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Background: Resin composite restorations bonded to tooth structure have significantly improved contemporary restorative

Abstract

dentistry by supporting minimally invasive and esthetic treatment approaches. Their longevity largely depends on effective
adhesion to enamel and dentin and the stability of the adhesive interface. Universal (multi-mode) adhesive systems were
introduced to simplify bonding while preserving clinical performance, as they can be used in etch-and-rinse, self-etch, or
selective enamel etching modes. However, concerns remain about their long-term durability and their effect on the fracture
resistance of composite restored teeth.

Objectives: This review aimed to evaluate universal adhesive systems focusing on their bonding mechanisms, chemical
composition particularly the role of functional monomers such as 10-methacryloyloxydecyl dihydrogen phosphate (10-
MDP) and their effect on fracture resistance compared with conventional adhesive strategies.

Methods: Literature review of in vitro studies evaluating the fracture resistance of premolar teeth restored with MOD resin
composite restorations using different universal adhesive systems. Analysis focused on mechanical testing protocols,
including specimen preparation, loading conditions, and static fracture resistance assessment until failure with detection to
the mode of failure.

Conclusion: Available evidence suggests that universal adhesive systems can influence the fracture resistance of premolar
teeth restored with MOD resin composite restorations. Variations in adhesive composition and bonding strategy may affect
the mechanical performance of the restored tooth structure. However, differences in mechanical testing protocols limit
direct comparison among studies. Further standardized investigations are recommended to clarify the long-term mechanical
behavior of these adhesive systems.

Keywords: Universal Adhesive Systems; Multi-Mode Adhesive; Etch-And-Rinse; Selfetch; Selective Enamel Etching;

\\\ Fracture Resistance; Resin—Dentin Interface; Hybrid Layer; 10-MDP /’
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Abbreviations: 4-MET: 4-Methacryloyloxyethyl Trimellitic Acid, 4-META: 4-Methacryloyloxyethyl Trimellitate
Anhydride, 10-MDP: 10- Methacryloyloxydecyl Dihydrogen Phosphate, Bis-GMA: Bisphenol A-Glycidyl Methacrylate,
Ca?": Calcium ions, CQ: Camphorquinone, DEJ: Dentin—Enamel Junction, ER: Etch-and-Rinse, GPDM: Glycerol
Phosphate Dimethacrylate, HAp: Hydroxyapatite, HEMA: 2-Hydroxyethyl Methacrylate, MOD: Mesio-OcclusoDistal,
MMPs: Matrix Metalloproteinases, PAA: Polyacrylic Acid, PENTA: Dipentaerythritol Penta-Acrylate Phosphate, RMGIC:
Resin-Modified Glass Ionomer Cement, SE: Self-Etch, UAs: Universal Dental Adhesives, uTBS: Microtensile Bond

Search Strategy

Several international online scientific databases were
systematically searched, including ResearchGate, ISI Web of
Science, Scopus (SciVerse), Google Scholar, and the
National Library of Medicine (MEDLINE/PubMed). The
search included any published papers that evaluated the
fracture resistance of teeth restored by resin composite with
different universal adhesive systems. These websites were
explored for studies up to 2026. The search keywords used
for searching are Universal adhesive systems, Adhesion to
enamel and dentin, Resin-Dentin interface and Fracture

resistance.

Introduction

Adhesive dentistry has made significant progress in recent
decades. With the rise of minimally invasive dentistry, this
approach supports more conservative cavity preparations that
depend on the effectiveness of modern enamel—-dentin
adhesives. The use of adhesive materials has eliminated the
need for traditional mechanical retention features such as
dovetails, grooves, undercuts, and sharply defined internal
angles in cavity preparation [1]. As a result, modern adhesive
techniques enable the preservation of a significant amount of
healthy tooth structure that would otherwise be removed
during conventional cavity preparation [2]. Additionally,
improving the bond between restorative materials and tooth
surfaces results in increased durability and success of dental
restorations, resulting in greater patient comfort and a

reduced risk of restoration failure [3].

