rinse adhesive systems for
enamel bonding, technique sensitivity in dentin bonding and
inconsistency in collagen fibril encapsulation through the whole
depth of the demineralisation zone led to the development of
self-etch adhesive systems. Nevertheless, three-step etch-and-
rinse concept adhesives are still today regarded as the »gold
standard«.

Self-etch adhesive systems

Self-etch adhesive systems were developed to reduce the number
of application steps in order to have more-user friendly adhesive
systems (Fig. 3, Table 1). They are supposed to eliminate the risk
of over-etching and over-drying. Self-etch adhesive systems do
not require separate acid-etching and rinsing steps, since they
are composed of aqueous mixtures of acidic monomers (such as
phosphoric acid or carboxylic acid esters) that simultaneously
etch and infiltrate enamel and dentin (11). As a result, the dis-
solved smear layer and demineralization products are not rinsed
away, but incorporated in the hybrid layers (18,19).

Two-step self-etching adhesive systems

Resin impregnated

Smear layer
smear layer

Self-etching primer
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CLINICAL RELEVANCE

Despite the increased number of simplified adhesives in the
market, 3-step etch-and-rinse adhesives are still the »gold
standard« for clinical use. Mild two-step self-etch adhesives
show a clinically reliable bonding to dentin, selective etching
of enamel is recommended for enamel bonding. One-step,
(all-in-one), self-etch adhesives show often an ineffective clini-
cal performance.

Two-step self-etch adhesive systems

In two-step self-etching adhesives, the first step includes acidic
hydrophilic monomers that etch and prime the exposed collagen
network. The second step includes a more hydrophobic adhesive
resin. This second step makes the interface more hydrophobic and
seals the bond more effectively.

One-step self-etch adhesive systems
In one-step (so-called all-in-one) adhesive systems, etching, prim-
ing and resin bonding components are all in the same mixture.
Water is an essential component of self-etch adhesives as it is
needed in the ionization of acidic monomers. Total removal of
water from the hybrid layer is unrealistic (20), raising concerns
about the polymerization of the adhesive. This also applies to
the high concentrations of solvent that may, in the case of in-
complete evaporation, cause incomplete resin polymerization
(21). The acidity of the self-etch adhesive systems range from
pH 0.9 to 2.5; the self-etch adhesive systems can be classified as
mild, moderate or strong according to the acidity (22). Therefore,

Adhesive

Hybrid layer

Hydrophobic
adhesive layer

Fig. 3. Use of two-step self-etching adhesive systems. The self-etching primer is applied on the smear layer-covered enamel or
dentin. The primer etches through the smear layer and into the top of the smear plugs, and the solvent is evaporated. After solvent
evaporation, the primed dentin is sealed with a layer of hydrophobic adhesive resin and light-cured.
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the etching effectiveness and pattern between these products
may vary considerably. The use of strong (more acidic) self-etch
adhesive is more favourable for the bond to enamel. Mild etching
systems give better bonding to dentin, but demineralise enamel
less effectively than traditional phosphoric acid. For some mild
self-etch adhesive systems, the manufacturers also suggest selec-
tive enamel etching with phosphoric acid before the application
of the adhesive.

Two-step and some one-step self-etch adhesive systems have
relatively higher pH and result in shallower enamel demineraliza-
tion compared to phosphoric acid. However, either roughening of
enamel to remove prismless enamel or a separate phosphoric acid
enamel-etching improves the enamel bonding ability of self-etch
adhesives (23). While bonding to enamel might be a problem with
mild agents, bonding to dentin with two-step self etch adhesive
systems has given results similar to those obtained by the »gold
standard« three-step etch-and-rinse adhesives. Some two-step
self-etch adhesives have shown an additional chemical interac-
tion of carboxyl/ phosphate groups of functional monomer and
hydroxyapatite (24). Good clinical results for some two-step self-
etch adhesives have been reported (25,26). In general, selective
enamel etching followed by a normal application of a two-step
self-etch adhesive has been recommended for the best overall
performance of the adhesives (26). Apart from the pH of the self-
etch solution, other factors such as agitation during application,
viscosity, thickness of the smear layer and wetting characteristics
affect the resultant depth of demineralization and infiltration by
self-etch adhesives (27,28).

