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Abstract Micromorphological analysis is a useful method for
the evaluation of resin–dentin bonds. Transmission electron
microscopy (TEM) can also be used to analyze the structure of
resin–dentin bonds because of its high resolution. There are
several reasons for the degradation of resin–dentin bonds such
as the activation of endogenous dentin matrix metalloprotein-
ases and the hydrolysis of methacrylate resins. Nanoleakage
expression is an effective method for the identification of
these degradation pathways and uses silver nitrate as a
nanoleakage tracer. However, the resulting TEM images only
provide two-dimensional information and the corresponding
three-dimensional structure can only be realized based on the
consideration of other experimental findings. The evaluation
of nanoleakage structures in this way should provide a better
understanding of the bond degradation pathways. This review
provides an overview of recent developments towards the
study of nanoleakage structures, with particular emphasis on
their shape and bond degradation processes.
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Introduction

In general, the degradation of resin–dentin bonds can be cat-
egorized into three major groups, including (1) the hydrolytic
degradation of the collagen matrix, (2) the hydrolytic degra-
dation of the bonding resin within the hybrid layer, and (3) the
hydrolytic degradation of the resin [1–4]. In this review, we
have focused specifically on the nanoleakage or water tree
extension of the resin–dentin bonds. Although the perfect en-
capsulation of the collagen matrix by the resin monomers is
necessary for the formation of an ideal hybrid layer, the im-
perfect penetration of the resin into the collage web is inevi-
table for total-etch adhesives and, as well, to a lesser extent,
self-etching adhesive systems [5, 6]. The use of an adhesive
resin can yield permeable and unstable bonds that are suscep-
tible to water sorption, which can lead to the hydrolytic deg-
radation of the bonds [7–10]. This tendency towards degrada-
tion has become increasingly pronounced in some recently
developed adhesive systems such as the one-bottle resin sys-
tems because of their hydrophilicity [8–10]. The hydrophilic
nature of these systems is caused by their polar ingredients
(e.g., acetone, ethanol, and water), which are necessary for the
flowability of the adhesives or the ionization of the acidic
monomers [10, 11]. The hydrolysis of the bonds generally
correlates well with the morphology and extent of the
nanoleakage [12, 13]. Water molecules can penetrate into the
adhesive interface via nanoleakage, and the subsequent hydro-
lytic degradation of the bonds leads to the widening of the
nanoleakage pathway [14–16]. This aging process can also
increase the degradation of the resin by other hydrolytic path-
ways as well as enhance the hydrolytic activity of host-derived
proteases for the collagen fibrils in the bonds [17•, 18••, 19,
20]. Nanoleakage and water tree structures can be traced by
ammoniacal silver nitrate and observed by scanning electron
microscopy (SEM) or transmission electron microscopy
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(TEM) [21, 22]. However, the morphological analysis of
nanoleakage or water tree by SEM and TEM is generally
conducted as a two-dimensional process and additional steps
are required to provide a three-dimensional representation of
the bonds. In this review, we have, therefore, provided some
discussion of three-dimensional models of nanoleakage ex-
pressions and the process underlying the development of
nanoleakage through aging by analyzing existing data for
the interfacial analysis of resin–dentin bonds.

Test Methods of Nanoleakage Evaluations

Microtensile Bond Test and Fractography

Numerous studies have been conducted based on the
microtensile bond test, which was first reported in 1994
[23]. A variety of different specimen shapes can be evaluated
using a microtensile bond test, including hourglass-, bar- (or
beam-), or cylinder-shaped specimens. A description of the
process involved in the preparation of bar-shaped specimens
is provided below. Briefly, resin composite–dentin bonded
specimens are sectioned using an IsoMet saw to give bar-
shaped specimens with an adhesive area of approximately
1 mm2. The resulting bar-shaped specimens are then attached
to a testing apparatus and subjected to a tensile load using a
material tester at a crosshead speed of 0.5 to 1.0 mm/min.
After this bond test process, the fractured surfaces of the spec-
imens are sputter coated with gold and observed by SEM.