Early Beginnings

In the early stages of development of dental adhesives,

materials such as zinc phosphate and silicate cement were
introduced to improve adhesion to tooth structures. However,
these materials demonstrated insufficient bond strength and
durability, limiting their effectiveness for long-term
restorative applications [4]. In the 1940s, the development of
improved dental adhesives led to the adoption of synthetic
resins. polymethyl methacrylates resins were primarily used
as fillings because of their aesthetic properties and ease of
handling. However, these resins exhibited poor adhesion to
tooth structures, resulting in marginal leakage and an
increased risk of secondary caries. In 1955, Dr. Michael
Buonocore introduced the acid-etch technique to improve
bonding between resin materials and enamel [1]. This
technique involved etching the enamel with phosphoric acid,
which produced a microscopically rough surface that
enhanced the adhesion of restorative materials

by enabling better mechanical retention [5].

Dental adhesives are resin-based solutions designed to enable
strong bonding between restorative materials and dental
tissues. These systems contain monomers with both
hydrophilic and hydrophobic components [6]. The
hydrophilic portions improve wettability and promote
adhesion to the moist surface of dental hard tissues, while the
hydrophobic parts facilitate bonding and co-polymerization
with the restorative material. In addition to monomers, dental
adhesives often include curing initiators, stabilizers,
inhibitors, solvents, and sometimes inorganic fillers to

enhance their performance [7].

Bonding to Enamel vs Dentin

The primary goal of restorative dentistry is to achieve durable

adhesion between restorative materials and tooth structures,
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including enamel, dentin, or both [8]. Enamel is a dry, non-
vital substrate, making it an ideal surface for forming a strong
and reliable adhesive bond [9]. As the enamel is a highly
mineralized crystalline substance, Effective bonding to
enamel is commonly achieved by etching the surface with
phosphoric acid, which produces a microscopically rough
texture that enhances resin retention. This etched surface is
easily wetted by hydrophobic resin-based adhesives, allowing
the adhesive to flow into the micro-irregularities through
capillary action. As the resin polymerizes, it forms a strong

micromechanical bond with enamel [10].

1. Challenges in Bonding to Dentin

1.1 Histological structure of dentin

Unlike enamel, dentin is more humid and contains a higher
proportion of organic material. Dentin exhibits a complex
histological architecture that varies with both anatomical
location and age. It is composed of approximately 72%
inorganic hydroxyapatite crystals, which are irregularly
distributed within a matrix predominantly formed by collagen
fibers [11]. Dentinal tubules extend from the pulp toward the
dentino-enamel junction (DEJ) which is encased by a highly
mineralized layer known as peritubular (intratubular) dentin
and further surrounded by the less mineralized intertubular
dentin [12]. The intertubular dentin primarily consists of type
I collagen fibrils, with minor contributions from type III
collagen, and includes a variety of non-collagenous proteins.
These include proteoglycans, matrix metalloproteinases
(MMPs), phosphoproteins, dentin sialoprotein, dentin
glycoprotein, and other dentin-specific matrix proteins, all of
which play essential roles in dentin structure and function
[13].

This inherent moisture and organic composition make dentin
a much more challenging substrate for adhesive bonding
compared to enamel [14]. Dentinal tubules extend throughout
the entire thickness of the dentin, originating from the DEJ or
the cementum and continuing toward the pulp [15,16]. An
increase in the diameter of dentinal tubules in deeper regions
of the dentin, combined with their convergence toward the
pulp chamber, leads to a significant rise in dentin
permeability as cavity preparation approaches the pulp [17].

Thus, in superficial dentin, bonding occurs primarily through

the intertubular dentin, whereas in deep dentin, it is
predominantly intratubular due to the higher density and
diameter of dentinal tubules [18].

For optimal bonding performance, any residual solvent on the
dentin surface should be thoroughly evaporated by air-drying
the adhesive before light-curing. If the solvent is not fully
removed, it can interfere with the polymerization of resin
monomers, weaken the adhesive bond, and reduce the quality
of the polymer formed within the hybrid layer. Additionally,
incomplete solvent evaporation can lead to the formation of
voids at the adhesive interface, which may act as sites for
nano leakage and ultimately reduce bond strength and
mechanical durability [19,20].

Solvent evaporation can be facilitated either by allowing a
waiting period between adhesive application and curing or by
actively air-drying with an air syringe. Several factors
influence how effectively solvents evaporate, including the
type of solvent and monomer used, the distance between the
air syringe and the tooth surface, the operator’s technique,
and the temperature of the air, which can significantly affect
the required drying time for the adhesive system [21-23].

