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ABSTRACT

Dentine has a heterogeneous structure and is inherently wet due to the presence of fluid
filled tubules. Bonding to dentine has not met with the same success as enamel
bonding, and dentine bonding systems continue to be developed. /n vitro evaluation of
these systems centres around interfacial morphology; SEM or TEM (involving
considerable sample preparation), microleakage and bond testing. Dynamic interfacial

performance with minimal sample preparation has not been evaluated.

To address this, techniques were developed to record the appearance of
dentine/restorative interfaces in real time, during and after the placement of
restorations, in addition to interfacial micropermeability and dynamic performance

under load.

Teeth, maintained in near physiologic conditions, were restored with a dentine bonding
system. in different cavity configurations and interfacial regions examined using
fluorescence confocal microscopy (tandem scanning and laser scanning microscopes).
Fluorescent dyes were added to the components of the dentine bonding systems and
pulpal fluid to clarify the location of the components within the dentine and highlight
any micro-permeability. Images were captured on 35mm film and/or video. In addition,
a range of computer software programmes were used to capture, edit and store video
rate image sequences. Fracture experiments were conducted in shear mode with tooth
samples held in a custom made jig with load cell and computer controlled servo-motor
pusher to load the sample. Real time images of the interfaces during failure were
recorded along with synchronised load data. This allowed the dynamic patterns of

interfacial failure to be recorded and categorised for the first time.

The fluorescence confocal microscopy techniques provided an in vitro evaluation of
dentine permeability, adhesive penetration and interfacial performance under stress,
and enabled video rate recording of events at the interface. These techniques have been
used in the comparison of performance of dentine bonding systems and have also been

influential in the development stage of new materials.
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STRUCTURE OF THE THESIS

The thesis is structured so that the first chapter is concerned with the literature, the
second chapter outlines the materials and methods common to the studies in the thesis.
Chapters 3-7 refer to these general methods, but otherwise stand alone with their own
introduction, materials and methods, results discussion, and conclusions. Chapter 7
should be read in conjunction with the enclosed video tape. The still photographs do
not easily convey the dynamic events recordedithe video. However, the thesis may be
read without the video tape. Chapter 8 summarises the findings of the whole thesis and

gives areas of future study.
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Chapter 1

LITERATURE REVIEW

1.1 Introduction

There is a clinical demand for versatile tooth coloured, aesthetic, adhesive restorative

materials which do not prejudice the long term health of the tooth. The advantages of

developing a restorative material which adhere to dentine are that:

. a conservative approach to cavity preparation can be adopted, as sound tooth
tissue is not sacrificed to provide retention.

o the cavity is sealed and so risk of sensitivity or recurrent caries is eliminated.

o functional stresses can be transmitted across the restorative dentine interface

and may reinforce the weakened tooth.

Clinically, modern dentine adhesives are required for composite restorations, especially
where cavities are confined to dentine, but also for the cementation of veneers, onlays
and inlays. There will be advantage in the use of an adhesive cavity liner with a variety
of non-adhesive restorative materials and dentine adhesives also have applications in
the placement of preventive restorations, endodontics and in the treatment of dentine

hypersensitivity.

Dentine is a vital, wet tissue and adhesion of restorative materials to dentine is more
difficult than adhesion to enamel. Adhesive restorative materials must be able to attach

to dentine and then be stable in a wet environment.

To date, developments are needed not only in the dentine adhesives, to improve
clinical success, but also in the in vitro assessment of adhesive systems during their
development and following their release into the market, to improve prediction of
clinical performance. The factors affecting the success of bonding restorative

materials to dentine relate to the substrate for bonding - the dentine, its structure and
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permeability, and also to the properties of the adhesive resins and restorative
materials. Together they are responsible for the final interface between the dentine
and the restorative material. The interfacial morphology, the sealing ability and the
response of the interface to stresses imparted by the setting restoration and the

application of load, therefore form the subject of the literature review for this thesis.

1.2 Dentine permeability

Dentine is a heterogeneous tissue containing tubules with their odontoblast
processes. The morphology of the dentine varies from site to site in the same tooth,
from tooth to tooth within individuals, and also between species. Throughout life the
dentine structure will alter with the production of secondary dentine, in response to
physiological and pathological conditions, such as attrition, abrasion, erosion and
caries. Changes in the dentine structure will influence the dentine permeability, and
clinically may effect the success of bonding techniques for adhesive restorative

materials.

In contrast to the wet dentine, composite restorative materials are hydrophobic.
Dentine permeability is therefore an important factor when considering placement
and longevity of these types of adhesive restorations. As a result, the treatment of
the dentine surface prior to bonding, the method of bonding and the effectiveness of
the seal of the restoration have all attracted considerable attention. Dentine
permeability also plays an important role in the aetiology and treatment of dentine
sensitivity, as pain may be induced by a variety of stimuli to exposed dentine causing
fluid to move within the tubules. The stimuli include thermal changes, the

application of hypertonic solutions and air streams.

Permeability, expressed as fluid movement or hydraulic conductance, has been
extensively studied using a variety of in vitro and in vivo models (Pashley et al,
1981a,b, 1984, Brinnstrom and Astréom 1972, Vongsavan and Matthews 1992,
Ciucchi et al 1995). The techniques involved have included the tracing of radio
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active isotopes and the measurement of a single meniscus, air bubble or fat droplet in

fluid filled systems connected to the coronal or radicular dentine.

Movement of the fluid in the dentine tubules was likened to capillary fluid
movement by Brannstrém and Astrém (1972). The direction and rate of fluid flow in
response to thermal stimuli and application of an air spray applied to coronal dentine
in vitro were recorded by Brinnstrém et al (1967). The method involved the
observation of movement of the meniscus of saline in a glass capillary tube attached
to the pulp cavity of an extracted tooth. It was estimated that the tubular contents
moved 5 -10 um in the first second of an air blast, A rapid fluid flow in response to
stimuli was related to dental pain in vivo (Briannstrdm 1966, Brannstrom and Astrém
1972). The maximum flow rate recorded was 2-4 mm sec’ (Berggren and
Brannstrom 1965). The rapid outward flow of fluid in response to air drying has been

confirmed by other studies (Pashley ef al 1984 and Ciucchi et al 1995).

Variations in dentine permeability and fluid flow in different regions of the tooth
have also been studied. The structure of dentine is arranged such that the tubular size
and spacing changes from the amelodentinal junction (ADJ) to the pulp surface.
SEM studies of fractured coronal dentine were used to determine tubular density and
diameter (Garberoglio and Briannstrom 1976). Near the pulp the tubules were very
close together, with 45000 tubules mm?, and a mean diameter of 2.5 um, whereas
near the ADJ tubules were widely spaced with 20000 mm™, and a diameter of 0.9
um. The inner dentine will therefore be more permeable than the outer dentine.
Dentine permeability will increase as the area of exposed dentine increases or as the

dentine thickness decreases.

