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ABSTRACT

Ceramic restorations are often adhesively luted onto the tooth prep. The so-called ‘touch-cure’
concept was developed to yield optimum polymerization of composite cement at the
restoration-cement-tooth interface for immediate bond stabilization. Though this touch cure
is theorized to initiate polymerization at the interface when the accelerator in the primer
makes contact with the cement, this process has not yet been proven. This study aimed to
elucidate the mechanism of touch cure by measuring the degree of conversion (DC) of
composite cement applied with/without an accelerator-containing tooth primer (TP) versus an
accelerator-free primer using real-time Fourier-transform infrared spectroscopy (RT-FTIR) and
attenuated total reflection (ATR)-FTIR. Interfacial bond strength was measured in shear mode,
the accelerator composition confirmed by X-ray fluorescence analysis (XRF), and the interfacial
interaction of TP and composite cement with dentin investigated by X-ray diffraction (XRD),
focused-ion-beam scanning electron microscopy (FIB-SEM) with 3D interface reconstruction,
and transmission electron microscopy (TEM). RT/ATR-FTIR revealed the significantly highest
DC when the composite cement was applied with the accelerator-containing primer. XRF
disclosed a vanadium compound as novel chemical accelerator within TP, instead of a classic
chemical curing initiator system, to set off touch cure as soon the cement contacts the
beforehand applied primer. Despite TP contains the acidic functional monomer 10-MDP for
adhesion to tooth tissue, touch cure using the accelerator-containing TP combined the
fastest/highest DC with the highest bond strength. FIB-SEM and TEM confirmed tight
interfacial interaction at dentin with submicron hybridization along with stable 10-MDP_Ca-

salt nano-layering.



Introduction

Ceramic restorations are often used in cosmetic dentistry in line with the high demand for
aesthetic restorations. Advantageously, they can be manufactured efficiently using advanced
CAD-CAM techniques. Enabling tooth tissue-preserving restorations, ceramic restorations can
adhesively be luted using primer/adhesive-assisted or self-adhesive composite cements.
Composite cements most effectively polymerize upon light-curing. However, light irradiation
is attenuated in case of thick restorations fabricated of dense ceramics, by which dual-cure
composite cements are most often used. Besides bonding effectiveness, polymerization
efficiency and related mechanical properties co-determine luting efficiency (De Souza et al.,
2015).

Several initiators have been developed to cure resin-based dental materials. Dibenzoyl
peroxide (BPO) combined with a tertiary amine is the most commonly used polymerization
initiator of dental methyl methacrylates (MMAs) (Achilias et al., 2004; Kwon et al., 2012).
Although this BPO/tertiary amine system works well, it is less effective when self-etch primer-
assisted and self-adhesive composite cements are employed; they contain acidic functional
monomers that react with tertiary amine, forming salts instead of BPO-amine free radicals
(Kwon et al., 2012). To overcome this drawback, BPO/tertiary amine/sulfinic acid chemically
curing was developed (Kwon et al., 2012). For dual-cure luting, a chemically curing accelerator,
based on aromatic sodium-sulfinate salts, is supplied in a separate/additional bottle with
specific adhesives (Arrais et al., 2009). Self-etch primer-assisted composite cements, such as
Panavia 21/F/F2.0 (Kuraray Noritake, Tokyo, Japan), cure using the BPO/tertiary amine/sulfinic
acid system. These cements require the prior application of ED Primer (Kuraray Noritake),
which separates the acidic monomers in Primer A from the aromatic sodium sulfinate co-
initiator in Primer B, so enabling to produce sufficient free radicals for polymerization. Panavia
F applied with ED Primer resulted in faster polymerization and higher DC than when applied

without primer and light-curing. While this BPO/tertiary amine/sulfinic acid system works



efficiently, the acidic functional monomers still neutralized the tertiary amines and resulted in
lower DC (Kwon et al., 2012).

An alternative curing approach is being referred to as ‘touch cure’ or ‘contact cure’ (Kawano
et al., 2015; Aung et al., 2019), by which polymerization starts at the cement-tooth interface.
The commercial composite cement Panavia V5 (Kuraray Noritake) employs touch cure and
contains a proprietary non-tertiary amine accelerator, which accelerates curing when it
contacts the cement (Kuraray Noritake Panavia V5 technical information). However, the curing
characteristics at actual cement-dentin interfaces have not profoundly been investigated.

