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Abstract
Objectives—The lack of durability in resin–dentine bonds led to the use of chlorhexidine as
MMP-inhibitor to prevent the degradation of hybrid layers. Biomimetic remineralisation is a
concept-proven approach in preventing the degradation of resin–dentine bonds. The purpose of
this study is to examine the integrity of aged resin–dentine interfaces created with a nanofiller-
containing etch-and-rinse adhesive after the application of these two approaches.

Methods—The more established MMP-inhibition approach was examined using a parallel in
vivo and in vitro ageing design to facilitate comparison with the biomimetic remineralisation
approach using an in vitro ageing design. Specimens bonded without chlorhexidine exhibited
extensive degradation of the hybrid layer after 12 months of in vivo ageing.

Results—Dissolution of nanofillers could be seen within a water-rich zone within the adhesive
layer. Although specimens bonded with chlorhexidine exhibited intact hybrid layers, water-rich
regions remained in those hybrid layers and degradation of nanofillers occurred within the
adhesive layer. Specimens subjected to in vitro biomimetic remineralisation followed by in vitro
ageing demonstrated intrafibrillar collagen remineralisation within hybrid layers and deposition of
mineral nanocrystals in nanovoids within the adhesive.

Conclusions—The impact was realized by understanding the lack of an inherent mechanism to
remove water from resin–dentine interfaces as the critical barrier to progress in bonding with the
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etch-and-rinse technique. The experimental biomimetic remineralisation strategy offers a creative
solution for incorporating a progressive hydration mechanism to achieve this goal, which warrants
its translation into a clinically applicable technique.

Keywords
Ageing; Biomimetic remineralisation; Chlorhexidine; Degradation; Hybrid layer; Matrix
metalloproteinase

1. Introduction
Resin–dentine bonds are less durable than resin–enamel bonds.1 The lack of durability in the
adhesive joint between resin composites and dentine is one reason that accounts for the short
lifetimes of tooth-coloured fillings.2 Replacing deceptive dental fillings costs about five
billion dollars in the US alone.3 Bonding to dentine relies on the formation of a hybrid layer
to couple adhesives/resin composites to the underlying mineralised dentine.4 In vivo human
data accrued over the last few years indicates that dentine hybrid layers created by etch-and-
rinse adhesives are susceptible to degradation.5–7 Like all mineralised connective tissues,
dentine contains endogenous matrix metalloproteinases (MMPs).8–11 When apatite minerals
are dissolved by acid etchants used in dentine bonding, some of the MMPs remain bound to
dentine12 and are activated by the acidic resin components incorporated in etch-and-rinse
adhesives.13 These activated host-derived MMPs are responsible for the degradation of
water-rich resin-sparse collagen matrices within hybrid layers.14 Degradation of the collagen
also results in the loss of static mechanical properties of the collagen matrix15 and probably
the dynamic mechanical properties of the hybrid layers.

Recent studies demonstrated that degradation of hybrid layers may be prevented by
application of chlorhexidine as a MMP-inhibitor to acid-etched dentine before the use of
etch-and-rinse adhesives.5,6,16,17 Another potential method for reducing collagen
degradation within hybrid layers is to increase the extent of cross-linking of the collagen
fibrils prior to adhesive application.18 However, these existing intervention strategies fail to
address the critical barrier to progress in dentine bonding—that water entrapped within the
intrafibrillar compartments of collagen fibrils cannot be removed after the collagen is
embedded by polymerised resins.19,20 A water-filled collagen matrix remains a weak matrix
irrespective of how well its integrity is preserved. Water also serves as a functional medium
for MMPs when the catalytic sites of these enzymes are not molecularly immobilised by
polymerised adhesive resins to block their activities.21 Conversely, progressive dehydration
of collagen fibrils by intrafibrillar apatite occurs naturally in hard tissue mineralisation22 and
protects the organic matrix from degradation over a much longer time frame than what may
be achieved by MMP-inhibitors or collagen cross-linking agents.23 By remineralising the
water-rich naked collagen fibrils within the hybrid layer, a more definitive intervention of
proteolytic degradation may be achieved through molecular immobilisation of MMPs in a
manner that is analogous to what occurs during mineralisation of hard tissues.24,25 This
protective mechanism must be recapitulated for long-term survival of resin–dentine bonds.