Pashley et al (1981b, 1984) described a closed fluid system attached to a dentine
sample or pulp chamber for use in vivo and in vitro. The movement of an air bubble
in a micropipette within the system was used to measure the fluid flow or hydraulic
conductance of the dentine sample or tooth. Hydraulic conductance, defined by
Pashley (1990) as the ease with which fluid flows across a filtration barrier, is

dependent on the fluid flow with time, surface area, pressure outside the tooth and
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pressure inside the tooth. The apparatus described has been developed over the years
and extensively used to measure hydraulic conductance of dentine under a variety of
experimental conditions. In addition to the confirmation that fluid flow of inner
dentine was greater than outer dentine, this technique has been used to map other
areas of the tooth. The dentine over the pulp horns was more permeable than the
occlusal dentine, buccal dentine more permeable than occlusal dentine and coronal

dentine more permeable than radicular dentine (Pashley1990).

When dentine is cut, a smear layer is produced which reduces the dentine
permeability. This layer has been examined by scanning electron microscopy and
transmission electron microscopy TEM (Boyde 1964, Brinnstrom and Johnson
1974, Pashley 1984). It is composed of the cutting debris and may contain
amorphous dentine debris (mineralised collagen matrix), bacteria and elements of the
cutting or grinding medium. The smear is adherent to the dentine surface and
occludes the dentine tubules with plugs of smear material. The thickness of the
smear (0.5 - 15 um) is dependent on the method of cutting, the speed and the
presence or absence of an efficient water irrigation (Gwinnett 1984, Pashley 1984).
The smear layer can be reduced by polishing with a fine abrasive paper, and can be
removed by treatment with acid or chelating solutions which dissolve the inorganic

material. The morphology of the mineralised dentine is addressed in section 1.4.

Although the presence of the smear layer significantly reduces the dentine
permeability, clinically, it does not provide a sufficient seal to the tubules to prevent
pulp inflammation (Pashley 1984, 1990). In addition, adhesives bonded directly to
the smear layer tend to fail between the dentine and the smear layer. The treatment of

the smear layer in preparation for dentine bonding is addressed in section 1.4.

As already described, fluid flow through the tubules is, in part, a function of the pulp
pressure. This has been measured by a number of workers using in vivo models with
animals or humans. Measurements vary according to the species, but more
importantly the method and animal used 15 cm H,O in cats (Vongsavan and

Matthews 1972) 32.6 cm H,0 in dogs (Pashley et al 1981b), 14.1 cm H,O in humans
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(Ciucchi et al 1995). In vivo the use of local anaesthetic solutions with
vasoconstrictors reduce the pulpal blood flow (Kim et al 1984, Pitt Ford et al 1993)
and so it might be expected that the dentine pulpal pressure and outward fluid flow
would be similarly reduced (Ciucchi et al 1995). The removal of the smear layer
after cavity preparation in vivo has resulted in an outward flow of fluid of 0.36 pl
min™ in humans (Ciucchi et al 1995). In dogs a variety of fluid flow rates were
recorded according to the location of the dentine, and in addition a reduction of flow
rate was recorded with time. This was related to leakage of plasma proteins into the
pulp fluid, which subsequently occluded the dentine tubules (Pashley 1990). The
clinical importance of the pulpal pressure and outward flow of pulp fluid is in the
potential wetness of the dentine surface and in the design of hydrophilic dentine
bonding agents which may work in this hostile environment. Pashley (1990) also
speculated that the outward flow of dentinal fluid may also have a protective role in
restorations with microleakage, decreasing the ingress of bacterial toxins and

reducing clinical dentine sensitivity. However, this has not been demonstrated.

Pashley and co-workers have also studied the factors which may affect the diffusion
of molecules across dentine (Pashley 1985). As dentine behaves as an impermeable
solid transversed by water filled tubules most substances move across dentine by
simple diffusion. Once placed on the dentine surface, the solute saturates the adjacent
dentinal fluid and begins diffusing down the concentration gradient. The diffusion is
therefore not only affected by the patency of the dentine tubules and the pulp
pressure, but also the thickness of the dentine to be traversed, and the nature,
concentration and molecular weight of the solute. This is important in considering
applications of dentine bonding systems, ,especially those which are designed to

‘chase’ water (see section 1.3).

In all the models described, dentine permeability (fluid flow, rate of diffusion or
hydraulic conductance) has been measured by considering the dentine as a whole
tissue irrespective of events within individual tubules. The interaction of a fluid with
individual tubules has not been observed. There are also limitations in using a single

meniscus or an air bubble in fluid systems to detect small pressure changes. A single
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meniscus in a capillary (Briannstrom et al 1967) will be subject to capillary flow in
addition to pressure changes in the fluid and the surface tension of an air bubble
(Pashley 1984) has to be overcome before there is any movement. These produce
inaccuracies in the fluid flow measurements, with a tendency to under record. As the
internal diameter of the capillary tube is reduced in an attempt to improve the
sensitivity of the system, the effects of the surface tension are increased. The surface
tension effect was therefore reduced by the use of a milk fat droplet within a

Ringer’s solution, fluid system (Vongsavan and Matthews 1992).

It would therefore be advantageous to develop a model which would allow the direct
observation and measurement of fluid movement within the dentine tubules. In
addition, such a model would enable the interactions between fluid components of

dentine bonding systems and the dentine surface and tubules to be observed.

1.3 Dentine bonding

1.3.1 Mechanisms of Dentine Bonding

An adhesive may be defined as a material which when applied to substrate surfaces,
can join them together and resist separation (Kinloch 1980). It is clear that intimate
interfacial contact is needed for strong adhesive joints. The adhesive must be able to
spread easily over the surface of the substrate, have low contact angle and viscosity
on application and be able to displace entrapped air in the surface of the substrate.
Mechanisms of adhesion are not fully understood. Kinloch (1980) described the
following mechanisms: mechanical interlocking, diffusion theory, electron theory
and adsorption theory. All but the electon theory are applicable to dentine/adhesive

interfaces.

The original concept of resin adhering to dentine was based on a chemical reaction
whereby the adhesive would react with the dentine either with the inorganic portion
via calcium ions or with the organic portion via amine (-NH) or hydroxyl groups

(-OH). Dentine adhesives may be represented CH,=CH-R -X, where R is a spacer

molecule such as a methacrylate and X is reactive to the dentine for example a
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phosphonate. Chemical bonding between the adhesive and the dentine were widely
disputed as the practical bond strengths obtained were much lower than theoretically
expected (Asmussen and Hansen 1993) and spectroscopic studies have not
demonstrated chemical adhesion of resin molecules to dentine (Eliades et al 1990,
Spencer et al 1992). Despite their potential weakness, van der Waals forces might
contribute to the final bond due to the intimate contact between the adhesive resin

and the conditioned dentine (Spencer et al 1992).