To investigate the reaction mechanism of touch cure, we compared the effect of the
accelerator-containing Panavia V5 Tooth Primer versus that of an experimental accelerator-
free primer on DC and shear bond strength (SBS) to dentin. Furthermore, the accelerator
composition was assessed by X-ray fluorescence analysis (XRF), while the interfacial interaction
with dentin was characterized correlatively by X-ray diffraction (XRD), 3D focused-ion-beam
SEM and TEM. The null hypotheses tested were that (1) the accelerator in the tooth primer

(TP) did not affect DC, and (2) this accelerator did not affect SBS to dentin.

Materials and methods

The commercial self-etch primer-assisted composite cement Panavia V5 was applied with (1)
its commercial accelerator-containing Panavia V5 Tooth Primer (‘comTP_acc’; pH=2.0), (2) an
experimental accelerator-free primer, having the same composition without accelerator
(‘expTP_acc-free’; pH=2.0), and (3) without primer (‘primer’). Additionally, the composite
cement was either light-cured (‘LIGHT’) or left to chemically cure (‘CHEM’), totaling to six
experimental conditions. The full methodological detail and study design are schematically

summarized in Fig. 1 and detailed in the Appendix.



DC
The polymerization kinetics were monitored by real-time Fourier-transform infrared
spectroscopy (RT-FTIR) on a Vertex 70 instrument (Bruker Optics). At 30 min, DC was quantified

by attenuated total reflection (ATR)-FTIR.

XRF
Chemical elemental analysis of comTP_acc, expTP_acc-free and the Panavia V5 Pastes A and B

was conducted using XRF (Rigaku ZSX Primus IlI, Rigaku, Tokyo, Japan).

SBS
Per experimental group, 10 specimens were subjected to SBS after having been stored dry for
30 min at 37°C, as further detailed in the Appendix following our previous study (Yoshihara et

al., 2020a).

XRD

Dentin surfaces (8x8 mm?) of six molars were ground with #600 SiC paper and treated with TP,
a 15wt% 10-MDP/ethanol/water solution (‘10-MDP’), or left untreated prior to being
examined by thin-film (TF)-XRD using a RINT2500 instrument (Rigaku, Tokyo, Japan) at an
acceleration voltage of 40 kV, current of 200 mA and scanning rate of 0.02°/s with the angle of

the X-ray beam fixed at 1.0°.

FIB-SEM and TEM

Dentin exposed at four additional molars were wet sanded using #600 SiC paper, upon which
TP and the composite cement were applied following the manufacturer’s instructions. The
cement surface was covered with a plastic strip (3M Oral Care, St. Paul, MN, USA) prior to

being light-cured for 20s. Epoxy resin-embedded tooth specimens were observed by FIB-SEM



(SMF-1000, HITACHI High-Tech Science, Tokyo, Japan) (Yoshihara et al., 2020b) and TEM (HR-

TEM, 200 kV; JEM-2100, JEOL).

Results

DC (Fig. 2)

RT-FTIR revealed that comTP_acc_LIGHT exhibited the fastest DC rate and highest DC.
Confirming the RF-FTIR data, the highest 30-min DC was measured by ATR-FTIR for
comTP_acc_LIGHT, being significantly higher than DC of expTP_acc_CHEM, which on its turn
was significantly higher than that of expTP_acc-free_LIGHT/CHEM and primer LIGHT/CHEM,

respectively.

XRF (Fig. 3a)

XRF of comTP_acc identified phosphate (P) and vanadium (V), with only P detected within
expTP_acc-free. Aluminum (Al), silicon (Si), P, sulfur (S), and barium (Ba) were detected in
Panavia V5 Paste A and B, with zinc (Zn) and strontium (Sr) additionally being present in Paste

A.

SBS (Fig. 3b)

ComTP_acc_LIGHT/CHEM revealed the highest SBS, while significantly lower SBS was recorded
for expTP_acc-free_LIGHT, its SBS on its turn being significantly higher than expTP_acc-
free_ CHEM'’s SBS. The SBS data were supported by the fracture analysis that revealed for the
luting procedures involving the accelerator-free TP more ‘adhesive interfacial failures’,
indicative of weaker bonding effectiveness. Less ‘adhesive interfacial failures’ and more ‘mixed
adhesive-cohesive failures’ were recorded for the luting procedures involving the accelerator-

containing TP.