1.2 Smear layer

Cavity preparation modifies the outermost layer of the tooth
structure by creating a thin layer of cutting debris known as
the smear layer, which is approximately 1.0 um thick [24].
This layer covers the surface of the dentin and consists of
pulverized hydroxyapatite and denatured collagen.
Additionally, debris can penetrate and block the openings of
dentinal tubules, forming what are known as smear plugs.
These plugs may extend into the tubules to a depth of 1-10
pm and are continuous with the smear layer. Despite their
microscopic size, the smear plugs and the smear layer can
significantly affect bonding and should not be overlooked
during adhesive procedures [25].

The smear layer acts as a physical barrier, significantly
reducing dentinal permeability by up to 86% [26]. To ensure
effective chemical bonding to the dentin surface, some degree
of etching is necessary to address this obstacle, which plays a
critical role in determining bond strength and long-term
adhesion durability. Early generations of non-acidic
adhesives were ineffective at bonding to intact dentin beneath

the smear layer due to their inability to modify or penetrate it.
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There are two primary strategies to overcome the challenges
posed by the smear layer. The first involves its complete
removal through an etch-and-rinse technique, allowing direct
access to the dentin. The second approach uses self-etch
adhesives that are capable of penetrating and interacting with
the smear layer, incorporating it into the hybrid layer during
bonding [2].

1.3 Hybrid layer

The effectiveness of the resin-dentin bond relies on the ability
of the adhesive system to infiltrate the collagen matrix of
dentin, which becomes exposed following acid etching. The
resulting resin-dentin interdiffusion zone, known as the
hybrid layer, plays a critical role in achieving
micromechanical retention of dental restoration [27]. Resin
monomers are unable to displace water effectively, which
limits the ability of adhesive systems to fully infiltrate the
demineralized collagen matrix. This incomplete penetration
results in the formation of distinct zones within the hybrid
layer, where micro-phase separation (referred to as micro
permeability) or nano-phase separation (known as
nanoleakage) can occur [28,29].

MMPs are calcium- and zinc-dependent host-derived
enzymes embedded within the mineralized dentin matrix.
These proteases break down the organic matrix of
demineralized dentin by hydrolyzing exposed collagen fibrils
beneath the hybrid layer, which significantly weakens the
resin-dentin bond strength [30]. Hydrolytic degradation of the
adhesive interface leads to negative clinical outcomes,
including dentin hypersensitivity, marginal staining, and the
risk of secondary caries, all of which reduce the longevity of
dental restorations [31].

The most used monomer in dentin adhesive primers is 2-
hydroxyethyl methacrylate (HEMA). Its primary role is to
prepare the dental substrate for the reception of hydrophobic
monomers by expanding collagen fibrils and enhancing
surface wettability [32]. Owing to its low molecular weight
and high hydrophilicity, HEMA significantly improves the
penetration of adhesive resins into the demineralized dentin
matrix. This facilitates the formation of a more uniform
hybrid layer and supports the diffusion of other functional
monomers, ultimately contributing to improved initial bond

strength [33,34]. However, over time, the high hydrophilicity

of HEMA leads to increased water sorption, which
contributes to the hydrolytic degradation of the adhesive
interface and compromises the long-term

durability of the bond [35,36].

2. Classification of Dental Adhesives

2.1 According to chronological history

2.1.1 First generation

The first generation of dental adhesives was based on a
chemical bonding method using N-phenylglycine-glycidyl
methacrylate (NPG-GMA) [3]. However, the overall clinical
performance of this adhesive product was limited, primarily
due to high interfacial stress and thermal expansion
associated with methacrylate-based composites [37].

2.1.2 Second generation

In the late 1970s, new materials were introduced to enhance
the performance of first-generation dental adhesives. These
adhesives primarily incorporated polymerizable
phosphonates into Bisphenol-A Glycidyl Methacrylate (Bis-
GMA) resins to enhance bonding with calcium ions [8].
However, they did not remove the smear layer, resulting in
weak and unreliable bond strength. Due to frequent bonding
failures associated with the loosely attached smear layer, this
generation of adhesives is no longer in use [8]. Additionally,
the presence of water in their formulation raised concerns
about hydrolytic stability and long-term degradation [38].
2.1.3 Third generation

This generation emerged in mid 1980s. The clinical
procedure was typically divided into two or three steps: (1)
acid etching, (2) application of the primer (which, depending
on the system, could be combined with the conditioner in a
single bottle), and (3) application of a filler-free adhesive
resin [39]. Acid etching of the dentin partially removes and/or
alters the smear layer [40]. This process opened the dentin
tubules, allowing the primer to be applied after the acid was
thoroughly rinsed off. In most of these systems, the phosphate
primer softens and modifies the smear layer; once it
penetrates, it is cured to form a hardened surface. The
adhesive is then applied, bonding the cured primer to the
composite resin. However, bonding to smear layer—covered

dentin was largely ineffective before 1990, as the resins were

unable to penetrate the smear layer, and the smear layer itself
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was structurally weak [41].

