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Abstract
Objectives This study aimed at comparing the microtensile bond strength (MTBS) and interfacial adaptation of a modern 
self-curing and a light-curing restorative bulk-fill composite to a conventional composite applied with the layering technique.
Methods Forty-eight occlusal cavities were divided in three main groups (16/group) based on tested materials: (i) STELA, 
bulk-fill self-curing restorative (STELA, SDI Ltd.); (ii) 3 M-BULK, bulk-fill composite (Filtek One Bulk-Fill, 3 M Oral 
Care); and (iii) 3 M-CTR, a conventional composite (Filtek Supreme XTE, 3 M Oral Care). These were used in combination 
with their adhesives in self-etch (SE) or etch-and-rinse (ER) mode. Specimens stored in artificial saliva (24 h or 12 months) 
were evaluated for MTBS and fractography. The interfacial analysis was performed through confocal microscopy. ANOVA 
and Fisher’s LSD post hoc tests were performed with a level of significance of 5%.
Results All the tested materials applied in ER mode presented (24 h) greater bond strength than in SE mode. Although all 
materials showed a significant drop in the bond strength after prolonged storage, STELA showed the highest bonding perfor-
mance and interfaces with few gaps. 3 M-BULK had the lowest bond strength and an interface with several voids and gaps.
Conclusions All materials were affected by interface degradation and bonding reduction over prolonged aging. However, 
their use in combination with adhesives applied in ER mode may offer greater immediate bonding performance.
Clinical relevance.
The use of restorative light-curing bulk-fill composites may generate gaps at the bonding interface and voids. STELA may 
represent a suitable alternative to avoid such issues.
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Introduction

Dental resin composites consist of a combination of hydro-
phobic cross-linking resin monomers, silanated inorganic 
fillers, and photo-sensible activators, which trigger the poly-
merisation through free radical reaction when irradiated by 
visible light [1, 2]. It is well known that conventional com-
posites are characterised by polymerisation shrinkage during 
light-curing procedures, which results in a volumetric reduc-
tion that may jeopardise the integrity of the bonding inter-
face, as well as the longevity of restorations [3, 4]. Indeed, 
such a shrinkage during “rapid photo-polymerisation”, in 
combination with the high elastic modulus developed by the 
composite, generates internal stresses that can destroy the 
bonding interfaces between the composite and dental tissues 
(e.g. dentine and enamel); this leads to gap formation and 
decrease in bonding performance [3–5].
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Several strategies have been advocated to minimise the 
deleterious effect of shrinkage stress on the marginal integ-
rity of composite restorations [6]. For instance, techniques 
based on incremental composite application have been 
widely demonstrated to reduce cuspal deflection, incidence 
of micro-cracks/fractures in enamel, formation of premature 
gaps at the resin-dentine interface [7, 8], and dentine hyper-
sensitivity after restorative procedures [6, 9]. The rationale 
behind the use of such an incremental layering technique is 
based on the application and light-curing of small layers of 
composite (1–2 mm), as shrinkage stress is minimised when 
there are fewer bonded walls involved during the polymeri-
sation; this is due to a reduction of the C-factor while the 
composite is applied obliquely onto the cavity walls [10]. 
Moreover, the reduced thickness of such layers favours better 
light diffusion though the composite, which also increase the 
degree of conversion in such materials [11, 12].

However, there is currently a growing interest in “low 
shrinkage” bulk-fill composites (BFCs) as complementary 
restorative materials. Such products can be found as either 
flowable or high-viscosity “sculptable” composites, and they 
have been developed as a substitute of conventional compos-
ites to avoid the need for incremental layering, so provid-
ing simpler and faster clinical procedures [13]. According 
to manufacturers, such BFCs are intended to be applied in 
a single incremental application with thickness up to 4 or 
5 mm. The success of such a simplified procedure can be 
assigned to the presence of more reactive photo-initiators 
within their composition, as well as to an increased trans-
lucency in modern BFCs, which permits deeper transmis-
sion of the light [14, 15]. Furthermore, such relatively new 
BFCs are claimed to have low shrinkage stress thanks to 
the presence of stress reliever molecules and polymerisation 
modulators incorporated by the manufacturers within their 
compositions [16]. Nevertheless, BFCs are still affected by 
polymerisation shrinkage at certain extent, so in order to 
reduce the detrimental effects of shrinkage on the bonding 
interfaces, the use of a flowable liner has been advocated 
before application of BFCs; it seems to be a clinical proce-
dure that may have a pronounced stress-relieving effect [17].