XRD (Fig. 4a)
XRD of dentin treated with comTP_acc exhibited three characteristic peaks at 26=2.52°
(d=3.51 nm), 4.84° (d=1.82 nm), and 7.16° (d=1.23 nm), which were assigned to 10-MDP_Ca-

salt nano-layering (Yoshihara et al., 2011, 2013, 2019; Yoshida et al., 2012).

FIB-SEM (Fig. 4b) and TEM (Fig. 5a,b)

FIB-SEM revealed tight interfacial contact of the composite cement with dentin. A hybrid layer
of about 300-500 nm was formed with a filler-poor zone on top, separating the composite
cement from the dentin surface. Solely few filler particles could be observed, while no large
particles of several micrometers were present in this layer. TEM disclosed a submicron hybrid
layer that still contained hydroxyapatite without residual surface smear. Nano-layered
structures were detected immediately adjacent of the interface. The filler-poor-zone was

larger for comTP_acc than for expTP_acc-free.

Discussion

Strong adhesion of the restoration to the tooth prep and tight sealing of the restoration
margins are fundamental to ensure clinical longevity of restorations with low susceptibility to
secondary caries. When a glass-ceramic restoration is adhesively luted using an
primer/adhesive-assisted composite cement, the cement bulk will cure and subject
polymerization-shrinkage stress to the adhesive’s bond to dentin, which is commonly weaker
than the bond to the hydrofluoric acid-etched and silanized glass-ceramic restoration side
(Luhrs et al., 2014; Soares et al., 2017). To overcome this weakness, a ‘touch-cure’ concept was
developed to strengthen the cement-tooth interface (Aung et al., 2019). When the composite

cement touches the beforehand applied TP, the contained accelerator chemically sets off



polymerization at the cement-tooth interface, hereby strengthening the adhesive restoration-
cement-tooth bond. However, no studies have investigated touch cure that makes use of an
accelerator-containing TP. Therefore, we comparatively analyzed the effect of an accelerator-
containing TP with that of a similar but accelerator-free primer on DC and SBS to dentin, with
composite-cement luting without primer having served as negative control. In short, the
commercial accelerator-containing TP supplied with the composite cement revealed faster and
higher polymerization efficiency as well as higher SBS onto dentin when compared to the
experimental accelerator-free TP (and the control without primer), by which both hypotheses
advanced in this study were rejected. While non-etchable zirconia-ceramic restorations are
less commonly adhesively luted upon sandblasting the zirconia surface followed by 10-MDP
priming, this touch-cure concept is expected to be also beneficial for zirconia-ceramic
restorations that are adhesively luted using a primer-assisted composite cement.

A rapid-scan RT-FTIR technique was used to monitor the polymerization kinetics of the
composite cement applied with/without accelerator in TP. RT-FTIR can follow the kinetics of
double-bond conversion with time and has before been used to elucidate polymerization
mechanisms (Pynaert et al., 2013; Perrot et al., 2016). RT-FTIR also helped understanding the
effect of oxygen or hydroperoxide inhibition on polymerization by monitoring profiled
polymerization kinetics (Pynaert et al., 2013). It allowed explaining the catalytic reaction by
monitoring the reduction in CO; and catalyst over a time scale of several seconds (Sheng et al.,
2016). Here, RT-FTIR scanning of each primer/composite cement sample was conducted every
0.08s to monitor the polymerization kinetics of six experimental conditions in real time. Direct
evidence was provided that the accelerator-containing primer (comTP_acc) initiated
polymerization quicker than the experimental accelerator-free primer (expTP_acc-free), both
in LIGHT and CHEM mode. In CHEM mode, polymerization was initiated more rapidly using
comTP_acc. When the accelerator-free primer was used in CHEM mode (expTP_acc-

free_CHEM), the composite started polymerizing at almost the same time as without TP



(primer LIGHT/CHEM). These findings indicate that when the composite cement touches the
accelerator-containing primer, not only better but also faster polymerization is achieved. This
achievement earlier blocks water uptake from dentin through osmosis that would otherwise
result in interfacial porosities weakening the cement-tooth interface (Lihrs et al., 2014).