2.1.4 Fourth generation

In the early 1990s, fourth-generation materials were the first
to achieve complete removal of the smear layer [42]. One of
the key features of fourth-generation bonding systems is the
use of the total-etch technique [43]. This method involves
etching both enamel and dentin simultaneously with 40
percent phosphoric acid for 15 to 20 seconds. After etching,
the surface must remain moist, a technique called "wet
bonding” to prevent the collapse of the collagen network. A
hydrophilic primer is then applied, which infiltrates the
exposed collagen and helps form the hybrid layer [2,44].
However, maintaining the correct level of moisture is
clinically challenging; dentin that is too wet or too dry can
result in suboptimal bonding [45]. Among fourth-generation
etch-and-rinse systems, OptiBond FL (Kerr Corporation,
Orange, CA, USA) is widely regarded as the gold standard
due to its three-step protocol, filled adhesive layer, and
proven long-term clinical stability [46].

Compared to other systems, fourth-generation exhibited
superior microtensile bond strength, lower nanoleakage,
higher degrees of conversion both overall and in situ, greater
ultimate tensile strength, and reduced water sorption and
solubility [47].However, the use of these systems can be quite
complex and time-consuming due to the numerous bottles and
application steps involved. This complexity led many dentists
to seek a more simplified adhesive system.

2.1.5 Fifth generation

Manufacturers simplified adhesive systems by combining
application steps, leading to the development of single-bottle
systems that mix primer and adhesive. This simplification is
the defining feature of fifth-generation adhesive systems
[48,49]. Combining the primer and adhesive resin into a
single application step necessitated the inclusion of higher
concentrations of hydrophilic components in the adhesive
formulations. This was essential to enhance their diffusion
into the collagen network of etched dentin [50]. One
commonly used monomer in simplified adhesive systems is
HEMA, due to its strong hydrophilic nature, which improves
dentin wettability and significantly enhances bond strength
[49]. Unfortunately, the high hydrophilicity of HEMA can

result in long-term drawbacks, such as increased water

absorption and hydrolytic degradation of the adhesive
interface [51,52]. These issues can lead to clinical problems
like dentin sensitivity, marginal discoloration, and potential
recurrence of caries, ultimately compromising the longevity
and effectiveness of restorations [28].

2.1.6 Sixth generation

Called Self-etch adhesive systems. designed to simplify the
application process by reducing the number of procedural
steps. Unlike earlier generations, these systems combine
etching and priming into a single step, making the
hybridization process quicker, more efficient, and less prone
to technique-sensitive errors [5]. Early evaluations of these
new adhesive systems showed a strong bond to conditioned
dentin, but the bond to enamel was less effective. This may
be due to the acidic composition of sixth-generation systems,
which are applied as a single solution. These solutions are
difficult to keep in place, need frequent refreshing, and have
a pH that isn’t strong enough to properly etch enamel [S3]. To
improve the bond to enamel, it is recommended to first etch
the enamel with traditional phosphoric acid before applying
the adhesive system.

2.1.7 Seventh generation

The latest generation of adhesive systems combines the
etchant, primer, and bonding agent in a single solution,
forming a one-step or “all-in-one” procedure. These self-etch
adhesives are considered an attractive option by clinicians, as
they simplify the bonding process by reducing the number of
clinical steps compared to traditional multistep etch-and-rinse
systems [54]. Cured adhesives can allow water to migrate
from dentin, forming blisters at the composite—adhesive
interface. These blisters, caused by adhesive permeability and
trapped water, are identified as dark deposits when immersed
in a silver nitrate tracer solution. This results in reduced shelf
life and decreased bond strength of the adhesive [23].