Nanoleakage Observation by TEM

A new method was reported in 1995 for the preparation of
resin–dentin specimens to allow for the evaluation of their
nanoleakage structure by TEM, and this method has subse-
quently been used in a large number of studies [21, 22]. Brief-
ly, thick resin–dentin bonded disks are prepared and sectioned
using an IsoMet saw to make resin–dentin bonded specimens
with dimensions of 2×1×5 mm. These specimens are then
immersed in an ammoniacal silver nitrate solution for 24 h
and then light cured to allow for the deposition of the silver.
After silver staining, the specimens are then processed for
TEM examination (non-demineralized specimens).

Nanoleakage Created by Various Adhesives

Total-Etch Adhesives

Resin–dentin bonds can be formed using a total-etch (etch-
and-rinse) or self-etch approach. The total-etch adhesives are
subjected to a pretreatment process with acid to allow for the

demineralization of the superficial dentin, with the subsequent
diffusion of resin monomers of primers or bonding resins,
leading to the formation of a hybrid layer within the collagen
meshwork. Perfect adhesions can be achieved in this way
when the resin becomes embedded in the exposed collagen
fibrils without creating empty spaces within the bonds [1, 5,
11]. However, the formation of empty zones in the bonds
would provide a pathway for the penetration of water, which
would lead to the degradation of the bonds by bacterial en-
zymes. The bonds would also be degraded by MMPs, which
would be slowly released from the dentin matrix over an ex-
tended period [1, 5, 11, 15, 16, 17•, 18••, 19].

The results of a previous study showed that there was a
discrepancy between the thickness of the demineralized col-
lagen layer and the extent to which the resin within the adhe-
sive interface was infiltrated [5]. This zone was found at the
fractured surfaces of total-etch adhesive systems after they had
been subjected to the microtensile bond test. The authors of
this study also speculated that this naked collagen layer had
been degraded by hydrolysis, which resulted in the observed
long-term reduction in the bond strength. However, there are,
currently, nomechanisms available to rationalize the digestion
of the collagen fibrils within the bonds. Moreover, it is gener-
ally believed that these empty zones are formed at the interface
between the hybrid layer and the non-demineralized dentin as
layered structures (i.e., microleakage).

In 1994, Sano et al. reported for the first time the detection
of a nanoleakage zone within the hybrid layer using silver
nitrate staining with subsequent observation by TEM [16,
17•]. The TEM results of this study revealed that there were
nanometer-sized porosities in the hybrid layer rather than the
restricted area between the hybrid layer and non-
demineralized dentin. The silver nitrate sporadically stained
the entire hybrid layer. Microleakage is the term used to de-
scribe the formation of a gap between the resin and the dentin,
where the main reason for the formation of the gap is the
polymerization shrinkage of the resin. In contrast,
nanoleakage is a term that describes the diffusion of resin
molecules within the hybrid layer in the absence of gap for-
mation. Nanoleakage is much less extensive than
microleakage. Using this new test method based on a silver
tracer, we can easily and clearly detect nanoleakage zones
within the bond interfaces by both SEM and TEM.

Self-Etching Adhesives

Nanoleakage was originally thought to be isolated and uncon-
nected si lver grains within the bonds. However,
interconnecting, dendritic silver deposits were subsequently
observed as tree-shaped structures within the adhesive layers.
Moreover, the silver staining of these structures revealed that
the hybrid layer and adhesive resin layers existed as polymeric
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matrices, where the water was trapped, resulting in regions of
incomplete polymerization and/or hydrogel formation [24].
Strong images showing nanoleakage structures were obtained
for the gaps or voids in the hybrid layers resulting from the
discrepancies in the acid etching and resin penetration. In con-
trast, theoretical consideration suggested that no nanoleakage
structures would form in the self-etching adhesives. Unfortu-
nately, however, nanoleakage was also found in the resin–
dentin bonds formed with self-etching adhesives [25].