Biomimetic remineralisation of resin–dentine bonds26 is an in vitro technique that
incorporates analogues of dentine matrix proteins for sequestration of amorphous calcium
phosphate (ACP) derived from a remineralisation medium into nanophases.27 This particle-
mediated self-assembly approach28,29 produces polyanion stabilised nanoprecursors that are
small and fluidic enough to infiltrate the internal water compartments of collagen fibrils.
Additional analogues that mimic the functional motifs of matrix phosphoproteins bind to
collagen and act as templates for guiding the nucleation and growth of apatite within the
collagen fibrils.27 As apatites are deposited in the internal water compartments of the
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collagen fibrils,30 compression of the collagen fibrils31 caused by intrafibrillar
remineralisation displaces water and progressively dehydrates the fibrils.32,33 Thus,
biomimetic remineralisation of resin–dentine bonds incorporates a progressive dehydration
mechanism that recapitulates the collagen protective function of intrafibrillar apatites in
natural mineralised tissues and is a potential means in preserving the interfacial integrity of
resin–dentine bonds during ageing in an aqueous environment.34

The mechanisms involved in using MMP-inhibition and interfacial remineralisation as
strategies for preserving the integrity of resin–dentine interfaces are considerably different.
Thus, the objective of the present study was to examine the integrity of aged resin–dentine
interfaces created with a nanofiller-containing etch-and-rinse adhesive after the application
of these two approaches. The MMP-inhibition approach represents the current standard in
the prevention of bond degradation. Thus, it was examined using a parallel in vivo and in
vitro ageing design to facilitate comparison with the other less established approach. As the
biomimetic remineralisation approach is in its exploratory phase of development, it could
not be used clinically and was evaluated using an in vitro ageing design to determine if there
are merits that warrant translation of this approach into a clinically applicable technique.
The null hypothesis tested was that there are no differences in the manner in which resin–
dentine interfaces are preserved following in vivo chlorhexidine application and in vitro
biomimetic remineralisation.

2. Materials and methods
2.1. In vivo bonding and in vivo ageing

The clinical subjects in the present study were patients between the age of 12 and 17
(median age 14 years) who undertook orthodontic treatment in the Department of
Orthodontics, Benémerita Universidad Autónoma de Puebla, Mexico. The criteria for
recruitment were: (a) informed consent from the patients and parents for restorative
treatment and the teeth retrieved for research; (b) each subject with a contralateral pair of
non-carious, unrestored premolars that permitted conservative Class I cavity preparations to
be performed with intact enamel cavosurface margins; (c) both premolars scheduled for
extraction as part of the orthodontic treatment plan. An optional criterion was that both
restored premolars from a clinical subject had to be subjected to 12 months of intraoral
function without compromising the orthodontic treatment results. Those subjects fulfilling
all four criteria were scheduled for the in vivo ageing part of the study. Those subjects who
fulfilled the first three criteria but could not fulfil the fourth criterion had their premolar
pairs restored and extracted immediately for the in vitro ageing or biomimetic
remineralisation parts of the study. The aforementioned protocol was reviewed and
approved by Human Assurance Committee of the Benémerita Universidad Autónoma de
Puebla, Mexico. Eight subjects met all four criteria, resulting in 8 tooth-pairs for in vivo
ageing of the restorations. Ten subjects could only fulfil the first three criteria and
restorations prepared from those 10 tooth-pairs were used for in vitro ageing or biomimetic
remineralisation.

For each of the eight subjects designated for the in vivo ageing part of the study, one
member of the tooth-pair was randomly designated as the chlorhexidine group and the other
as the non-chlorhexidine group. Each tooth received a 3 mm deep and 2.5 mm wide occlusal
cavity preparation under local anaesthesia and rubber dam isolation. The cavity preparation
in each control tooth was etched with phosphoric acid for 15 s. For the chlorhexidine group,
a 2% chlorhexidine digluconate aqueous solution (Cavity Cleanser, Bisco Inc., Schaumburg,
IL, USA) was applied to the acid-etched dentine for 30 s using a cotton pellet to permit
binding of the chlorhexidine to the collagen matrix. The etched dentine was gently blot-
dried so that the dentine surface remained visibly moist prior to placement of the adhesive.
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For the non-chlorhexidine group, deionised water was applied to the acid-etched dentine for
30 s using a cotton pellet. For both groups, a two-step nanofiller-containing adhesive
(Prime&Bond XP, Dentsply Caulk, Milford, DE, USA) was applied to the acid-etched
dentine using a moist bonding technique, gently air-dried to remove the adhesive solvent
and light-cured for 20 s using a quartz-tungsten-halogen light-curing unit with an output
intensity > 400 mW/cm2. A micro-filled composite (Epic-TMPT, Parkell Inc., Farmington,
NY, USA) was placed in 2-mm thick increments and light-cured for 40 s per increment. All
sixteen restorations from the eight clinical subjects were subjected to a 12-month period of
clinical function prior to extraction and further laboratory processing.