A micro-mechanical interlocking mechanism is currently considered the major
method of adhesion between the dentine and the adhesive. The dentine is
demineralised by acid treatment to expose a collagen network which can be
penetrated by the adhesive resin to form a hybrid layer or resin/dentine interdiffusion
zone (Nakabayashi et al 1982, Erickson 1989, Van Meerbeek et al 1992). The hybrid
layer forms the focus of this thesis and the details of the hybrid layer are presented in

later sections.

1.3.2 Dentine Bonding Systems
Classification of dentine bonding systems is not straight forward due to the different

treatment regimes for the dentine and the array of chemicals used.

The development of dentine bonding systems has often been described in terms of
‘generations’ (Asmussen and Hansen 1993). The ‘generations’ give a historical
perspective and are primarily designated by manufacturers to herald a new direction
in product development. As the industry is so competitive, these developments
sweep through the companies and result in a batch of similar products being released
within a short time period. The generations therefore contain a heterogeneous group
of materials bound by a developmental idea rather than primarily a chemical

similarity. It is also difficult to define the beginning and the end of the generations.
Morphological classifications based on the treatment of the smear layer were

suggested by Pashley (1991b) and Van Meerbeek et al (1992). Three morphological

categories were proposed: removal of the smear layer, preservation or modification
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of the smear layer and partial dissolving of the smear layer and dentine impregnation.
The smear layer removal group was subdivided into two groups; in Mode 1 the resin
inter-diffusion zone was limited to the inter-tubular dentine, in Mode 2 the inter-
diffusion zone extended into both inter and peritubular dentine. Mode 2 therefore
included the more aggressive acids. In, a study of ten dentine adhesive systems, Van
Meerbeek et al (1994) stated that generally one of two adhesive strategies was
followed: either to infiltrate and modify the smear layer, or to demineralise the
dentine surface layer and form a hybrid or inter-diffussion zone. Perdigao (1995)
proposed a similar classification for dentine bonding systems, based on the treatment

of the smear layer and the constituents of the bonding systems.

A further classification using bond strength was proposed by Eick et al (1991). This
classification is complicated by the range of bond strength results. Information on the

morphology of the systems was also included.

The diverse chemistry and the multiple stages included in the preparation of the
dentine dictate that classification of dentine bonding systems should include a

combination of morphological and chemical categorisation.

Preservation or modification of the smear layer

Little clinical success was achieved with the early dentine bonding systems which
ignored the presence of the smear layer and were designed to chemically bond to the
dentine. These systems include the first materials developed by Buonocore in 1956,
using a methacrylate -based material with a phosphate group, and the later
phosphonate-ester-based materials such as Scotchbond (3M). These materials were
the ‘first’ and ‘second’ generation systems. The interface between the dentine and
phosphate was unstable in water (Huang and Soderholm 1989) and the clinical
performance was poor. The smear layer was the site of failure, with the resin unable
to penetrate the smear layer to attach to the underlying dentine (Eick 1991). In
addition, there was no evidence of the chemical bonding claimed (Eliades ef al 1990,

Spencer et al 1992).
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This group also contains those systems in which the smear layer was modified using
‘primers’ before the application of the bonding resin. The primers included NPG-
GMA (for example All Bond, Bisco) or PENTA (for example Prisma Universal
Bond) (van Meerbeek et al 1992).

Partial dissolving of the smear layer and impregnation

Van Meerbeek er al (1992) stated that the action of this group lay between the
complete removal and the preservation/modification of the smear layer. The smear
layer was partially dissolved, creating a limited resin impregnated dentine layer,
without completely removing the smear plugs. There were relatively few systems in
this category, but included within this group was XR bond (Kerrs) which contained a
phosphonated dimethacrylate (Van Meerbeek ef al 1992).

Also included in this category was Scotchbond 2 (3M) which used a primer
containing maleic acid and HEMA (Perdigao 1995). This primer was designed to
both demineralise and infiltrate the smear layer, and the degree of smear layer
removal was difficult to assess. Indeed this system was categorised in the ‘removal
of the smear layer’ group by Van Meerbeek et al (1992). This category was named
Group 1 mode 1, whereby the inter-tubular but not the peri-tubular dentine was
dissolved and infiltrated. It was given ADA approval, but still had disappointing
clinical results. Nevertheless, Scotchbond 2 was seen as an important development in
dentine bonding with in vitro bond strengths in the region of 22.9 MPa (Eick et al
1991).

Later in the 1990s systems with self etching primers were developed and these have
also been included in this category (Perdigao 1995). The acidic primer in these
materials demineralised the smear layer and the underlying dentine, but also
contained the adhesive monomer which was polymerised in the within the dentine.
The action of these materials was also described by Inokoshi et al (1997) and
compared to the acid etch group, which completely removed the smear layer.
Examples of this type of system were the experimental conditioners containing

phenyl-P and HEMA (Watanabe et al 1994, Nakabayashi and Saimi 1996) and also
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the commercially available Clearfil Liner Bond 2 (Kuraray) containing phenyl-P
HEMA and 5-NSMA. The latter system has also been classified as a ‘fourth

generation’ dentine bonding system.

Removal of the smear layer

A variety of chelating agents and acids have been used to remove the smear layer.
Acid treatment of the dentine prior to bonding was introduced in the late seventies
(Fusayama et al 1979), but did not gain immediate acceptance. The acid
demineralised dentine was expected to provide mechanical retention for the
restorative composites by penetration of the resin into the dentine tubules. The
hydrophobic nature of the resin and increased wetness of the dentine, due to the
removal of the smear layer, meant that initially acid treatments did not produce the
significant improvement in the bond strengths expected with this approach (Torney

1978, Van Dijken and Horstedt 1986).

Systems have since been developed to aid the formation of a hybrid zone. These
systems can be subdivided according to the acid/chelating agent and the primer used.
The primers were designed to fix the dentine, to provide bonding sites for the
adhesive or to improve the adhesive penetration. This resulted in the wide diversity

of the ‘third generation’ materials, which included the following systems.

e EDTA was used in GLUMA, Bayer Dental. This system was used in combination
with a HEMA and glutaraldehyde primer. Shear bond strength results with this
system were favourable (Munksgaard and Asmussen 1985, Finger 1988). The
toxicity of glutaraldehyde has been the cause of concern, although Cox et al

(1988) showed no adverse pulpal reactions.