2.1.8 Eighth Generation

The eighth-generation bonding agent incorporates nanosized
fillers to enhance its mechanical properties and improve the
stability of the adhesive interface [2]. Nanofillers with an
approximate particle size of 12 nm are incorporated into these
new adhesive systems. These fillers enhance the penetration
of resin monomers and contribute to an increased hybrid layer

thickness, which in turn improves the mechanical properties
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of the bonding system [38,55]. Additionally, nano-bonding
agent solutions containing nano-fillers have been shown to
provide better bond strength to both enamel and dentin,
improved stress absorption, and extended shelf life [56].
These advanced self-etch adhesives contain acidic
hydrophilic monomers that can be easily applied to
moistened, etched enamel surfaces [57].

2.2 Classification according to etching approach

2.2.1 Etch-and-rinse adhesives

ER technique is performed in a multi-step process. It involves
a distinct etching phase using phosphoric acid, the strongest
etchant among the available methods, followed by thorough
rinsing [58]. This approach effectively removes the smear
layer, allowing the adhesive to penetrate the dentinal tubules
without obstruction. As a result, well-formed resin tags are
produced, contributing to improved micromechanical
bonding [59].

The manufacturers of ER systems have developed two
variations: the twostep and three-step ER systems. The main
difference between these lies in how the components are
package three-step ER systems keep the etchant, primer, and
adhesive in separate bottles, whereas two-step ER systems
combine the primer and adhesive in a single bottle, with the
etchant provided separately for use prior to adhesive
application. This process involves a multi-step clinical
procedure starting with etching, followed by priming, and
concluding with adhesive application [60].

However, the superficial dentin layer may become weakened
due to the strong etching effect of the etchant used, which can
also reduce the adhesive’s ability to form strong chemical
bonds with the low mineral content present in the dentin
hybrid layer, thereby emphasizing micromechanical adhesion
[59,61]. In general, determining the optimal level of dentin
moisture makes dentin bonding particularly challenging.
Moreover, achieving the ideal level of "moist dentin" is
difficult because enamel must be dried for bonding, yet
drying the enamel without also drying the underlying dentin
is hard to control [62].

2.2.2 Self-etch adhesive system

SE adhesives consist of acidic functional monomers, typically
containing carboxyl or phosphate groups, that simultaneously

etch and prime the tooth structure without the need for

separate etching steps. Instead of removing the smear layer
entirely, these adhesives modify and incorporate it [63,64].
The acidic monomers penetrate and partially demineralize the
smear layer and the underlying tooth substrate, integrating the
dissolved smear layer and demineralized components into the
hybrid layer rather than rinsing them away [65]. Compared to
etch-and-rinse adhesives, SE systems are easier to use, have
a faster application process, and are less sensitive to operator
technique [66].

The degree of dentin demineralization depends on the
primer’s acidity, which can be classified as ultra-mild (pH >
2.5), mild (pH = 2), intermediately strong (pH between 1 and
2), or strong (pH < 1). Primers with lower pH values penetrate
dentin more deeply. Ultra-mild and mild SE adhesives
partially demineralize dentin while retaining hydroxyapatite
bound to collagen, allowing for potential chemical
interaction. This process also supports the formation and
maintenance of nanolayering, which contributes to the
durability of the adhesive bond [67,68].

Conversely, strong self-etch adhesives demineralize dentin in
a way that closely resembles the action of etch-and-rinse
systems. They exert an aggressive etching effect on both
enamel and dentin simultaneously. In enamel, these adhesives
generate an acid-etch pattern comparable to that produced by
phosphoric acid. However, in dentin, unlike with phosphoric
acid etching, the dissolved calcium phosphates are not rinsed
away but remain trapped within the tissue [2]. These residual
calcium phosphates are highly unstable and can undermine
the integrity of the dentin—adhesive bond over time.
Additionally, concerns have been raised about the long-term
durability of strong acidic treatments on dentin due to
collagen instability and enzymatic degradation result of the
extreme low pH of conventional acid etchants and the ionic
demineralization process.'® "Intermediately strong" self-etch
adhesives produce a hybrid layer that represents a transition
between "strong" and "mild" etching. This hybrid layer
typically consists of a fully demineralized superficial zone
and a partially demineralized underlying layer [63].