After extraction under local anaesthesia, the root of each tooth was removed at the
cementoenamel junction with a high-speed bur with water coolant to facilitate fixative
penetration. The crown segments were placed in Karnovsky’s fixative for 4 h, stored in
sodium cadcodylate buffer, and shipped to the Medical College of Georgia for transmission
electron microscopy (TEM).

For each of the ten subjects designated for the in vitro ageing or biomimetic remineralisation
part of the study, one member of the tooth-pair was also randomly designated as the
chlorhexidine group and the other as the non-chlorhexidine group. These teeth were bonded
and restored using exactly the same protocol employed for the corresponding in vivo ageing
groups. These teeth were extracted within 10 min after completion of the restorative
procedures. The teeth were stored in 0.9% NaCl containing 0.02% sodium azide to prevent
bacteria growth and shipped to the Medical College of Georgia. The premolars of two
subjects (i.e. four teeth) were processed immediately for TEM and served as the baseline
control for comparison with the 12-month in vivo and in vitro specimens. The other 8 tooth-
pairs were used for continuation of the in vitro part of the experiment until the end of the 12-
month period before they were fixed in Karnovsky’s fixative and processed for TEM.

2.2. In vivo bonding and in vitro ageing/remineralisation
The 8 immediately extracted premolars from the chlorhexidine group were aged in
simulated body fluid (SBF) for 12 months. Each tooth had its root removed at the
cementoenamel junction using an Isomet saw (Buehler Ltd, Lake Bluff, IL, USA) under
water-cooling. The crown was further sectioned occlusogingivally to create a 1-mm thick
central tooth slab for the experiment. The SBF was prepared by dissolving 136.8 mM NaCl,
4.2 mM NaHCO3, 3.0 mM KCl, 1.0 mM K2HPO4·3H2O, 1.5 mM MgCl2·6H2O, 2.5 mM
CaCl2 and 0.5 mM Na2SO4 in deionised water35 and adding 3.08 mM sodium azide to
prevent bacterial growth. The SBF was buffered to pH 7.4 with 0.1 M Tris Base and 0.1 M
HCl and filtered through a 0.22 μm Millipore filter. Each tooth slab from the chlorhexidine
group was placed in a glass scintillation vial containing 15 mL of SBF and incubated at 37
°C, with the SBF changed every month for 12 months.

Each contralateral tooth from the non-chlorhexidine group was also sectioned in the same
manner to produce a 1-mm thick slab for biomimetic remineralisation. The calcium and
hydroxyl ion-releasing source was derived from set white Portland cement (Lehigh Cement
Company, Allentown, PA, USA). The latter mixed with deionised water (water-to-powder
ratio 0.35:1) and allowed to set in silicone moulds for one week before use. A
remineralisation medium was prepared, consisting of SBF with 100–5000 μg/mL of
polyacrylic acid and polyvinylphosphonic acid (Sigma–Aldrich, St. Louis, MO, USA) as the
respective biomimetic sequestration analogue and templating analogue of dentine matrix
proteins.27 The remineralisation medium was also buffered to pH 7.4.

Each tooth slab from the non-chlorhexidine group was placed over a set Portland cement
block (ca. 1 g) inside a glass scintillation vial. The latter was filled with 15 mL of
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remineralisation medium and incubated at 37 °C. The medium was changed monthly, with
its pH monitored weekly so that it was above 9.25 to facilitate formation of apatite instead of
octacalcium phosphate.36 Biomimetic remineralisation was performed with monthly
replacement of the remineralisation medium for 4 months. Thereafter, the Portland cement
block and remineralisation medium were replaced with SBF for continuous in vitro ageing,
with monthly replacement of the SBF for the rest of the ageing period. As
polyvinylphosphonic acid, the templating analogue in the remineralisation medium is an
effective MMP-inhibitor,37 no additional MMP-inhibitor was employed to prevent collagen
degradation during the remineralisation period.