The formation of nanoleakage structures is not only caused
by a discrepancy between the depth of demineralization and
resin infiltration but can also be caused by the incomplete
polymerization or hydrogel formation of the resin.
Nanoleakage structures can be classified into a variety of dif-
ferent shapes, including spot mode, reticular mode, and den-
dritic shapes (water tree) (Fig. 1d). Tay et al. were the first
group to propose the two modes of nanoleakage expression

(i.e., spot and reticular mode) using single-step adhesives [26].
They also went to speculate that these regions were created by
the incomplete removal of water or the interaction of the basic
diamine silver ion salts with acidic/hydrophilic resin compo-
nents. The silver deposits of dendritic shapes were found in
polyalkenoic acid copolymer components and were absent
from the globular electron-lucent resin phase separations with-
in the droplets [27].

In 2003, Tay and Pashley reported for the first time the
concept of a Bwater tree^ as a silver nitrate staining structure
within the resin–dentin bonds [23]. There also provided mi-
cromorphological evidence of the interconnecting structures
between the nanoleakage zones in the hybrid or adhesives
layer. In fact, if there were no connections between the
nanoleakage structures of each spot or reticular mode, then it
would not be possible to observe the nanoleakage structures
because the silver nitrate would not be able to penetrate the

Fig. 1 SEM and TEM images or
water tree models. a, b SEM
images of the fractured surfaces of
resin–dentin bonds that had been
created using a one-bottle self-
etching adhesive. c TEM images
of a resin–dentin interface that
had been created using a one-
bottle self-etching adhesive. The
specimens were stored in water
for 8 years prior to being analyzed
by TEM. d Schematic illustration
of the aging patterns of
nanoleakage. The black arrows
indicate the spot-mode structure
of the nanoleakage expression,
which consisted of isolated spots
of silver grains that were
dispersed upon the leakage layer
(C). e Three-dimensional tree
model. The morphological
characteristics of each region of
the water tree (left figure). This
tree is a model of the water tree
structures generally formed at the
resin–dentin interface. This tree
was sectioned in one direction,
and the resulting sectioned end of
tree branch is shown in the two
figures to the right. These
situations were simulated by
specimen preparation with
subsequent observation by TEM.
L leakage layer, B bonding resin,
C composite resin. The sectioned
end of tree branch has been
colored in yellow (the two figures
to the right)
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resin. The silver nitrate can infiltrate the adhesive interface by
directly attacking the interface or moving into the dentinal
tubules during the preparation of the specimens. Additional
routes or pathway are also required for the penetration of silver
into the hybrid layer or bonding resin.

We measured the outward movement of the water (i.e.,
from the dentin to the bonding resin) within the resin–dentin
bonds using an instrument, which was specially designed to
measure the movement of water [28]. This device allowed us
to record diffusion-induced water movements during the
placement or light curing of adhesive resins, and the results
suggested that the movement of water could contribute to
creation of water-filled channels or voids within the bonds
[23]. The water itself was supplied from the dentinal tubules.
Notably, these water movements became larger when hydro-
philic adhesives such as all-in-one adhesives were used in the
study (unpublished results). In addition, the cured bonding
resin was shown to be nothing more than permeable mem-
brane [29]. Water movements through the cured resin films
were recorded by osmosis, which was induced by a CaCl2 or
HEMA solution. The extent of this water movement was
found to be greater for hydrophilic adhesive, compared with
their hydrophobic counterpart. Furthermore, the movement or
entrapment of water within the adhesive resin led to a decrease
in the shrinkage of the resin during the polymerization bond-
ing process [30, 31]. These in situ test results also provided
evidence of water sorption to the bonding resin during the
bonding process. In all these experiments, the resin–dentin
bonds were generally characterized after 24 h of bonding.
The results of these two in situ studies provide clear evidence
in support of the formation of nanoleakage structures in the
bonds over a short time interval (i.e., 30 min) at the start of the
bonding procedure [28–31]. It is therefore likely that water
sorption is one of the main reasons for the formation of
nanoleakage structures within the resin–dentin bonds. In terms
of the morphological characteristics of these bonds, the SEM
images of a replica of vital acid-etched dentin showed the
transudation of dentinal fluid to the dentin surface [32]. This
process was followed by the formation of water blisters at the
resin–dentin interface, with the water molecules coming from
the dentinal fluid trapped by the water-immiscible resins. Wa-
ter blisters of this type can be found in hydrophilic adhesives
by dentinal surface observation by SEM (three-dimensional
approach) and interfacial observations by TEM (two-dimen-
sional approach).