The use of glass ionomer cements has been also demon-
strated to attenuate the stress produced by composite shrink-
age and maintain the bonding performance of simplified 
universal adhesives after load-cycling challenge (350,000 
cycles; 3 Hz; 70 N) and after load-cycling aging followed by 
8 months of immersion in artificial saliva (AS) [18]. It was 
also demonstrated that the use of a glass ionomer-based liner 
produced a significant reduction in gap formation volume 
when using some bulk-fill composites [19].

Moreover, the use of self-curing materials has been advo-
cated to have a lower shrinkage stress at the bonded inter-
faces of restorations. Indeed, less risk of gap formation is 
encountered in such materials, since they are characterised 

by a “slower” polymerisation reaction that generates a poly-
meric structure with reduced cross-linking density compared 
to light-curing composites [20–22].

Recently, a self-cure, bulk-fill restorative material has 
been introduced in the market (STELA Automix, SDI Ltd., 
Australia), which comprises of an adhesive system that 
require no light-curing as it polymerises upon contact with 
the restorative material. This material contains different 
fillers such as strontium fluoroaluminosilicate glass, ytter-
bium trifluoride agglomerates, silica, and calcium alumi-
nate. Regarding this latter aspect, although one may wonder 
whether this restorative material belongs to the compomer 
family, the manufacturer categorises STELA as a new-gen-
eration resin-based bulk-fill restorative material with unique 
chemico-physical characteristics.

Unfortunately, there is little information available on the 
physico-mechanical properties of STELA [23], and no infor-
mation has been yet disclosed by the manufacturer about 
the amount of strontium fluoroaluminosilicate glass and 
calcium aluminate contained within the composition of this 
new class of bulk-fill restorative material, as well as whether 
these fillers were introduced in a pre-reacted form and/or 
pre-treated with any coupling agent (e.g. silane).

Thus, the aim of the present study was to compare the micro-
tensile bond strength (MTBS) and interfacial adaptation through 
dye-assisted confocal microscopy after 24 h and 12 months of 
storage in artificial saliva (AS) of a self-curing resin-based bulk-
fill system and a commercial “sculptable” light-curing bulk-fill 
composite to a conventional composite applied as manufac-
turer’s instructions. All the tested materials were used in com-
bination with their respective adhesive systems, which were 
applied in self-etching (SE) or etch-and-rinse (ER) mode. The 
first hypothesis of this study was that the two tested bulk-fill 
materials would show a superior interfacial adaptation, along 
with less gap formation compared to conventional composite 
applied with the layering technique. The second hypothesis was 
that the bonding procedures performed in ER or SE mode would 
influence the bonding performance of the tested materials both 
at 24 h and 12 months of storage in AS.