Based on manufacturer’s technical information and the safety data sheet of Panavia V5
(https://www.kuraraynoritake.eu/en/downloads/) (Appendix Table), Panavia V5 Tooth Primer
(comTP_acc) contains a proprietary non-amine reducing agent as accelerator. Using XRF, we
detected a vanadium compound in the commercial primer but not in the experimental primer,
suggesting that vanadium acts as accelerator for polymerization. Furthermore, Panavia V5
Paste A contains hydroperoxide as chemical cure initiator, instead of BPO, along with an
accelerator for light curing, while Paste B contains camphorquinone as light-cure initiator along
with an accelerator for chemical curing (Fig. 5b)
(https://www.kuraraynoritake.eu/en/page/product/techspecs/panavia). When Pastes A and B
are mixed, chemical polymerization is initiated gradually (relatively slowly) upon interaction of
the chemical cure initiator and accelerator (Fig. 5¢c). When this mixture makes contact with the
accelerator-containing primer, the touch-cure mechanism is triggered, by which the chemical
cure accelerator in the primer reacts with the chemical cure initiator in the mixed cement,
hereby initiating polymerization at the composite cement-tooth interface (Fig. 5c).

In our investigation, the accelerator-containing TP (comTP_acc) resulted in faster
polymerization of the composite cement. When the primer, consisting of MMAs dissolved in
water, was applied to the tooth surface, the solvent was evaporated by air drying. As XRF is
conducted in vacuum, the composition of the primer without solvent was assessed,
approximating the condition (clinically) reached after solvent evaporation by air drying. XRF
detected 92.1% P and 7.9% V, indicating that the concentration of the vanadium-compound
accelerator relatively increased after evaporation, by which the chemical initiator within the

composite cement can easily interact with the accelerator to initiate/promote polymerization



at the actual primer/cement-tooth interface. The detected P represents 10-MDP. Note that the
composite cement itself chemically polymerizes relatively slowly, because sufficient working
time should be provided for mixing and the actual restoration-seating/luting procedure.

Both the light-cure (actually dual-cure) and the (solely) chemical cure DC curves of the
composite cement in contact with the accelerator-containing TP (comTP_acc_LIGHT/CHEM)
revealed a curve flattening at the beginning of the reaction, the latter more pronounced for
the chemical cure DC curve. The first curve part before the flattening most likely represents
the reaction of the primer accelerator with the composite-cement initiator, in particular
induced by the relatively highly concentrated accelerator in TP. The ATR diamond cell used in
this study resulted in an infrared light penetration of 1.6 um into the sample
(https://www.bruker.com/fileadmin/user_upload/8-PDF-Docs/OpticalSpectrospcopy/FT-
IR/ALPHA/AN/AN79_ATR-Basics_EN.pdf). As the primer’s film thickness is less than 1 um, FTIR
not only recorded polymerization at the primer-cement interface but also within the most
adjacent composite cement. The second curve part after the curve flattening must then
represent the cement’s polymerization. The fact that the curve flattening was still recorded in
the light-cure DC curve, means that the chemical touch cure at the primer-cement interface
preceded the light-initiated polymerization. This time perspective must have helped stabilizing
the bond of the primer/cement to the tooth during the ongoing polymerization of the
composite cement. As well known, more rapid and intense polymerization is achieved when
the composite cement is additionally irradiated with light (Jandt and Mills, 2013).

RT-FTIR uses a mercury cadmium telluride (MCT) detector, which does not enable full-
guantitative element analysis due to a non-linear response (Shao and Griffiths, 2008).
Therefore, ATR-FTIR was additionally employed to fully quantitatively determine DC at 30 min.
When the composite cement was cured in contact with the accelerator-containing TP
(comTP_acc), 30-min DC was significantly higher than DC of composite cement cured in

contact with the experimental accelerator-free TP (expTP_acc-free) and cured without TP

10



(primer). Light-curing (actually dual-curing) resulted in higher DC than when the composite
cement was solely allowed to chemically cure, this however only significantly different when
the composite cement was cured in contact with the commercial accelerator-containing TP
(comTP_acc). These data correspond with previous research revealing higher DC when dual-
cure self-adhesive and primer/adhesive-assisted composite cements were additionally light-
cured versus solely allowed to chemically cure (Moraes et al., 2011). The higher DC measured
for comTP_acc_CHEM than for expTP_acc-free_ CHEM must obviously be attributed to the
non-amine vanadium compound chemical-cure accelerator present in TP. Comparing the use
of the commercial and experimental TP (com/expTP), both containing 10-MDP as functional
monomer, versus when no primer was employed (primer), the higher DC measured with
primer confirms that the acidic functional monomer 10-MDP did not inhibit polymerization.
In literature, not much data correlating DC with bond strength is available. Our observations
indicated that bond strength was in accordance with DC, as was also concluded before (Novais
et al., 2017). Investigating a potential relationship of DC with 24-h micro-SBS revealed that
dual-cure of the composite cements Variolink Il (Ivoclar Vivadent) and RelyX ARC (3M Oral
Care) exhibited higher DC and bond strength than those of the light-cure composite cement
Variolink Veneer (lvoclar Vivadent). Compared to dual-cure activation, DC of the solely light-
cure composite cement was hence lower, with also differences in cement composition having
influenced this outcome. Carvalho et al. (2017) measured the 24-h bond strength of the
primer-assisted composite cement Multilink (Ivoclar Vivadent) and self-adhesive cement
Clearfil SA Cement (Kuraray Noritake). Bond strength of both cements was lower when solely
cured chemically, as opposed to being cured in dual-cure mode, thus also including light curing
(Carvalho et al., 2017). Nevertheless, Multilink presented with a higher bond strength than
Clearfil SA Cement, which should be explained by difference in composition but also by the
presence of the functional monomer 10-MDP in Clearfil SA Cement. Acidic functional