Nanoleakage and Bond Degradation

Two-Dimensional Evaluation

The degradation of resin–dentin bonds has been examined
over an extended time period by long-term water storage

testing. The bonding strength of many resin adhesives de-
creases following their long-term (6 months or 1 year) storage
in water during in vitro or long-term in vivo tests [33–36]. The
extent of nanoleakage expression also increases in these after
long-term storage in water [11, 37]. Both of these issues can
be attributed to the penetration of water into the adhesive
interface via nanoleakage pathways, followed by the slow
hydrolysis of the resin polymer, which would lead to further
increases in the volume of the nanoleakage [11]. This degra-
dation mechanism must therefore be caused by the hydrolysis
degradation of the resin because there were no increases in the
formation of nanoleakage structures or decrease in the
bonding strength when the bonded specimens were im-
mersed in mineral oil [13, 15]. Moreover, the direct
exposure of the adhesive interface to water (using the
bar-shaped resin–dentin bonded specimens) leads to an
increase in the rate of degradation, compared with the
resin–dentin bulk specimens [2, 21].

When pulpal pressure was applied to the bonded interface,
there was a significant increase in the rate of the reduction in
the bond strength, which suggested that the movement of den-
tinal fluid in bonded interface could accelerate the degradation
of the bonds [15]. Figure 1a shows the fractured surface of the
resin–dentin bond with significant silver nitrate penetration
shown in the right part of the figure. The silver nitrate pene-
tration continued, with the morphological characteristics sug-
gesting the formation a layer. However, the left part of the
image shows that there was a hybrid layer with some dentinal
tubules. Careful consideration of the images revealed the pres-
ence of nanoleakage with a spot-mode structure in the hybrid
layer (Fig. 1a). Figure 1b shows that the balloon-shaped silver
deposits had formed at the adhesive interface on the fractured
surface and that these deposits could be localized from the
hybrid layer to the bonding resin layer or their border. Silver
deposits of this type can weaken the bonding performance of
the resin, which would result in the formation of fracture in
this region after the bond test. Figure 1c shows the aged bond-
ed interface created using one-bottle self-etching adhesives
following their storage in water for 8 years. The silver nitrate
layer was observed between the adhesive resin and the adhe-
sive resin interface.

During the bonding procedure, the bonding resins are ap-
plied to the dentin surface using air-blowing and light-curing
techniques. Additional bonding resin can then be applied to
the cured adhesive layer (consecutive coatings). In this pro-
cess, the first of the adhesives to be applied to the dentin
surface forms a thick unpolymerized resin layer on top of
the well-cured adhesive layers [38–40]. This type of
nanoleakage is occasionally found in one-bottle self-etching
adhesives because they contain significant quantities of water,
ethanol, and acetone as solvents. These hydrophilic adhesives
can therefore hamper the polymerization of the outer resin
surface by introducing oxygen. The propagation of the
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nanoleakage may consequently start at these legions during
the water storage. Furthermore, numerous spot-mode
nanoleakage structures were observed on the leakage layer
(Fig. 1c, black arrows). This result therefore represents first
example of a nanoleakage propagation process for the next
stage of bond degradation.

Three-Dimensional Evaluation

We recently developed a model of nanoleakage propagation in
resin–dentin bonds to evaluate the changes in these bonds
during aging (Fig. 1d). The results of this model were as fol-
lows. At the initial nanoleakage stage, we could see the
nanoleakage existed as a simple spot. After aging, the spot-
mode structures of individual nanoleakage connected with
each other to form a reticular-mode nanoleakage structure.
During the subsequent degradation stage, more spot-mode
and reticular-mode nanoleakage structures joined together to
become dendritic shape or water tree. Many water tree forma-
tions were generated at the adhesive interface with the struc-
tures occurring simultaneously.