Problems related to simplified etch-and-rinse and self-etch adhesives
Despite their user-friendliness and low technique sensitivity, sim-
plified adhesive systems (two-step etch-and-rinse and one-step
self-etch adhesive systems) have resulted in low bond strength in
vitro (25,29) and less than ideal clinical outcomes (26). Due to
their hydrophilicity, and lack of hydrophobic resin coating, cured
adhesive layers may act as permeable membranes (30), permit-
ting water movement across the adhesive layer when applied on
wet dentin. Reticular patterns of nanoleakeage (so-called ‘water
trees’) have been found within the adhesive layer of simplified ad-
hesives. They are considered as sites of incomplete water removal
and subsequently suboptimally polymerised resins, which leads
to lower bond strength and less durable bonding (30).
HEMA-containing formulations are prone to high water sorp-
tion, and upon polymerization, HEMA-water mixture forms hy-
drogel. On the other hand, HEMA-free formulations are prone to
phase separations. This can lead to low bond strengths because of
the formation of resin globules and poor resin tag formation and
often results clinically in postoperative sensitivity. Additionally,
the complex mixtures of hydrophilic and hydrophobic monomers
and solvents in simplified adhesives, mainly in all-in-one adhe-
sives, make them more technique sensitive. Air-drying is essential
to remove the water and solvents as much as possible (31,32),

but might as well result in over-thinning of the adhesive layer at
some parts of the cavity, and pooling of excessive adhesive layer in
some other part (33). This results in non-uniform adhesive layers,
and very thin areas are prone to the lack of polymerization due
to the fast oxygen inhibition of thin layers (33). When restora-
tive material is applied on top of this layer it might displace the
adhesive, leaving the composite in direct contact with the hybrid
layer. It is important to have a layer of cured adhesive between the
restorative material and the hybrid layer to avoid the problems as-
sociated with thin oxygen-inhibited layers. Another consequence
of the complex monomer mixtures is the in-the-bottle monomer
degradation due to the hydrolysis of the ester groups of the resins
(34), which limits their shelf life. To overcome this problem, some
manufacturers use two-component one-step adhesives to keep
water separated from the functional monomers until the time of
application. These products thus require mixing of two compo-
nents immediately prior to application (e.g. Adper Prompt-L-Pop,
3M ESPE, Futurabond NR, Voco).

Materials with adhesive properties

Restorative materials

Glass ionomer or resin-modified glass ionomer bonds to tooth
structure through a specific chemical reaction combined with
submicron hybridization (26). Glass ionomers are acid-base
reaction cements containing a reactive ion-leachable glass base
and an aqueous solution of polyalkenoic acid, usually polyacrylic
acid. To improve the properties, resin-modified glass ionomers
were developed with the addition of resin components into glass
ionomer cements. Bonding of glass ionomer to tooth structure
is mainly based on the chemical bonding through ion exchange,
and the resin-modified version offers an additional microme-
chanical interlocking of the cement into dentin tubules. The
adhesion depends both on a limited demineralization of enamel
and dentin by polyalkenoic acid and infiltration, and on chemi-
cal adhesion between hydroxyapatite calcium and polyalkenoic
acid. This results in a shallow hybrid layer formation (0.5-1um)
(7,26). The application of polyacrylic acid as a cavity conditioner
improves the bonding through smear layer removal, deminer-
alization of the tooth structure and also by chemical bonding
with residual hydroxyapatite (35). The release, uptake and re-
release of fluoride are thought to be important caries protective
properties of glass-ionomers by preventing demineralization and
in assisting remineralisation. So far, studies have shown over
90 % retention rates for up to five years in non-carious cervical
restorations (36), and over 75 % survival even in load-bearing
class II cavities (37).

Luting cements

Recently introduced luting cements with adhesive properties are
considered as “self-adhesive materials” (26). Self-adhesive luting
cements are relatively new and information on their compositions
and adhesive properties are limited. They have multifunctional
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monomers and phosphoric acid groups to achieve a simultane-
ous demineralization and infiltration of dentin and enamel. The
reactions, (similar to those in glass-ionomer cements), of phos-
phoric acid with alkaline fillers result in a setting material, (38).
However, interaction with dentin is superficial and no hybrid layer
formation is observed (39). While adhesion to dentin seems still
acceptable, enamel adhesion seems to be the much lower than in
the conventional systems (38).