monomers in adhesives or self-adhesive cements were documented to reduce the efficacy of
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tertiary amines, used as accelerator for light- and chemically initiated polymerization (Oguri et
al., 2012). Aguiar et al. (2015) evaluated the relationship between DC and mechanical
properties, such as biaxial flexural strength/modulus. They studied two primer/adhesive-
assisted composite cements, RelyX ARC (3M Oral Care) and Clearfil Esthetic Cement (Kuraray
Noritake), and two self-adhesive composite cements, RelyX Unicem (3M Oral Care) and Clearfil
SA Cement. DC of the self-adhesive composite cements at 20 min was lower in chemical cure
and dual-cure mode than that of the primer/adhesive-assisted composite cements. The biaxial
flexural strength and flexural modulus of the composite cements was higher when cured in
dual-cure mode than in solely chemical cure mode. Obviously, the difference in composition
between the cements investigated must also have influenced their mechanical properties.

In this study, only one cement was involved, by which the effect of compositional difference
on SBS was excluded. Both the experimental groups using TP (com/expTP) yielded a higher
bond strength with/without light-curing than when no primer was used. Moreover, the
application of the experimental accelerator-free primer revealed higher SBS when the
composite cement was light-cured versus solely allowed to chemically cure. Among all the
tested groups, those solely allowed to chemically cure resulted in the lowest SBS. Light-
activation speeded up polymerization (Aguiar et al., 2015), and the rapid touch-cure
polymerization of TP at the tooth-cement interface boosted DC and SBS.

The TPs studied (com/expTP) contained the acidic functional monomer 10-MDP, today
considered as the most effective functional monomer, which is known (1) to relatively strongly
etch providing surface micro-retention, (2) to ionically bind with hydroxyapatite within the
submicron hybrid layer at dentin, and (3) to form stable self-assembled 10-MDP_Ca salts
(Yoshihara et al., 2018). XRD confirmed the three peaks characteristic of 10-MDP_Ca-salt nano-
layering upon treatment of dentin with comTP_acc (Yoshihara et al., 2010, 2011; Yoshida et al.,
2012). Furthermore, the FIB-SEM 3D-reconstructed cement-dentin interface was tight,

exhibiting a submicron hybrid layer at the interface with dentin. While the composite-cement
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bulk was highly filled with particles of different sizes, a 1-2 um particle-free layer separated
the composite cement from dentin. This resin-rich layer represents the primer that upon
polymerization formed a separate layer thanks to touch cure, being larger than that of
expTP_acc-free. TEM confirmed the submicron hybrid layer underneath the filler-free/poor
layer. High-magnification TEM also confirmed 10-MDP_Ca-salt nano-layering produced at the
composite cement-dentin interface. This morphologic interfacial feature can be considered as
(indirect) evidence of chemical interaction of the functional monomer 10-MDP, included in TP,
with hydroxyapatite, known to contribute to bond durability (Yoshihara et al., 2010, 2011,
2018; Yoshida et al., 2012). Adequate polymerization and thus high DC of the tooth-primer
layer contributes to cement-dentin interfacial strength and stability.