Figure 1e shows the three-dimensional images of the tree
models (http://www.thigiverse.com/), which were sectioned at
one quarter of the model from an anterior perspective using
CAD software (SolidWorks Simulation 2011; SolidWorks
Corporation, MA, USA). The sectioned areas shown in the
figure (sectioned at the end of the tree branch) have been
colored in yellow. We simulated the three-dimensional tree
model as a water tree. The sectioning of the water tree struc-
ture at the resin–dentin interface of each specimen was con-
ducted using a diamond knife for the preparation of the TEM
samples. Three simulated water tree structures were prepared
at the adhesive interface. The structure shown at the far left of
the figure is the uncut tree. When we cut the tree once in one
direction, we could clearly see the spot- and reticular-shaped
ends of the tree branches (colored yellow in the center figure).
Whenwe cut the tree down the center, we could clearly see the
dendritic-shaped end (colored yellow in the right figure).
These results suggested that, even if there were many water
tree structures at the bonded interface, we would invariably
observe the structures as spot-mode or reticular-mode
nanoleakage structures. Dendritic-mode structures would be
observed much less frequently because the resulting TEM
images would only provide two-dimensional information. It
is important to note that the images revealed that the spot-
mode structures of the nanoleakage were all connected to each
other by small water pathway that were not observed by high-
resolution TEM. With this in mind, the morphological phases
of the structures can be seen as water bush or leakage layers
because they were connected laterally at the bonded interface.
When we observed this type of leakage from the upper part of
the bonded structure by SEM, we could see a large number of
balloon-shaped nanoleakage or band layer structures similar

to those shown in Fig. 1a, b, respectively. These structures
ultimately became band layer like, with the nanoleakage prop-
agation process starting from these layers as spot-mode struc-
tures (Fig. 1c). During this process, significant amounts of
water would be supplied from the leakage layer for the forma-
tion of additional nanoleakage structures. We believe that the
leakage layer represents the most severe form of nanoleakage
structure and that it is almost equal to that of a microleakage.
However, we were unable to find this type of shape by TEM
because leakage zones of this type can be readily broken down
by the procedures used for the preparation of specimens of
100 nm in thickness during TEM sectioning. This type of
degradation is typically found at the adhesive interfaces of
hydrophilic one-bottle self-etching adhesives [41]. After the
bar-shaped specimens had been stored in water for 1 year, we
conducted fractography at the dentin side of the specimens
[2]. The resin materials in the hybrid layer had been gradually
extracted from the periphery to the central portion of the res-
in–dentin bonded beams. These results suggested that the deg-
radation of the bond had occurred as a consequence of the
storage water coming into direct contact with the adhesive
interface. Similar results were also obtained following the sil-
ver nitrate staining of the aged specimens [41]. In this case, we
had made the resin–dentin bonded specimens with hydrophil-
ic one-bottle self-etching adhesives. After 1 year of water
storage, we conducted silver nitrate staining followed by
SEM examination. Observation of the interfacial area by
SEM revealed the presence of silver deposits at the interface
between the adhes ive and res in composi te . The
unpolymerized layer on the upper portion of the bonding resin
readily formed as an imperfect binding zone, which subse-
quently formed a nanoleakage structure that propagated in
the presence of water. This degradation pattern has never be-
fore been observed in hydrophobic adhesives such as two-step
self-etching systems or two-/three-step total-etching adhe-
sives. Although imperfect bonding can occur as a conse-
quence of numerous factors, we can observe all of the different
nanoleakage patterns after only 24 h of bonding. During the
aging process, the number of water tree or leakage zones at the
adhesive interface can increase considerably. However, more
detailed three-dimensional analyses are required to develop a
better understanding of this process [42]. Further work to-
wards the combination of two-dimensional TEM analysis
with three-dimensional SEM analysis [43] or the development
of new special devices capable of three-dimensional analysis
would also be useful [44].

Summary

The use of silver nitrate represents an effective tracer method
for observing the micromorphological structure of the resin–
dentin adhesive interface by TEM. Analytical examinations of
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this type allow for the structure of the bonding interface to be
considered in greater detail, especially any structural defects
results from the adding effects. However, it is important to
note that the images acquired by TEM should be given careful
consideration because they are only two dimensional. Further
study is therefore required to evaluate the micromorphological
characteristics of resin–dentin bond structures using three-
dimensional approaches.
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