2.3. Transmission electron microscopy
For the baseline control groups and chlorhexidine and non-chlorhexidine groups that had
undergone in vivo ageing, a 1-mm thick central slab was prepared from each tooth as
previously described. Half of the tooth slabs in the respective group were completely
demineralised in a formic acid/sodium formate buffer for two weeks, with the end point of
demineralisation determined using digital radiography. These demineralised specimens were
used to examine the status of collagen degradation within hybrid layers. The specimens were
fixed in Karnovsky’s fixative and post-fixed in 1% osmium tetroxide. They were then
dehydrated in an ascending ethanol series (50–100%), immersed in propylene oxide as the
transitional medium and embedded in epoxy resin. Ninety nanometre thick sections were
doubled-stained with 2% uranyl acetate and Reynold’s lead citrate and examined with a
JEM-1230 TEM (JEOL, Tokyo, Japan) at 110 kV.

The rest of the tooth slabs in each respective group were not demineralised and were used to
examine potential water-filled regions within the resin–dentine interfaces using a silver
tracer technique.38 The tooth slabs were immersed in a 50 wt% aqueous ammoniacal
AgNO3 tracer solution for 48 h. They were then rinsed with deionised water for 30 min,
placed in a photodeveloping solution for 8 h under fluorescent light to reduce the diamine
silver ions ([Ag(NH3)2]+) into metallic silver grains within the water-filled, resin-sparse
regions of the hybrid layer. Thereafter, the silver-impregnated slabs were processed for
TEM in the manner previously described. Non-demineralised, 90–110 nm thick sections
were prepared and examined without further staining at 110 kV.

Specimens that had been subjected to 12 months of in vitro ageing or biomimetic
remineralisation were not demineralised or silver-impregnated to prevent the loss of
minerals or misinterpretation of silver deposits as remineralisation. Non-demineralised, 90–
110 nm thick sections were prepared and examined without further staining at 110 kV.

3. Results
Baseline control specimens extracted immediately after bonding demonstrated intact hybrid
layers with randomly distributed water-rich, resin-sparse regions. The latter were identified
by the silver tracer in non-demineralised sections (Fig. 1A). Similar features were seen
irrespective of whether the acid-etched dentine was pre-treated with chlorhexidine as MMP-
inhibitor. Nanofiller clusters could be identified within the entire adhesive layer (Fig. 1B).

Specimens bonded without the use of chlorhexidine exhibited extensive degradation of the
hybrid layer (Fig. 2A) in demineralised sections after 12 months of in vivo ageing. The
degraded collagen fibrils within the hybrid layer were either completely destroyed or
appeared as unravelled microfibrillar strands that were devoid of cross-banding patterns.
Dissolution of the nanofillers could also be seen within a 3–5 μm thick zone of the adhesive
layer that was located directly above the hybrid layer (Fig. 2B). Such a phenomenon
occurred regardless of the thickness of the adhesive. That is, resin–dentine interfaces with
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adhesive layers thinner than 3–5 μm exhibited dissolution of nanofillers within the entire
adhesive layer. Conversely, interfaces with adhesive layers thicker than 3–5 μm exhibited
two zones within the adhesive layer, a nanofiller-depleted zone adjacent to the hybrid layer
and a normal nanofiller-containing zone on top of the nanofiller-depleted zone. Examination
of the silver-impregnated non-demineralised sections revealed extensive water-filled spaces
within the degraded hybrid layer (Fig. 2C). The presence of silver-filled water channels that
extended from the surface of the degraded hybrid layer into the adhesive was further
indicative of a water-rich zone within the superficial part of the adhesive. Hydrolysis of the
silica nanofillers resulted in the appearance of voids within the adhesive, which were
partially impregnated with silver deposits (Fig. 2D).