¢ Acidic solutions of ferric oxalates were followed by the application of acetone
solutions of 5% NTG-GMA and 5% PMDM (Bowen et al 1982) and nitric acid
preparation was combined with the use of aluminium oxalate in Tenure (Den-
Mat). These salts entered the smear layer and were referred as ‘mordants’ to fix

the smear layer and provide bonding site for the adhesive resin. The problems
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reported with oxalic acids were that precipitates found on the dentine surface and
indeed within the dentine which interfered with subsequent penetration of the

adhesive resins (Simpson et al 1992, Pashley et al 1993a).

e A 10% citric acid / 3% ferric chloride solution used in the removal of smear layer
was reported by Nakabayashi et a/ (1982). This was followed by the application
of 4-META which was designed to promote infiltration of the adhesive monomer

into the dentine.

In a variety of systems phosphoric or maleic acid demineralisation of the dentine has
been combined with a range of primers designed to promote the entry of adhesive
resin into the dentine. The systems, developed in the 1990s, were named ‘fourth
generation’ systems. The essential features were: an acid etchant, a primer and an

adhesive resin.

Acid Etchants

An acid is used to etch both enamel and dentine in the so called ‘total’, ‘all’ or ‘uni’
etch. The effect of acid on the dentine is to remove the smear layer, open the tubules,
demineralize the intertubular and peritubular dentine, exposing a network of collagen
fibres. The simultaneous preparation of the enamel and dentine with a ‘total etch’
avoids the inadvertent contamination with components designed for use on only one
substrate. Phosphoric acid has traditionally been used as an etchant and is most
commonly, but not exclusively, used for dentine etching. A variety of other acid
solutions or gels have been used in the fourth generation systems, including, nitric
and maleic. Several gel preparations have been formulated to aid the application of
acid to the desired location. Acid concentration, its presentation (solution or gel) and
duration of application have been the cause of much debate and the effect of these
parameters on the dentine morphology are presented in the morphology section of

this chapter.
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Primers

Demineralisation is followed by the application of a volatile, hydrophilic primer in
either an acetone, ethanol or aqueous solution. The primers are designed as a wetting
agent to infiltrate the etched dentine and promote penetration of the adhesive resin

subsequently applied to the dentine surface.

Primer molecules have two functional groups: one with an affinity with the dentine,
one with the resin (Erickson 1992). The use of primers with hydrophilic and
hydrophobic components, dramatically increased the bonding efficiency of resin
materials to dentine. This was thought to be by improving the wettability of the dentine
and thus the ability of the adhesive to penetrate the demineralised surface of the
intertubular and peritubular dentine. Details of the primer action are given in the

morphology section of this chapter.

Organic solvents usually acetone and /or ethanol are commonly included in the
primers, whereas other primers are in aqueous solution. The primers are applied to the
dentine surface and the volatile components allowed to evaporate, prior to adding the
adhesive resin. HEMA is also a component of most primers, due to its wetting
behaviour, affinity with dentine and ability to polyerise. A range of other monomers
are incorporated in primers, and these include GMA, PMDM, PMGDM, and PENTA
(Perdigao 1995).

Adhesive Resins.

Adhesive resins consist of hydrophobic monomers such as bis-GMA, but in addition,
the hydrophilic material, HEMA, is often included to facilitate the wetting of the
dentine (Erickson 1992). The adhesive resins bond to dentine by entering the porous
etched dentine and subsequent polymerisation of the resin results in a micro-
mechanical interlocking between the resins and the dentine. An interdiffusion zone or
hybrid layer is formed (Nakabayashi et al 1982, Erickson 1989). The performance of
the interface will be dependent properties of the adhesive resin layer within and above
the dentine. These include the ability of the resin adhesive to penetrate and polymerise

within the demineralized zone, the thickness of the adhesive layer, the degree of
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polymerisation and the elastic modulus of the resin adhesive (Eliades 1994, Van
Meerbeek et al 1992, 1994, Davidson and Abdalla 1994). The properties may be
altered by the polymer chemistry or by the inclusion of filler particles. The terminology
is therefore rather misleading as the terms resin and adhesive refer to monomers and

the terms ‘unfilled’ and ‘filled’ adhesive resins are in common usage.

Since the start of this study (1992) a wide variety of ‘fourth generation’ products
have been rapidly introduced into the market. Although it can be simply stated that
this generation relies on a total etch, primer and adhesive resin, there are numerous
inconsistencies in such things as terminology, the number of different components,
and in the number of different clinical stages prior to the placement of the resin
composite restoration. This has led to confusion among dental practitioners, with
resulting poor acceptance and compliance with manufacturers instructions. The
systems include etchants or conditioners which are always/sometimes washed off,
primers which may require light curing, adhesive resins which usually require curing

but may be self curing and require mixing (Watson and Bartlett 1994).

Despite confusion caused by the extensive range of products manufactured, the
fourth generation systems have met with more success than previous generations of
materials, producing bond strengths up to 20 MPa in vitro. These results were
comparable with bond strengths for composite/acid etched enamel interfaces
(Barkmeier et al 1986). In addition, cohesive failure of the dentine during bond
strength testing has been reported, a finding seldom seen with the ‘third generation’

adhesives.

Since the experimental work for this thesis was completed, ‘single bottle’ systems
have been developed with pressure from clinicians to revert to a ‘simple’ bonding
system. The first to be marketed were Bisco One Step (Bisco) and Prime and Bond
(Dentsply). Several other manufacturers have followed with products along the same
lines. The systems may require the dentine to be etched and, although there is a
single component to apply, generally a double application is required. In short,

several stages are still required and, as in the fourth generation systems, the systems
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vary in their mode of application. These new systems have yet to be fully evaluated
in independent studies. Their greater apparent simplicity may lead to better clinical
acceptance, but laboratory studies so far reported have shown that the morphology of
the interface with these materials is highly dependent on the presence of hydrated

dentine, and the removal of excess water on the dentine surface (Tay ef al 1996¢).

This thesis describes the use and development of in vitro testing methods to evaluate
dentine bonding systems. During the time of the study time ‘fourth generation’
systems were in use and being developed for release, and it is this generation which

are therefore utilised in the studies described.

1.4 Morphology of the interface

The morphology of the interfacial region has been studied by microscopy
techniques, and additional information has been gained from surface chemical
analysis and nano-indentation. A summary of these techniques are given below and

this is followed by a review of interfacial morphology studies using these techniques.

1.4.1 Techniques

Imaging of dentine and dentine/restorative interfaces

A variety of imaging techniques have been used and developed for the examination of
dental hard tissues and dentine/restorative interfaces. The optimal requirements are to
be able to image the interfacial region in near normal conditions, without disruption or
stress induced by preparation techniques. However, in order to examine hard biological
tissues it is often necessary to cut the sample to produce a flat surface, a thin section or
in the case of dentine/restorative interfaces to expose the interface. These procedures
will produce a surface smear layer consisting of amorphous cutting debris, pressure
welded to the underlying issue (Boyde 1964). Other features of dental hard tissues,
which need consideration when selecting a method of preparation and examination, are
the translucency of the dentine, the lack of contrast between the dentine and resin

composites or adhesives, and the difficulty of producing ultra-thin sections.
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Conventional light microscopy (LM)

Transmitted light microscopy is not a practical option for the examination of
restorative interfaces with dental hard tissues, as it can only be used if a sample is
sufficiently thin to allow the transmission of light. In the case of dental hard tissues
with restorations, the sections would be too fragile and would risk separation of the

sample components.