Degradation of resin bond to dentin

The limited durability of resin-dentin bonds is caused partially by
hydrolysis of the hydrophilic resin components as a result of water
sorption and swelling, and possible esterase attacks from saliva
(17,40), and partly by the degradation of exposed collagen fibrils
by endogenous matrix metalloproteinases (MMPs) derived from
demineralised dentin (41,42). MMPs are a group of enzymes that
collectively are able to degrade extracellular proteins, including
collagen, and dentin contains several members of MMP family
(43-45). They are normally inactive in the mineralised dentin
matrix but acid-etching or application of self-etch adhesive sys-
tems uncovers and activates MMPs (41,46). Both in vitro and in

Effect of chlorhexidine on adhesive bond strength
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Fig. 4. The effect of chlorhexidine (CHX) on microtensile adhe-
sive bond strength in studies with comparable study design.
10 in vitro studies and one in vivo study in humans (49) used
the same adhesive (Adper™ Scotchbond™ 1, 3M ESPE) and
similar CHX treatment (0.2 % or 2 % CHX solution applied

on acid etched cavities prior to adhesive application). For the
two studies using both 0.2 % and 2.0 % CHX concentrations
the outcomes are presented separately. The bars indicate the
percentage of loss of bond strength per month of the duration
of the study (from six to 24 months) for the controls and CHX-
treated samples. Mean values indicate the mean monthly bond
strength loss of the controls (5.1 %) and CHX-treated samples
(1.9 %).
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vivo studies have indicated that MMP inhibition in the hybrid
layer with chlorhexidine is a promising approach to improve the
durability of the resin-dentin bond with etch-and-rinse adhesives
(47-49). However, clinical restoration survival data on the effect
of such treatment is not available. Currently, only limited data is
available on the long term effect of CHX, however, studies treating
acid-etched dentin for 30-60 sec with 0.2 to 2 % chlorhexidine
show around 1.9 % loss in bond strength compared to 5 % loss
in no-treatment groups (Fig. 4). CHX has also been able to elimi-
nate the reduction of bond strength in vivo: after 14 months in
clinical service, bond strength of CHX-treated composite fillings
reduced only 1.5 %, while in the control group the reduction was
35 % (49). While chlorhexidine is already in clinical use, other
approaches to inhibit dentinal MMPs have also been studied with
promising results (50,51).

Clinical recommendations

Bonding to enamel is still best accomplished using the etch-and-
rinse approach. The in situ polymerization of adhesive resins in
the etched pits creates a durable micromechanical interlocking.
The enamel bond not only effectively seals the restoration margin
but also protects the vulnerable dentine bond against degrada-
tion. Bonds formed to enamel with etch-and-rinse systems are
strong and durable because their ability to wet and impregnate
etched enamel is efficient.

In etch-and-rinse adhesive systems, evaporation of solvents is
a critical step. Ethanol-water based primers applied on blotted-
dry dentin, followed by proper evaporation of the solvent, may
be the safest approach.

Both three-step etch-and-rinse adhesive systems and mild two-
step self-etch adhesive systems show a clinically reliable bonding
to dentin. In general the clinical performance of three-step etch-
and-rinse adhesive systems are superior than that of two-step, and
two-step self-etch adhesive systems are superior than one-step
(all-in-one) self-etch systems. One-step (all-in-one) self-etch
adhesive systems show often an inadequate clinical performance.

Abstract (English)

Contemporary tooth-coloured filling materials

Tooth coloured materials dominate restorative treatments in
the Nordic countries today. The most recent developments have
concentrated on monomers and filler particles. The present article
discusses composition of and results from laboratory studies on
contemporary materials with specific focus on nano-composites
and the clinical relevance of laboratory studies. Furthermore,
polymerization by LED light curing units and the risk of release
of hormone-like chemicals from composites are briefly discussed.
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