Translated to clinical practice, when adhesively luting indirect restorations to preps of vital
teeth in light of semi-direct (chairside one-visit) restorations, the adhesive is recommended to
be cured separately and prior to the application of the composite cement (Liihrs et al., 2014),
obviously after thorough air-thinning not to hamper the restoration’s fit. This clinical protocol
stabilizes the adhesive-tooth interface and prevents/limits rapid water uptake through
osmosis that would result in interfacial porosities and weaken the adhesive/cement-dentin
bond. Alternatively and when adhesively luting indirect (two-visit) restorations, the adhesive
is recommended to be applied and cured immediately using a so-called ‘immediate dentin
sealing’ procedure (Magne et al., 2005; Frankenberger et al., 2007), this likewise to preserve
the interface from rapid water sorption. The presently documented touch-cure mechanism
using an initiator-containing TP, initiating polymerization at the actual interface with dentin,
offers a good alternative to seal the interface at dentin without the need to separately light-
cure an adhesive as part of adhesive luting using a primer/adhesive-assisted composite
cement. Obviously, this touch-cure concept, initiating polymerization at the most sensitive
interface with dentin, must also be favorable for other adhesive luting procedures, such as

luting of zirconia-ceramic restorations and fiber posts.
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In conclusion, the touch-cure concept was investigated using real-time DC monitoring along
with bond-strength testing. The initiator-containing TP cured quickly at the interface with
dentin and strengthened the bond as compared to the experimental initiator-free primer.
Polymerization initiation at the actual interface with dentin better resists de-bonding due to
polymerization shrinkage, while also blocks rapid water uptake that weakens the bond (Lihrs

et al., 2014a,b).
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Figure legends

Figure 1. Schematic diagram explaining the experimental study set-up.

Figure 2. DC of the composite cement applied following the six experimental conditions, as
measured in real time in rapid-scan mode using RT-FTIR in (a) and by conventional ATR-FTIR 30
min after application in (b). (a) The second highest DC was achieved by comTP_acc_CHEM,
while its DC/time curve revealed after a rapid initial increase a temporally reduced DC rate
(curve flattening) to next re-accelerate and reach a DC plateau being lower than that reached
by comTP_acc_LIGHT. The latter presented with a similar but much smaller/shorter curve
flattening. This curve flattening at the polymerization beginning was not recorded for
expTP_acc-free_LIGHT/CHEM, while DC of primer_LIGHT/CHEM was much slower to reach the
lowest DC plateau recorded. ExpTP_acc-free_LIGHT reached a DC plateau in between that
recorded for comTP_acc_CHEM and the almost equal plateaus reached by expTP_acc-
free_ CHEM and primer_LIGHT/CHEM. (b) The bars represent the average 30-min DC of the six
experimental groups as fully quantified by ATR-FTIR. Different letters indicate statistically

significant difference (p<0.05).

Figure 3. Chemical composition of the different materials/products used in this study as
analysed by XRF in (a), and shear-bond strength (SBS) to dentin of the composite cement
applied following the four experimental groups involving the application of the accelerator-
containing (‘comTP_acc’) and accelerator-free (‘expTP_acc-free’) tooth primer applied in

‘LIGHT’ and ‘CHEM’ mode in (b).

Figure 4. XRD of dentin treated with the accelerator-containing tooth primer (‘comTP_acc’)
and the experimental 10-MDP water/ethanol solution (‘10-MDP’), as well as of untreated

dentin in (a), and FIB-SEM 3D reconstruction of the cement-tooth interface produced by the

20



self-etch primer-assisted composite cement Panavia V5 applied with Tooth Primer in (b). FIB-
SEM revealed a tight interfacial contact of the composite cement with dentin. FIB-SEM images
were obtained by mixed backscattered and secondary electron imaging. The bright contrast at
the hybrid layer should be attributed to intensive secondary electron emission at the
heterogenous interface. The 3D reconstruction additionally showed that the composite
cement contains filler particles of different sizes. Separating the composite cement from
dentin, a 1-2 um particle-poor layer represents the primer layer that polymerized by the touch-

cure mechanism.

Figure 5. TEM photomicrographs of the composite cement-dentin interface produced by
Panavia V5 applied with Tooth Primer (comTP_acc) at different magnifications in (a), applied
with the experimental accelerator-free tooth primer (expTP_acc-free) in (b), and schematic
explaining the ‘touch-cure’ polymerization reaction before and after polymerization in (c). TEM
disclosed a 500-nm hybrid layer that still contained hydroxyapatite without structural
indications of residual surface smear (a,b: A-C). The submicron hybrid layer corresponds to the
transition zone observed between the filler-poor zone and dentin at the 3D-reconstructed
cement-dentin interface. This filler-poor-zone was larger for comTP_acc (a: A,B) than for
expTP_acc-free (b: A,B). High-magnification TEM revealed nano-layered structures

immediately adjacent of the interface (a,b: D).
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