Stained demineralised sections prepared from specimens bonded with the adjunctive use of
chlorhexidine as MMP-inhibitor demonstrated an intact hybrid layer after 12 months of in
vivo ageing (Fig. 3A). However, the use of chlorhexidine did not eliminate water from the
resin–dentine interface and hence did not prevent hydrolysis of the nanofillers from the 3–5
μm thick layer of adhesive that juxtaposed the water-rich surface of the hybrid layer (Fig.
3B). In silver-impregnated non-demineralised sections, silver-filled water-rich regions
similar to those identified from the baseline control specimens could be observed within the
hybrid layers (Fig. 3C). In addition, silver deposits were abundant in the nanovoids created
by hydrolysis of nanofillers within the water-rich part of the adhesive (Fig. 3D).

Specimens bonded in vivo with chlorhexidine also demonstrated intact hybrid layers after 12
months of in vitro ageing in SBF. Dissolution of nanofillers within the superficial water-rich
part of the adhesive (Fig. 4A) was also similar to what was observed in the in vivo-aged
specimens. Specimens bonded in vivo without chlorhexidine exhibited remineralisation
zones within and along the surface of the hybrid layers after 4 months of in vitro biomimetic
remineralisation followed by 8 months of in vitro ageing in SBF (Fig. 4B). Within the
remineralised regions of the hybrid layer, collagen fibrils with intrafibrillar remineralisation
were identified (Fig. 4C), corresponding with those water-rich, resin-sparse regions of the
hybrid layers present in the silver-impregnated baseline and in vivo-aged specimens.
Although the adhesive layer on top of the hybrid layer and resin tags around the dentinal
tubular orifices were devoid of nanofillers, no voids could be seen in these regions (Fig. 4B)
due to filling of those voids with nanocrystals that were similar to those present in the
remineralised collagen fibrils (Fig. 4D).

4. Discussion
The ultrastructural results in the present study demonstrated that both the use of
chlorhexidine for MMP-inhibition and biomimetic remineralisation for filling water-filled
spaces could effectively preserve the integrity of the hybrid layer over time. Prevention of
degradation of the hybrid layer with chlorhexidine was in accordance with the results of
previous in vivo studies.5,6 However, nanofillers in teeth bonded with chlorhexidine were
almost completely dissolved after in vivo and in vitro ageing, leaving behind clusters of
nanovoids within the basal portion of the adhesive layer. For the biomimetic
remineralisation approach, intrafibrillar remineralisation of the collagen fibrils was evident
within the hybrid layer after in vitro ageing. Although dissolution of the nanofillers also
occurred within the adhesive layer and within the resin that occupied the tubular orifices, no
voids could be seen within those nanofillers-depleted zones as they were filled by mineral
nanocrystals. In terms of preventing the degradation of the hybrid layer, both approaches
yielded similar results. In terms of preserving the integrity of the resin–dentine interfaces,
the use of chlorhexidine as MMP-inhibitor did not replace the apatites that were initially
removed from dentine but could not be completely replaced by adhesive resin. Thus, water-
filled spaces within the hybrid layer that were initially present at the baseline were still
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present after in vivo ageing. The use of chlorhexidine as MMP-inhibitor also did not replace
the nanofillers that were depleted from the adhesive after in vivo and in vitro ageing. From
these perspectives, the postageing manifestations of the resin–dentine interfaces are different
with the use of the two approaches. Thus, the null hypothesis that there are no differences in
the status in which resin–dentine interfaces are preserved following in vivo chlorhexidine
application and in vitro biomimetic remineralisation has to be rejected.

Contemporary dentine bonding technologies have achieved as much as they can in replacing
minerals depleted from the extrafibrillar compartments of collagen matrices with resins. In
terms of the results achieved compared with previous adhesive generations, the progress has
insofar been phenomenal. However, the critical barrier to progress in contemporary dentine
bonding is that both etch-and-rinse and self-etching approaches in establishing retention in
dentine are hampered by their inability to completely replace free and loosely bound water
from various internal water compartments39 of the collagen fibrils. Until recently, it is not
known whether dentine adhesives are capable of infiltrating the intrafibrillar spaces of
collagen fibrils to create a continuum with those resins that occupy the extrafibrillar spaces.
This question has been raised for more than ten years4 but is generally perceived to be a
philosophical issue with limited clinical relevance. Indeed, over the past decade, the term
“nanoleakage”40 has taken on a life of its own in attempts to compare the status of resin
infiltration within dentine or predict bonding success.41 Considering the fact that practically
all of those studies consistently showed “nanoleakage” irrespective of whether hybrid layers
were created with etch-and-rinse or self-etching adhesives, it is surprising that
manufacturers were not alerted to the implicit message emancipating from those studies.