The dentine/restorative interface can be revealed by a single section through the tooth.
The polished surface of such a sample may be examined with reflected (epi-
illumination) LM. However, this gives sparse information as the light interacts with the
specimen through a considerable depth and thus is reflected from a large vertical
‘slice’. Image detail is limited as an optically thick section is produced, the greater part

of which is out of focus.

Transmission Electron Microscopy

TEM has been used to examine the ultrastructure of demineralised dentine and the
resin dentine interface (van Meerbeek 1993a). Tooth samples were decalcified with
EDTA before making ultrathin (90 nm) sections. Preparation may also involve the
samples being embedded in epoxy resin. Preparation of calcified tissues samples for
examination with a TEM was described by Goret-Nicaise and Dhem (1987). The
difficulties of this technique are the preparation of the thin sections and the

interpretation of the photomicrograghs, bearing in mind artefacts due to fixation.

Scanning Electron Microscopy

The SEM has been widely used to image dental hard tissues and to evaluate restorative
materials and techniques (Boyde 1964, van Meerbeek et al 1992, Titley et al 1994).
Surface characteristics of samples can be rapidly evaluated and it has the advantages of
a large depth of field and high resolution. For examination of the interfacial region
samples need to be sectioned and polished. Samples need to be sputter coated
(generally with gold) in a vacuum prior to examination. Dehydration shrinkage during
preparation results in contraction stresses and crack artefacts, particularly in the

dentine with its high water content. This problem can be reduced by, environmental
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SEM (ESEM), which allows the examination of wet samples (Gwinnett 1994a, Cowan
et al 1996, Inokoshi et al 1997) or by freeze drying or critical point drying (CPD)
techniques, or by drying with hexamethyldisilazane (HMDS) or in Pedri II (Perdigao et
al 1995, Carvalho et al 1996a) prior to sputter coating. Caution has been advised in
measuring, for example hybrid layer or gap size, without a correction factor to allow

for sample shrinkage.

Further information about the interfacial region may be gained by the differential
removal of the layers which make up the dentine/restorative interface. Argon beam
etching improves the contrast of the different layers at the interface, by preferentially
removing the resin impregnated dentine layer which has low resistance to argon ion
bombardment (Boyde and Stewart 1962). This technique was used for polished resin
embedded dentine samples by Van Meerbeek et al (1992). They reported that the
structure of the interface was enhanced with a 30 second etch on a circular target with
an argon ion beam without cooling. The adhesive resin layer and resin tags were highly

resistant to etching and appeared dark when examined with an SEM.

Replication techniques using vacuum stable materials such as dental impression
addition silicones overcome the dehydration shrinkage problem of sample preparation
for SEM examination (Grundy 1971, Barnes 1978, 1979). However, such techniques
are generally used for evaluation of marginal adaptation of restorative materials in vitro

and in vivo, and do not provide sufficient detail for the study of an interdiffusion zone.

Atomic Force Microscopy

AFM operates on non-conductive specimens in atmospheric conditions and is able to
produce high resolution 3D images of surface topography of dental hard tissues
(Marshall et al 1993, Grayson and Marshall 1993). Images are produced via a
scannimg Si;N, probe tip which, with the aid of a laser beam, photo detector and piezo
tube, maps the topography of the sample under examination. The probe may operate in
contact or tapping mode. In contact mode, the probe exerts a force in the region of 10
N. It is influenced by adhesive and frictional forces, and may damage soft, hydrated

tissues.. These problems are reduced by the tapping mode, as it does not exert shear
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forces on the sample and so produces few artefacts and allows reproducible
measurements. This development has been advantageous in the study of dentine even
when demineralized (Marshall ef al 1993). The use of this technique has been reported
for the examination of etched dentine (Marshall et al 1993) and dentine/restorative
interfaces (Grayson and Marshall 1993). Only small samples (Imm thick) were

examined in these studies and fieldwidths were 20 p m* -100 pm?.

Confocal Microscopy
The main advantage of confocal microscopy is that it offers the possibility of
sub-surface imaging of translucent mineralised tissues, including dentine, in near

normal conditions.

Confocal scanning microscopes eliminate scattered, reflected or fluorescent light from
out of focus planes within a sample. Although surface images may be produced, the
main benefit is to produce thin subsurface optical sections. A series of images of
increasing depth within the sample can be made. This technique is ideal for semi-
transparent samples such as dentine or other mineralised tissues. Images of up to 80 um
below the surface of a tooth can be produced with confocal microscopy. Illumination
sources may be incoherent white light from a mercury arc or coherent light from a laser
source. The microscopes may be operated in fluorescence or reflection mode. The
labelling of components of dentine bonding systems and glass ionomer cements with
fluorescent dyes for improved contrast of components at the dentine /restorative

interface has been reported (Watson 1989).

Unlike other microscopy techniques, very little sample preparation is required.
Samples can be kept hydrated and although a flat surface is advantageous, a surface
smear layer is of little importance, as the subsurface of the sample is imaged. Thus
extensive sample preparation, such as thin sectioning or embedding, is avoided.
However, reduction of the smear layer by gentle polishing will improve the quality of

an image because the smeared material acts as a light scattering medium.
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In some confocal microscopes, rapid scanning of the sample produces a fast enough
frame rate to be used to observe high speed events such as the cutting of enamel at
video rate (25 frames sec’ ) (Watson 1990). In vivo confocal microscopy has also
been developed to image oral tissues including soft tissues, teeth and restorative
materials (Watson et al 1992). Further information on these techniques is given in the

section on confocal microscopy (1.8).

Chemical Analysis

Micro Raman Laser Spectroscopy (MRLS)

MRLS is surface analysis technique and has been used for obtaining both chemical and
structural information in minute areas of dental samples (Suzuki et al 1991). Raman
measurements are made in normal atomospheric conditions without the need for the
application of a high vacuum. No specific sample dimensions or translucency are
required, but surface grinding and polishing are needed. The samples can be further

used for SEM examination.

A laser beam with small spot size (1 um) is focused on a sample. The Raman spectra
produced are used to determine the structure of molecules, and for chemical analysis;
producing high lateral resolution maps of the molecular composition of the sample

surface.