Self-etch adhesives bond to tooth by two mechanisms:
chemical bond and micromechanical interlocking. Self-etch
contain functional acidic monomers with carboxylic,

phosphonic, or phosphate groups that can chemically bond to
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the remaining hydroxyapatite in dentin. This bonding
improves resistance to hydrolytic breakdown, helping to
preserve the restoration margins over time. Some common
examples of these monomers are 10-methacryloyloxydecyl
dihydrogen phosphate (10-MDP), 4-methacryloyloxyethyl
trimellitic acid (4-MET), 4methacryloyloxyethyl trimellitate
(4-META),
anhydride (4-AETA), 2 methacryloyloxyethyl dihydrogen
phosphate  (MEP),
bromide (MDPB),

anhydride 4-acryloyloxyethyl trimellitate
methacryloyloxydodecylpyridinium
11-methacryloyloxy-1, 1-
undecanedicarboxylic acid (MAC-10), phenyl phosphate
methacrylates, acrylic ether phosphonic acid, and other
phosphoric acid esters [16,36].
Current self-etch adhesive systems are classified based on the
number of clinical application steps: either one-step or two-
step systems. Two-step self-etch adhesives begin with the
application of a hydrophilic etching primer containing acidic
monomers, which simultaneously etch and prime the tooth
surface. After the solvent is evaporated, a separate
hydrophobic bonding agent is applied to seal the dentin [63].
One key advantage of two-step self-etch adhesives is that
their bonding effectiveness is less sensitive to the moisture
level of dentin compared to etch-andrinse (ER) adhesives.
2.2.3 Resin modified glass ionomer cement
A new category of adhesives, known as resin-modified glass

ionomer cement (RMGIC) adhesives, has been introduced

[69]. These adhesives bond to tooth structure using the

conventional conditioning approach applied to RMGIC
restorative materials. This involves treating dentin with
polyacrylic acid (PAA), followed by rinsing and drying [70].
Conditioning removes the smear layer except for smear plugs,
partially demineralizes the dentin surface, and facilitates a
chemical reaction between the glass ionomer components and
hydroxyapatite in the tooth [71]. As a result, RMGIC
adhesives adhere to tooth structure through two mechanisms:
chemical bonding via ionic interaction between the carboxyl
groups and calcium ions in the tooth, and micro-mechanical
interlocking of the resin component with the conditioned
dentin surface [72,73].

2.2.4 Universal Adhesive systems

Referred to as “multi-mode” or “multi-purpose” adhesives
because they can be used in different application modes: as
SE adhesives, ER adhesives, or in a combined approach as it
is done as SE on dentin and ER on enamel or known as
“selective enamel etching” [33,74]. This flexible adhesive
concept supports choosing the most straightforward version
of each technique by using one-step SE or two-step ER
systems [75]. The key distinction between universal
adhesives and traditional onestep SE adhesives lies in the
inclusion of functional phosphate and/or carboxylate
monomers in universal adhesives. These functional
monomers can promote chemical bonding with calcium in
hydroxyapatite, enhancing adhesion to tooth structure [76].

Different applications strategies shown in Figure 1.

Universal
Adhesives
I
| ]
Etch-and-Rinse Self-Etch Selective Enamel
Etching
Phosphoric acid No separate Phosphoric acid
etching of eramel etching step, applied only to
and dentin, acidic monomers enamel, dentin
followed by etch and prime treated with self-
adhesive. simultaneously. etch adhesive.

Figure 1: Different applications strategies of UAs.
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Composition of Universal Adhesives

1. Functional monomers

The high bond strength to dentin is largely attributed to the
chemical properties of functional monomers [77]. These
monomers play a key role in determining the bonding
performance of adhesive systems. Long-term adhesion is
achieved through chemical interaction between the adhesive
and the dentin substrate, leading to the formation of a three-
dimensional collagen—resin network that establishes a stable
and continuous bond [78]. UAs contain several functional
monomers such as 10methacryloyloxydecyl dihydrogen
phosphate (10-MDP), 4-methacryloxyethyl trimellitate
anhydride (4-META), glycerol phosphate dimethacrylate
(GPDM), and dipentaerythritol penta-acrylate phosphate
(PENTA) [46].