Material and methods

Sample preparation

Human molars (n = 48) were extracted for periodontal or 
surgical reasons under a protocol reviewed and approved by 
the Ethical Committee of the University CEU Cardenal Her-
rera (ethical approval number: CEEI22/309). Prior to extrac-
tion, patients were informed about the use of their teeth for 
research purposes, which was confirmed with a written con-
sent. The teeth were stored in distilled water at 4 °C and used 
within 6 months since extraction.
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The crowns of the teeth were separated from their roots 
using a diamond blade (Isomet Diamond Wafering Blades, 
no. 11–4244, Buehler Ltd., Lake Buff, USA) under con-
tinuous water cooling. Standardised, box-shaped class I 
preparations (4 mm mesio-distal width × 3 mm buccolingual 
width × 5 mm deep), with margins located in the occlusal 
enamel and the cavity floor located in the dentine were pre-
pared using a diamond bur (FG#3145, KG Sorensen, Cotia, 
Brazil) and finished with a fine diamond bur (FG#3145FF, 
KG Sorensen). The burs were used in a high-speed air 
turbine hand piece, and the preparations were performed 
under continuous water irrigation. The specimens were 
maintained in distilled water at 37 °C (pH 6.5) not longer 
than 1 h before bonding procedures, and restorations were 
performed.

Materials and experimental groups

Three main groups (n = 16 specimens/group) were created 
based on the restorative materials used in this study: (i) 
3 M-CTR (Filtek™ Supreme XTE, 3 M Oral Care, GmbH, 
Seefeld, Germany) was used as the control conventional 
composite in combination with the adhesive system (SCH: 
Scotchbond Universal, 3 M Oral Care); (ii) 3 M-BULK 
(high-viscosity bulk-fill composite, Filtek™ One Bulk-Fill 
restorative, 3 M Oral Care) was used in combination with 
Scotchbond Universal (3 M Oral Care); (iii) STELA, a self-
cure bulk-fill restorative system (STELA Automix, SDI 
Ltd, Bayswater, Australia) was used in combination with an 
adhesive system (STELA Primer, SDI Ltd.) that requires no 
light-curing, as it polymerises upon contact with the STELA 
restorative material.

The experimental design of this study (Fig. 1) required 
that the specimens were further divided into two sub-
groups (n = 8 specimens/group) based on the bonding 
procedures employed for the preparation of the specimens 
(self-etching (SE) or etch-and-rinse (ER) mode). In the ER 
groups, acid etching was performed in dentine using a 37% 
orthophosphoric acid gel for 15 s, which was subsequently 
rinsed with distilled water (15 s) and blotted, leaving the 
substrate moist. All the materials and adhesive systems 
were used according to the manufacturer’s instructions and 
light-cured (when necessary) using light-emitting diode 
curing unit (Radii Plus, SDI) with a mono-wavelength of 
470 nm. The irradiance of this unit was 1200 mW/cm2, 
which was checked using a laboratory-grade spectral 
radiometer.

The specimens were finally restored with the tested 
restorative materials as previously aforementioned. The 
conventional 3 M-CTR was placed in two horizontal incre-
ments of 2 mm, and each increment was measured suing 
a periodontal probe and they were separately light-cured 
for 30 s. 3 M-BULK was placed in a single increment 

(4 mm thick) and light-cured as per manufacturer’s instruc-
tions. The self-cure bulk-fill restorative system (STELA) 
was placed in a single increment and allowed to self-cure 
at 37  °C for 4  min as per  manufacturer’s instructions 
(Table 1).

Microtensile bond strength (MTBS) testing 
and fracture analysis (FIB‑SEM)

The specimens were serially sectioned after 24 h of stor-
age in AS at 37 °C (as per the experimental design) using 
a low-speed diamond blade (Isomet Diamond Wafering 
Blades, Buehler Ltd., Lake Buff, USA) operated under 
constant water cooling. This latest procedure created 
parallel-sided sticks (0.9  mm2) devoid of enamel on their 
sides. Half of the sticks from each group were submitted 
to microtensile bond strength (MTBS), and the half part of 
specimens were tested after 12 months of storage in AS at 
37 °C. The composition of the artificial saliva was 0.103 g 
 L−1 of  CaCl2, 0.019 g  L−1 of  MgCl2·6H2O, 0.544 g  L−1 of 
 KH2PO4, 30 g  L−1 of KCl, and 4.77 g  L−1 HEPES (acid) 
buffer and pH 7.4 [24].