Raman spectroscopy has been used as a microprobe for the chemical characterisation
of the resin/dentine interdiffusion zone, and has provided additional information about
morphology (van Meerbeek 1993). An argon-ion gas laser with 514.5 nm wavelength
was used in these studies and agreement was reported between the information on the

interdiffusion zone revealed by MRLS and SEM.

Fourier transform Infra red (FTIR) Photo-acoustic Spectroscopic Analysis

In photo-acoustic spectroscopy the heat generated by the absorption of light at the
surface of a solid sample is measured (Spencer ef al 1992). FTIR spectroscopy can be
used to study solid/aqueous interfaces, such as hydrated dentine samples (Eliades et al

1997). The technique provides a non-destructive method of determining the molecular
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composition of the surface layer of a sample. The chemical analysis of the interfacial
region by FTIR technique has not provided evidence of any primary chemical adhesion
between the resin molecules and the dentine. The technique has been used following
AFM to investigate the effect of acid conditioners on dentine morphology, molecular
compostion and collagen conformation (Eliades et al 1997). The drawbacks of the
technique are the spectral interference from water in the sample and the limited lateral

resolution. (Edler et al 1991, Spencer et al 1992).

Physical Analysis

Nano hardness

The use of a computer controlled nano-indentation technique has been described to
measure the Young’s modulus and hardness of the interdiffusion zone (Van
Meerbeek et al 1993c). Minute indentations were made with a triangular tip indenter,
a few microns in diameter, using loads of a 1-20 uN. Nano hardness measurements
were calculated by measuring the distance from the surface of the specimen to the
depth of the indentation. Van Meerbeek et al (1993c) reported that the advantages
over the Vickers or Knoop hardness tests were the small size of the indenter, which
allowed narrow areas of material to be assessed, and that the technique used gave an
assessment of both hardness and elasticity. It may be possible that results were
dependent on the nano-indenter contacting the polymerised resin or the filler
particles in the adhesives and restorative materials, in addition, establishing the
relationship between the test site and the anatomical site can be a problem with this
type of measuring technique. Accurate data regarding the elasticity and hardness are
valuable when considering the interfacial behaviour in function, with polymerisation

stresses or under load.

Having considered the techniques available for investigating interfacial morphology,

the results of previous studies are now presented.
1.4.2 Review of interfacial morphology - Results of previous studies

The morphology of the dentine/resin interface is dependent upon the preparation of

the dentine, (which may involve acids and primers or self etching primers), and the
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composition of the adhesive resins applied. This part of the literature review
summarises the appearance of the dentine after acid treatments and the effect of
primers and resins on the appearance of the interdiffusion zone (hybrid layer) and the

adhesive resin interface.

Effect of acids on the dentine.

Acids totally or partially remove the smear layer from the dentine and open the
dentine tubules. In addition, the intertubular and peritubular dentine is demineralised
to expose a network of collagen fibres (Pashley 1992, Eliades 1994). Between the
unaltered dentine and superficial collagen network is a zone of partially
demineralised dentine (van Meerbeek et al 1992, Tay et al 1996d). The permeability
and wetness of the dentine is increased, as is the potential micro-porosity of the
demineralised dentine surface (Pashley et al 1992, Pashley et al 1993b, van
Meerbeek et al 1992).

The appearance of the demineralised dentine is dependent on the type of acid,
concentration, application time and type of thickening agent. Commercially available
etchants have included phosphoric, nitric, maleic or citric acids. Concentration and
application times in total or uni etch systems are designed so as to etch the enamel
sufficiently without extensively demineralising the dentine. In general concentrations

range from 10-40%, with an application time of 15-20 seconds.

Decalcification depths measured by SEM techniques have been reported as 0.5 pm
with EDTA, 1 um with <4%maleic acid, 6 pm with 2.5% nitric acid and 7.5 pm with
10% phosphoric acid (Van Meerbeek et al 1992). Two demineralisation patterns were
reported in this study, according to the type of acid. Preparation with EDTA, or 2.5 -
4% maleic acid resulted in a ‘mode 1’ appearance with demineralisation of the inter-
tubular but not peri-tubular dentine, whereas more aggressive preparation with nitric,
phosphoric acid or oxalic acid gave a ‘mode 2’ appearance with decalcification of the
surface and peritubular dentine. A later study using TEM concluded that the deep
demineralized dentine probably contained residual mineral particles (Van Meerbeek et

al 1993a). It was shown by applying varnish to part of the dentine surface that a surface
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layer of the substrate is completely removed by the acid solutions and so comparisons
of depth of demineralization and depth of resin infiltration or interdiffusion zone need

to be interpreted with care (Van Meerbeek et al 1992, Perdigao 1995).

Acids are generally presented as coloured gels. The colour ensures that the etchant can
be seen clearly when applied to the dentine and gel preparation gives better control of
application than the original fluid preparations. These gels use colloidal silica or
polymers as thickeners. Overall results of studies examining the effect of the different
thickening agents have been inconclusive. The silica micro-particles leave a residue on
the dentine which cannot be removed by vigorous washing, whereas the polymer
thickened gels were generally reported to leave a clean surface after rinsing, and were
associated with a deeper demineralisation zone (Kubo 1991, Perdigao et al 1994,
1996). More recently, Eliades et al (1997) found evidence of residual polyvinyl alcohol
(PVA) particles using FTIR studies. Kanca (1993) also highlighted the potential
problem of silica thickeners being adherent to the dentine surface and reported an
associated reduced bond strength, but similar reductions in bond strengths have not
been reported elsewhere (Swift 1993, Uno and Finger 1995). Thus although much has
been written about the merits or otherwise of the various thickening agents, the

significance of these agents remains unclear.

Further characterisation of the decalcified dentine surface was presented by Pashley ef
al (1993b) and Gwinnett (1994a). The collagen matrix is normally supported by
hydroxyapatite crystals. When this support is removed during decalcification the
collagen matrix may collapse and the spaces between the collagen fibres decrease,
especially if the dentine is desiccated in preparation for SEM studies or air dried as
part of a clinical procedure. Evidence of this collapse was presented as the collagen
network or ‘cushion’ bulging out laterally and narrowing the tubules when examined in
longitudinal section by SEM (Van Meerbeek 1992). Coalescence and collapse of the
outer fibres of the collagen network was also described by Pashley et a/ (1993b) and
Gwinnett (1994a). In the latter study, demineralised dentine surfaces which had been

desiccated in SEM preparation, or by air drying in an ESEM had a smooth surface with
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open funnelled tubules, whereas the fibrous integrity of the collagen network was
preserved by critical point drying (CPD).

The effect of acids on dentine have also been recorded with AFM, illustrating that the
intertubular matrix begins to collapse during the initial stages of demineralisation
(Grayson and Marshall 1993). An increase in dentine surface roughness has similarly
been reported by Eliades et al (1997). In the latter study denaturation of the surface

collagen was also demonstrated by FTIR.