10-MDP can form water-insoluble calcium salts with dentin
and is therefore regarded as one of the most reliable
monomers for dentin bonding [79,80]. The bifunctional
nature of 10-MDP allows it to interact simultaneously with
both the resin matrix and the tooth structure. It co-
polymerizes with the resin while inducing controlled, pH-
dependent partial demineralization of tooth hydroxyapatite
(HAp), exposing calcium ions (Ca?") without disrupting the
collagen framework. These calcium ions subsequently form
stable ionic bonds with the phosphate groups of 10MDP,
resulting in the formation of self-assembled, insoluble
interfacial nanolayers known as Ca—MDP nanolayering
[81,82,83]. This nanolayering reinforces the mineral
protected hybrid layer and contributes significantly to the
long-term durability and hydrolytic stability of the adhesive
interface [84].

2. Cross linking monomers

Universal adhesives feature a resin matrix composed of a
strategic combination of monomers: hydrophilic (such as
HEMA), hydrophobic (such as decanediol dimethacrylate
[D3MA]), and moderately hydrophilic or intermediate
monomers (such as bis-GMA). This tailored blend enables
universal adhesives to function as an effective interface
between the hydrophilic tooth substrate and the hydrophobic
resin composite, ensuring reliable adhesion across a wide
range of clinical conditions. Furthermore, some universal

adhesives are formulated with integrated silane, which may

eliminate the need for a separate silanization step when
bonding to substrates like glass ceramics or resin composites.
However, despite their convenience, these simplified systems
have been consistently linked to inferior bond strength in
laboratory studies and reduced long-term performance of
restorations in clinical settings [85,86].

3. Hydrophillic monomers

HEMA is hydrophilic methacrylate monomer is widely
incorporated in singlebottle adhesive systems due to its small
molecular size, which facilitates resin penetration into the
collagen fibril network [87]. In addition, HEMA helps reduce
phase separation between hydrophilic and hydrophobic
components within the adhesive formulation.

Although HEMA improves the wettability of adhesives, its
high-water permeability means that high concentrations may
reduce the long-term mechanical stability of the polymer due
to hydrolytic degradation [88]. Consequently, HEMA-free
dental adhesives were developed to improve the mechanical,
chemical, and physical properties of adhesive systems [89].
Various alternative monomers have been introduced for this
purpose, including dimethacrylates such as glycerol
dimethacrylate (GDMA). In addition, acrylamide-based
monomers have been investigated, including methacrylamide
monomer, hydroxyethyl acrylamide

(HEAA), and diethyl acrylamide (DEAA) [90].

4. Solvents

Water, acetone, and ethanol are the most commonly used
solvents in dental adhesive systems [84]. They function to
dissolve adhesive monomers, thereby reducing the viscosity
of primers and resins and facilitating their penetration into
etched dentin [91].

Solvents are incorporated into adhesive formulations to
enhance micromechanical retention with both enamel and
dentin by removing excess water from the collagen fibril
network and in dissolving amphiphilic resin components,
which improves surface interaction and adhesive infiltration
[16].

Solvent evaporation is a critical factor influencing the
bonding effectiveness of contemporary adhesive systems.
The evaporation potential of different solvents varies
according to their vapor pressure (mmHg), which represents

the tendency of a liquid to vaporize. Solvents with higher
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vapor pressure exhibit greater volatility and evaporate more
readily. Among the commonly used solvents in dental
adhesives, acetone has higher vapor pressure than ethanol and
water [92]. However, despite its high volatility, acetone does
not effectively promote water evaporation because it does not
form an azeotropic mixture with water [93].

Another important property of solvents is their ability to form
hydrogen bonds. This allows the collagen network to re-
expand after dehydration, which improves resin dispersion
and enhances bonding. In addition, the polarity of the resin
affects both the number of hydrogen-bonding sites and the
interaction between the solvent and the polymer [94]. Newer
solvents, including tert-butanol and isopropanol, have been
introduced to reduce the sensitivity of adhesive systems to the
level of dentin moisture. These solvents are used in adhesives
such as Prime & Bond (Dentsply). Because of their relatively
higher molecular weight, they reduce the likelihood of
collagen fibril collapse during the bonding procedure [95].
Acidic monomers cannot dissociate without the presence of
water. Conversely, an excess of water can result in phase
separation, chemical degradation, decreased shelf life, and
evaporation blockage during air drying. The pH range of
universal adhesives is typically 1.5 to 3.2. As a result, the
majority of these adhesives fall into one of three categories:
mild (pH ~ 2), ultra-mild (pH >2.5), or intermediately strong
(pH < 2) [23]. The complicated formulation of simplified
adhesives and their high solvent concentration, which can
prevent full solvent volatilization and subsequently result in
worse adhesive polymerization [96].