Resin–dentine bonding with etch-and-rinse adhesives is a crude form of biomimicry that
depletes the mineral phase from dentine for the sake of “micromechanical retention”. The
loss of intrafibrillar apatite from collagen without its appropriate replacement causes
deterioration in the mechanical properties of mineralised tissues.42 Phase transition of the
apatite-depleted collagen from insoluble collagen to more biodegradable gelatine represents
the point-of-no-return in the survival of archaeological hard tissues.43 Collagen–gelatine
transition also has a major adverse impact on the physical properties of bone.44 This
irreversible transition is prevented by the presence of minerals45,46 and the close packing of
collagen molecules in collagen fibrils.47 Both of these protective mechanisms are
disrupted31 by techniques associated with contemporary dentine bonding. Progressive
replacement of water by intrafibrillar apatite is a natural process in osteogenesis and
dentineogenesis that preserves the integrity of collagen and other non-collagenous proteins.
When protected by apatite, collagen and non-collagenous proteins in bone may remain intact
for up to 50k years.48 This natural mode of protection highlights the critical barrier to
progress in contemporary dentine adhesive technologies—they are incapable of completely
replacing water from the intrafibrillar compartments of the collagen fibrils.

The experimental “ethanol wet bonding” technique involves progressive replacement of
interfibrillar and intrafibrillar non-structural water by ethanol.49 Despite its philosophical
nature, this bonding technique is able to produce durable resin–dentine bonds after 12
months19 and 18 months of in vitro ageing.50 Another study showed that when ethanol wet
bonding was meticulously followed, there was no intrafibrillar remineralisation of collagen
fibrils within hybrid layers19 using the same biomimetic remineralisation strategy employed
in the present study. This is because resin has already replaced all non-structural water from
the intrafibrillar water compartments and there is no room for the deposition of apatite. On
the contrary, the observation of intrafibrillar remineralisation in collagen fibrils within
hybrid layers in the present study provided indirect evidence that dentine adhesive applied to
water-saturated demineralised dentine was incapable of infiltrating the intrafibrillar
compartments of the collagen fibrils.
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The observation that adhesive nanofillers partially disappeared in teeth bonded with/without
chlorhexidine application implies that such a phenomenon is governed by a universal
degradation mechanism which is unrelated to the MMP-inhibiting activity of chlorhexidine.
The use of a silica nanofiller-containing adhesive in the present study provided a unique
opportunity for discerning a phenomenon that is usually difficult to be recognised in
morphologic work without resorting to chemoanalytical techniques—water sorption-induced
hydrolysis of adhesive components. Hydrolytic degradation of pyrogenic silica fillers occurs
in resin composites in spite of silane treatments.51 It is important to note that degradation of
the silanised silica nano-particles in the present study was limited to the region immediately
above the hybrid layer. The results suggest that this region is a water-rich zone. The
adhesive nanofillers are pyrogenic hydrophilic silica nanoparticles that have been
functionalised with a comparatively hydrophobic silane coupling agent.52 As these silica
nanoparticles possess a very large specific surface area (380 m2/g),52 it is possible that
silane coverage of the silica surface is incomplete and that residual silanol groups are
present on the silica surface53 which are susceptible to hydrolysis54,55 after water sorption.
The Si–O–Si bond that forms between the silane coupling agent and the mineral filler is also
vulnerable to hydrolysis.56

It must be stressed that nanofiller degradation occurred irrespective of whether the resin-
interfaces were subjected by MMP-inhibition or biomimetic remineralisation; the only
difference between the two protocols being the manner in which the nanovoids created by
the loss of nanofillers were subsequently filled (i.e. water versus mineral nanocrystals).
Biomimetic remineralisation is not a process that prevents water sorption and hydrolysis of
adhesive components. As specimens that were subjected to biomimetic remineralisation
were bonded with the same hydrophilic adhesive, it is reasonable to perceive that water
sorption or hydrolysis occurred to a similar extent when remineralisation was conducted in
an aqueous medium. These processes are associated with the inherent chemistry of the
adhesive and not related to the approach employed to prevent degradation of the resin–
dentine interfaces. The potential consequence of adhesive nanofiller degradation on the
durability of resin–dentine bonds is currently unknown. The nanovoid clusters that remain
after the dissolution of nanofillers may be interconnecting and act as water channels for
hydrolysis/leaching of hydrophilic resin components from the resin–dentine interface.
Nanovoids were not present after the remineralised specimens were subjected to further in
vitro ageing. This is probably because water sorption in hydrophilic resins occurs rapidly57

and most of the water sorption occurs during the first month.58 Filling of nanovoids by
mineral nanocrystals fortifies the concept of progressive intrafibrillar water displacement
within collagen fibrils, in resin–dentine interfaces that had been subjected to the biomimetic
remineralisation scheme.34