These studies illustrate the delicate nature of the hydrated demineralised collagen
network and the importance of its treatment both in sample preparation for examination

and clinical procedures prior to bonding.

Primers.

An open collagen network is required if adhesive monomers are to be able to infiltrate
the demineralised dentine surface to form a hybrid layer (Nakabayashi et al 1982). The
primers are thought to penetrate and expand the collagen network, opening the
interfibrillar spaces into which the adhesive resin may then penetrate. However, if the
dentine surface is air dried after etching, evaporation of water from the collagen matrix
may increase the collapse of the fibrillar network. This reduces the interfibrillar spaces
and hinders the infiltration of monomers (Pashleyw1993b, Perdigao 1995). Denatured
surface collagen and the residues of the smear layer which remain on the surface of the
demineralised dentine, together with the collapsed fibre network, are thought to be
responsible for the ‘electron dense’ layer described in TEM studies at the interface (van
Meerbeek et al 1993a, Tay et al 1996d). It has been speculated that the penetration of
the primers may be through the open tubules and the superficial layer of the peritubular
dentine, following a lateral path to the intertubular dentine. The primers may then raise
the collagen matrix, increasing the interfibrillar pore size for resin infiltration

(Perdigao 1995).

A variety of methods have been used in an attempt to prevent or overcome the collapse

of the collagen network. Stabilising or re-expanding the collagen matrix has been seen
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as one of the functions of primers. Ferric chloride has been used to try to stabilise the
matrix (Nakabayashi et al 1982) and an aqueous solution of HEMA or salicylic acid
used to re-expand the matrix (Tay et al 1996d). It would appear that a dehydrated
surface of collagen fibres may be restored to an open network by re-wetting the dentine
surface (Gwinnett 1994a, Tay et al 1996d). The use of ‘wet bonding’ techniques,
where the dentine is not dried (Kanca 1992) or where the dentine is re-wetted

(Gwinnett 1994b) have also attracted a great deal of attention.

The difficulty of the wet bonding techniques is the clinical interpretation of ‘wet’ or
‘moist’ dentine. Excess water on the dentine surface has been shown to result in a
globular appearance at the interface as primer droplets are included in the residual

water and are then trapped at the interface (Tay et al 1996 a,b,c).

Acetone is commonly used in primers as it readily evaporates, and is also considered to
‘chase’ water in the collagen matrix (Gwinnett 1992, Gwinnett and Kanca 1992a).
Monomer in the primer is thought to replace water between the collagen fibres as the
acetone evaporates along with the water. Primers based on acetone or alcohol solvents
may be more dependent on a wet bonding technique. Conversely, primers in aqueous
solution may contain sufficient water to re-wet and re-expand the collagen fibres. This
may be a better approach to ensuring that the demineralised dentine has an open, but
not over wet collagen network. When water free primers were applied to dry
demineralised dentine a thin hybrid zone was observed, whereas a thicker hybrid zone
and complete wetting of the fibrils with the resin was observed with SEM and TEM
when the primers were applied to moist dentine (Tay et al/ 1996d). In the dry
conditions, the area of demineralised dentine below the hybrid zone not infiltrated by

resin was referred to the ‘hybridoid’ region.

From these studies, it may therefore be concluded that the dentine should not be
excessively desiccated with an air jet after rinsing the etchant, and the primer should be
based on an aqueous solution so that the water may re-wet the demineralised dentine,

where necessary, without the danger of inducing the ‘over wet’ phenomenon.
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It may be summarised that, although, there is agreement that the quality of the hybrid
layer is dependent on the effective infiltration of the primer, in many cases the
conclusions reached have been deduced via the appearance of the final hybrid layer and
performance of the interfacial region, for example in bond strength studies. Direct
observation of changes in the morphology of the dentine as a result of primer

application and the distribution of the primer within the interface are generally lacking.

There is therefore a need to observe the interface with minimal preparation, in near
normal conditions, to record the behaviour of primer on application to the dentine and

record the distribution of the primer within the interdiffusion zone.

Hybrid or Interdiffusion zone

Infiltration of resin into conditioned intra and inter tubular dentine was first
illustrated by Nakabayashi et al (1982 ), using a conditioner with 10% citric acid
and 3% ferric chloride in conjunction with a 4-META to promote both monomer
infiltration and adhesion at the dentine surface. This infiltrated dentine layer was and
has been named the ‘hybrid zone’. There is general agreement that the
polymerisation of the infiltrated monomer results in micro-mechanical adhesion of

the resin to the dentine (Nakabayashi ef al 1982, Erickson 1989, Pashley 1991b).

The appearance of dentine/resin interfaces of a variety of bonding systems in use in
the early 1990’s was evaluated by van Meerbeek et al (1992) (see section 1.3). The
assessment was made using SEM with argon etching and the interfaces were
characterised according to the changes in the smear layer. Group 1 - removal of the
smear layer, Group 2 - preservation of the smear layer and Group 3 - partial

dissolution of the smear layer.

The group 1 dentine bonding systems involving the use of an acid conditioner
followed by a monomer with hydrophilic and hydrophobic groups have gained most
attention during recent years. Van Meerbeek et al (1992) referred to the conditioned

dentine infiltrated with resin as the ‘resin-dentine inter-diffusion zone’. This zone
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had low resistance to argon-ion bombardment and varied in width (0.5-2.5 um) with

the different bonding systems.

TEM studies (van Meerbeek et al 1993a) and Raman profiles (Suzuki et al 1991, van
Meerbeek et al 1993b) supported the conclusions of the SEM studies. Three layers in
the interdiffusion zone were identified. An upper denatured collagen layer
completely incorporated by resin, a mid collagen meshwork with resin in the
interfibrillar spaces, and in the partially demineralised dentine at the base of the
interdiffusion zone hydroxyapatite crystals encapsulated by resin. A gradual
transition of the resin to dentine was identified both morphologically and chemically.
This gradient was also identified in nano-indentation hardness studies (van Meerbeek

et al 1993c).

Concern has been expressed about two areas of the interdiffusion zone: namely the
dentine surface and the demineralisation front in the deeper dentine (Erickson 1992,
Pashley 1992), At the surface it is speculated that a dense mat of collapsed and

denatured collagen may not be easily penetrated by the resin monomers.

Deeper in the dentine, there may be a failure of monomers to penetrate the full depth
of the demineralised zone, thereby leaving a permeable zone of partially
demineralised dentine above the deeper sound dentine (van Meerbeek et al 1992,
Eick 1993). Pashley#(1993b) suggested a schematic model of resin penetration with
the highest concentration above the dentine surface, lowest in the demineralized,
denatured collagen surface, and intermediate below the surface, with the resin ideally
filling the spaces between the collagen fibres. Evidence for lack of penetration to the

full depth of demineralisation will be considered in the section on micropermeability.