5. Photoiniators and fillers

Photoinitiators and fillers are important components of dental
adhesive systems. Photoinitiators initiate the polymerization
process when the adhesive is exposed to visible light. The
most commonly used photoinitiator in dental resins is
camphorquinone (CQ), which reacts with a tertiary amine co-
initiator to generate free radicals that convert monomers into
a polymer network [97]. In addition, some adhesive
formulations incorporate inorganic fillers, such as silica or
glass nanoparticles, to improve the viscosity, mechanical
properties, and stability of the adhesive layer [46].

Despite the growing popularity of universal adhesives,

information regarding their bonding mechanisms and film-

forming characteristics remains limited [98-100]. with most
of the data coming from the manufacturers Given that the
continuous search for clinical step reduction and enhanced
technique sensitivity led to the appearance of these materials
as a new trend in dental adhesion [101]. Manufacturers often
state that universal adhesives work with resin-based
adhesives that are selfcure, light-cure, and dual-cure, and that
they can be used with both direct and indirect restorations

[102].

Fracture Resistance

Fracture toughness is a mechanical property that describes the
resistance of a brittle material to crack propagation under an
applied load, thereby reflecting its damage tolerance [103].
The values of fracture toughness depend on the physical
properties and chemical composition of each component
within the restorative material. A material with high fracture
toughness can better resist crack initiation and propagation.
Consequently, fracture toughness and flexural strength are
important factors in determining the longevity of dental
materials [104,103].

Typically, the fracture toughness values correspond to rather
large standard deviations (>25%). One would anticipate
significantly lower standard deviation results and improved
material discrimination given that fracture toughness is an
intrinsic  feature. Nonetheless, given the biological
composition of dentin and enamel, compositional differences
between specimens may influence and account for these
variances in hardness levels. The variability may also be
influenced by additional elements, such as the depth and
orientation of the enamel and dentin substrates. Some of the
heterogeneity may also be caused by the often intricate
sample preparation methods [105].

Fracture mechanics offers an appropriate framework for
evaluating dental adhesives. However, measuring fracture
toughness at interfaces involving two or more materials is
more complex than testing single-component systems. Most
studies on dental adhesives have overlooked the intricate
stress conditions within the transitional zones of adhesive
joints [105].

It is known that cycling fatigue loading more accurately

replicates clinical conditions than static loading because it
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produces cyclic forces that are comparable to typical mastica-
-tory forces. Fracture resistance and fatigue failure might be
assessed utilizing a universal testing machine [106,107]. As
an appropriate balance between the traditional load-to-
fracture test and the more complex and time consuming
fatigue testing, the accelerated fatigue procedure was devised.
Because of the stresses in the posterior region during
mastication range from 500 - 900 N, the accelerated fatigue
test was only conducted up to 1000 N. Although this test has
been done with heavier loads in certain studies, it would not
have been practical in this case [108,109].

Saitamon et al. [110] evaluated the fracture resistance of
MOD resin composite restorations using different adhesive
strategies. They concluded that Scotchbond Multi-Purpose
demonstrated the highest fracture resistance values. Selective
enamel etching with Single Bond Universal improved and
stabilized fracture resistance compared to the self-etch

approach, while thermal aging adversely affected

performance primarily in the etch-and-rinse mode of the
universal adhesive.

Coelho-de-Souza FH et al. [111] evaluated the effect of
different adhesive systems on the fracture resistance of
premolars restored with composite resin. The results showed
that the use of a total-etch (etch-and-rinse) adhesive system
significantly increased fracture resistance compared to self-
etch approaches, particularly when combined with
appropriate margin preparation.

Al-Jedai et al. [112] conducted a comparative study
evaluating the interface fracture behavior of a fourth-
generation three-step adhesive and a seventh-generation
universal adhesive. The results showed that the multi-step
adhesive exhibited superior interfacial fracture resistance and
integrity compared with the universal adhesive, which
demonstrated greater technique sensitivity despite its

simplified application.

Table 1: Main findings of previous studies

Study Tooth Type

Saitamon et al. Premolars
Coelho-de-Souza et al. Premolars
Al-Jedai et al. Premolars
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