The experimental biomimetic remineralisation strategy offers a solution for incorporating a
“self-healing mechanism” by mimicking nature to enhance performance, provided that
different components of the strategy can be successfully incorporated into the acid-etched
dentine prior to bonding. The use of a proactive “self-healing” strategy for rejuvenating aged
polymer composites is not without precedence and is a highly desirable goal in
contemporary biomaterials research.59,60 One of the main challenges in biomimetics is that
it demands creative solutions. Nature’s store of ideas is valuable only if it can be translated
into usable technology, particularly in terms of processing methods. In the translation of the
proof-of-concept biomimetic remineralisation approach into a clinically applicable
technique, the authors anticipate the use of collagen size exclusion principles and the
controlled release technology for delivering biomimetic analogues to the acid-etched dentine
prior to the application of the adhesive. The remineralisation component may be delivered in
the form of polyanionstabilised amorphous calcium phosphate nanophases and silicic acid to
the acid-etched dentine prior to dentine bonding.61 Such a strategy ensures that the
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remineralising components are readily available at the base of the hybrid layers instead of
relying on ionic diffusion through a polymerised adhesive layer. Investigations on these
procedures are in order, to facilitate translation of the remineralisation approach from merely
a creative solution into a pragmatic clinically applicable technique.

5. Conclusion
In the grand scheme of things, prevention of the degradation of denuded, water-filled
collagen with the use of MMP-inhibitors or MMP-inhibitor-conjugated resin monomers
represents the state-of-the-art for extending the longevity of resin–dentine bonds. Such an
approach was developed during the era when the critical barrier to progress in dentine
bonding was not completely understood. Inhibition of collagen degradation without
removing the underlying cause of degradation (i.e. water) is analogous to the role played by
palliative medicine in extending life expectancy. Palliative medicine is extremely valuable
when the cause of a disease is unknown or when a definitive treatment method is
unavailable. Preventing hybrid layer degradation with the use of MMP-inhibitors or MMP-
inhibitor-conjugated resin monomers will continue to be the predominant method for
extending the longevity of resin–dentine bonds until a more proactive solution becomes
clinically available. Likewise, the use of this strategy is desirable to prevent degradation of
naked collagen before biomimetic remineralisation can progressively dehydrate the collagen
matrix and replace the water with intrafibrillar apatites, and extrafibrillar apatites where
applicable. Chlorhexidine is not the only MMP-inhibitor that is useful for dentine bonding,
as PVPA, one of the biomimetic analogues employed in the experimental remineralisation
approach, also possesses anti-MMP potential.37