Self etching primers

Systems using self etching primers have continued to be developed along side the
acid/primer systems. The rationale is to combine the conditioning and priming stages
to simplify the clinical procedures, but also to ensure that there is no discrepancy

between the depth of demineralisation and the depth of resin infiltration as both
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processes occur together. These primers have included phenyl-P, 5-NMSA, and
HEMA. In theory, the primers are designed to have an intrinsic acidic activity
enabling penetration of the smear layer to demineralise the underlying dentine,
creating porosities for the simultaneous entry of monomers. As the demineralisation
and monomer penetration result from a single application to the dentine it is
considered that the problems of collagen collapse and disparity in the depth of
demineralisation and monomer penetration may be minimised. SEM and TEM
studies have provided evidence for the production of a hybrid layer with these
formulations in bovine teeth and have concluded that diffusion channels were created
into the dentine, permitting the monomer to fully infiltrate into the dentine to the
depth of the acid demineralisation (Chigira et al 1994, Watanabe et al 1994, and
Nakabayashi and Saimi 1996). The depth of the hybrid layers reported was reduced
compared to those produced by ‘total etch’ systems and also dependent on the
duration of the primer application (2.1- 4.1 um in bovine samples Nakabayashi and

Saimi 1996).

1.43 Summary
From the extensive literature published, a picture is emerging of the morphology of
the interface with a variety of dentine adhesives and more importantly, the influence

of the components of the systems on the interfacial morphology.

Although many techniques reported have allowed examination of interfaces at high
magnification, they have also involved considerable sample preparation. In addition,
specimen dehydration radiation damage and charging effects induced in the dentine
by high energy electron and vacuum systems may lead to important artefacts, of
most concern being the dehydration of the dentine and the restorative materials.
Confocal microscopy techniques allow the subsurface examination of undisturbed
interfaces with little preparation and fluorescence confocal microscopy has been used
to examine dentine/restorative interfaces. It was therefore proposed to develop these
techniques to examine and record the dynamic events at cavity surfaces and the

morphology of dentine/restorative interfaces.
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1.5 Micropermeability

In vitro assessment of dentine/restorative interfaces may include an evaluation of
interfacial seal, in addition to studies of the interfacial morphology. This has been
investigated on two levels; traditional leakage studies to assess gap formation, and
more recently, nanoleakage studies, where the interfacial seal is examined at a higher
magnification to detect interfacial porosities even in the absence of marginal gap

formation.

In the short term, a lack of interfacial seal may be responsible for sensitivity to thermal
stimuli and in the longer term caries and staining at the margins of restorations. The
ingress of bacteria and bacterial toxins may also set up an inflammatory reaction in the
pulp (Pashley 1990). The hydrolysis of the bond between the restorative and the
dentine in the presence of water at the interface has previously been cited as a
problem. More importantly, the biocompatability of the material is reduced if monomer
is able to leach from incompletely polymerised resin into the dentine tubules and pulp

(Cuicchi and Bouillaguet 1997).

The ingress of fluid from cavity margins along gaps between the dentine and
restorative material has been evaluated in microleakage studies. A variety of methods
have been used to measure the extent or depth of penetration of dye or other markers
along the restorative/dentine interfaces (Bauer 1984). A single section or multiple
sections of the restored tooth may be used in the assessment, but generally, such
methods give only a gross assessment of the quality of the interface. It is recognised
that microleakage studies have only a limited value in the prediction of clinical
performance of restorations in vivo. However, it is generally accepted that with an
enhanced in vitro sealing ability, an increased rate of clinical success may be
anticipated. The dentine permeability and the reaction of the pulp will determine the

clinical response to microleakage (Pashley 1990).

Morphological studies suggest a good adaptation between the restorative material and
the dentine via a hybrid layer with the newer dentine bonding systems (Watson 1989,

van Meerbeek et al 1992, Sano et al 1994a). Even in the absence of gap formation, it is
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important to assess the micropermeability of an interface and to establish the site of any
porosity and failure of seal within the interface. Recent studies have examined
dentine/adhesive interfaces at high magnification to assess ‘nanoleakage’ through the
porosities in the interdiffusion zone (Sano et al 1994 a, Sano et al 1995 a,b). Porosities
in the interfacial region may result from incomplete infiltration of the primer and
adhesive resin into the conditioned demineralised dentine, and /or shrinkage of the
resin away from the dentine during polymerisation. The clinical significance of
nanoleakage has not been evaluated, but it is hypothesised that interfacial failure may
progress if fluid is able to penetrate the interface and cause degradation of the

demineralised collagen fibres and adhesive resin molecules.

Nanoleakage has been assessed by the penetration of silver nitrate directly through a
sectioned interface or from the outer surface of a tooth (Sano et al 1994a, Sano et al
1995a). In the absence of gap formation as detected by morphological studies,
penetration of silver nitrate into the hybrid zone was demonstrated by SEM studies
using restored bovine teeth. High magnification revealed that the silver nitrate had
penetrated between the adhesive resin and the mineralised dentine. This zone

corresponded to the demineralised zone as identified by cryo SEM studies.

The chemistry of adhesives and restorative materials and the technique employed in
their application to the dentine will influence the interfacial seal. Some primers and
adhesives have been designed to reduce dentine permeability and may be used also as
séalers in the treatment of hypersensitivity (Pashley et al 1988). The ‘wet bonding
technique’ may result in a residue of water at the interface where priming or bonding
has taken place in over wet conditions (Tay et al 1996b): this will have a detrimental
effect on the interfacial seal (Inokoshi et al 1997). A summary of the results of a
selection studies examining the microleakage and nanoleakage of ‘fourth generation’

dentine bonding systems examined in this thesis is given in Table 1.1.

The problems with the present methods of assessment of interfacial seal are the lack of
detail in the microleakage studies and extensive preparation of the samples required for

the nanoleakage studies. It may be possible to gain further information regarding the
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interfacial seal with fluorescence confocal microscopy with the interface examined at

high magnification in near normal conditions after minimal preparation.

The studies to date have examined the ingress of fluid from the external surface of the
tooth, or the uptake of silver nitrate by the interfacial area when exposed by sectioning
(Sano et al 1995a). The seal to pulpal fluid has not been investigated. Outward flow of
fluid from the pulp to exposed dentine surfaces has been confirmed by a variety of
studies (Pashley and Pashley 1991). Interfacial seal to pulp fluid would provide an
excellent method of assessing interfacial porosity and loss of attachment between the
adhesive and the tubule wall, and would not be reliant on fluid reaching the interface
from the external surface of the tooth. Indeed the pulp fluid may be responsible for the
degradation of the exposed collagen and resin, and the continued breakdown of the
interface, even in the absence of a communication with the external surface of the

tooth.
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