The results of the present study highlight the critical barrier to progress in contemporary
dentine bonding, at least, with the use of etch-and-rinse adhesives. Whilst the observation of
nanofiller degradation may be viewed upon as a phenomenological event exhibited by one
particular adhesive, it points to an already known feature in dentine bonding—that a water-
rich zone exists along the resin–dentine interface62 that is precipitated by the increased
hydrophilicity of contemporary dentine adhesives.63
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Fig. 1.
TEM images taken from unstained non-demineralised sections taken from the baseline
control groups that were extracted immediately without ageing. This specimen was bonded
using 2% chlorhexidine as a MMP inhibitor. The specimen was immersed in a silver nitrate
tracer prior to TEM processing. (A) Silver-impregnated water-rich, resin-sparse regions
(pointer) could be identified within the hybrid layer (H). C: composite; A: filled adhesive;
D: dentine. Similar features were observed in the baseline control of premolars that were
bonded without the use of chlorhexidine (not shown). (B) High magnification of (A).
Nanofiller clusters (arrow) from the adhesive (A) could be seen in close proximity with the
surface of the hybrid layer (H). T: dentinal tubule.
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Fig. 2.
TEM of specimens from the non-chlorhexidine group that were retrieved after 12 months of
intraoral function. C: composite; A: filled adhesive; D: dentine. (A) Stained demineralised
specimen showing that a degraded hybrid layer (H) with remnant denatured collagen
(pointers) attached to the adhesive and underlying dentine. A void-bearing (open
arrowheads), nanofiller-depleted zone was apparent in the basal part of the adhesive
(asterisk) that was adjacent to the hybrid layer. (B) High magnification of (A). Nanofiller
clusters (arrow) could be seen within the composite side but were absent from the hybrid
layer side (asterisk) of the adhesive (A), where nanovoids (pointer) were observed in lieu of
the nanofillers. Collagen within the remnant hybrid layer was grossly denatured (open
arrowhead). (C) Unstained, non-demineralised, silver-impregnated specimen showing
extensive silver deposits within the space occupied by the hybrid layer (H). As the adhesive
layer was thin, the entire layer was devoid of nanofillers (asterisk) T: dentinal tubule. (D)
High magnification of (C) showing clusters of nanovoids (arrow) within the nanofiller-
depleted adhesive layer (asterisk). Some of these nanovoids were impregnated with silver
deposits (open arrowhead). T: dentinal tubule.
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Fig. 3.
TEM of specimens from the chlorhexidine group that were retrieved after 12 months of
intraoral function. C: composite; A: filled adhesive; D: dentine. (A) Stained demineralised
specimen with an intact hybrid layer (H). Although chlorhexidine prevented degradation of
the collagen component of the hybrid layer, water entrapment within the resin–dentine
interface resulted in a nanofiller-depleted zone (asterisk) within the basal portion of the
adhesive. (B) High magnification of the nanofiller-depleted zone in (A). Nanofillers (open
arrowheads) were almost completely dissolved, leaving behind clusters of nanovoids
(pointers) within the adhesive resin matrix. By contract, nanofiller clusters (arrow) were
readily observed within the top part of the adhesive (A). (C) An unstained, non-
demineralised specimen from the same group showing silver-filled, water-rich regions
(pointer) within the intact hybrid layer (H). Additional silver grains (open arrowheads) could
be seen within the hybrid layer and the nanofiller-depleted zone of the adhesive (asterisk). T:
dentinal tubule. (D) High magnification of (C) showing silver deposits (pointer) in
nanovoids (open arrowhead) of the nanofiller-depleted zone (asterisk) of the adhesive (A).
Intact nanofiller clusters (arrow) could be seen within the adhesive that was further away
from the hybrid layer and dentinal tubules, where they were less susceptible to water
hydrolysis during in vivo ageing.
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Fig. 4.
TEM of unstained, non-demineralised specimens bonded in vivo with the same adhesive and
extracted for in vitro ageing or biomimetic remineralisation. C: composite; A: filled
adhesive; D: dentine. (A) A representative example of a specimen that was bonded in vivo
with the use of chlorhexidine as an MMP-inhibitor and subjected to 12 months of in vitro
ageing after extraction. Although the hybrid layer was intact, extensive dissolution of the
nanofillers (asterisk) occurred within the thin adhesive layer. (B) A representative example
of a contralateral specimen that was bonded in vivo without chlorhexidine and after
extraction, subjected to 4 months of in vitro biomimetic remineralisation followed by 8
months of in vitro ageing in SBF. Remineralisation was evident (open arrows) within the
hybrid layer and the water channels (pointers) that extended from the hybrid layer surface
into the adhesive. Although the thin adhesive layer between the composite and the hybrid
layer and within the dentinal tubule orifices (T) was devoid of nanofillers, no voids could be
seen within those regions (asterisk). Conversely, nanofillers could be identified from that
part of the adhesive (A) located beneath the tubular orifices. (C) High magnification of the
remineralised part of the hybrid layer in (B) showing intrafibrillar remineralisation of the
collagen fibrils (arrow). This suggests that the intrafibrillar compartments of those fibrils
were occupied initially by water instead of adhesive resin. (D) High magnification of the
surface of the hybrid layer (H) in (B). Nanofillers were sparse (open arrowheads) within the
overlying adhesive and nanovoids generated by the dissolution of nanofillers were filled
with nanocrystals (pointer) similar to those found within the remineralised collagen fibrils
along the surface of the hybrid layer (arrow).
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