For MTBS testing, the sticks were glued to a jig and tested 
in a MTBS testing device (BISCO Corp., Schaumburg, IL, 
USA). This latest procedure was performed by applying a 
tensile force at a crosshead speed of 1 mm/min until a failure 
occurred at the bonding interface. The maximum tensile load 
of the recorded failure (N) was divided by the respective 
cross-sectioned area of each stick, and the bond strength 
values were converted into MPa. Fractographic analyses 
were performed with stereomicroscope to analyse the fail-
ure mode of each specimen (adhesive, mixed, or cohesive). 
Representative fractured specimens were selected from each 
group and mounted on stubs, gold-coated (MED 010, Balz-
ers, Balzer, Liechtenstein), and finally observed through an 
ultra-high-resolution analytical focused ion beam scanning 
electron microscope (FIB-SEM, Thermo Scientific Scios 
2 DualBeam, Waltham, MA, USA) in secondary electron 
mode.

Bond strength values in MPa were initially assessed for 
normality distribution and variance homogeneity using Kol-
mogorov–Smirnov and Levene’s tests, respectively. Analy-
sis of variance (ANOVA factors: restorative material, adhe-
sive bonding protocol, aging time) and Fisher’s LSD post 
hoc test were performed. A significance level of 0.05 was 
used throughout the analysis, which was carried out using 
Bioestat v.5.3 (Instituto Mamirauá, Manaus, AM, Brazil).

Confocal microscopy evaluation 
of the bonded‑dentine interfaces

Before cutting the specimens in sticks as described in the 
“Microtensile bond strength (MTBS) testing and fracture 
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analysis (FIB-SEM)” section, one composite-dentine slab 
was taken from the centre of each specimen in every experi-
mental group. These were first polished for 30 s each side 
with 1200-grit SiC papers and subsequently ultrasonicated 
in distilled water for 5 min. The specimens were covered 
with a varnish, which was applied 1 mm away from the 
resin-dentine interface. Subsequently, the specimens were 
immersed in rhodamine B (Merck KGaA, Darmstadt, Ger-
many) water solution (0.15 wt.%, pH 7) for 24 h. The speci-
mens were then rinsed with distilled water and immersed in 
an ultrasonic bath for 5 min. These were finally polished for 
30 s each side with a 1200-grit SiC paper and ultrasonicated 
again in distilled water for 5 min [24].

The slabs were analysed through a confocal micro-
scope (Olympus FV1000, Olympus Corp., Tokyo, Japan) 

equipped with a 63X/1.4 NA oil-immersion lens, and a 
543-nm LED illumination, reflection, and fluorescence 
images were obtained with a 1-µm z-step to optically 
section the specimens to a depth of up to 20 µm below 
the surface. The z-axis scan of the interface surface was 
pseudo-coloured arbitrarily for improved exposure and 
compiled into single projections using the CLSM image-
processing software (Fluoview Viewer, Olympus Corp., 
Tokyo, Japan). The configuration of the system was 
throughout the entire experiment. Each dentine interface 
was investigated completely, and images were randomly 
obtained in five different zones of the bonding inter-
face. These micrographs represented the most common 
morphological features observed along the resin-dentine 
interfaces.

Fig. 1  Schematic representation of the experimental design—distribution of the specimens based on the methodological procedures. MTBS, 
microtensile bond strength; FIB-SEM, focused ion beam scanning electron microscope; Confocal microscopy
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Results

Microtensile bond strength (MTBS) and failure 
mode analysis

Mean bond strength was affected by the restorative 
material (F = 21.66; p < 0.001), adhesive bonding pro-
tocol (F = 49.11; p < 0.001), and aging time (F = 95.01; 
p < 0.001). Interactions were also significant (p < 0.05). 
The results obtained during the MTBS test are depicted in 
Table 2. During analysis of the results, it was observed that 
at 24 h of AS storage, the lowest bond strength (p < 0.05) 
was obtained with the 3 M-BULK composite applied on 
dentine using the adhesive SCH in SE mode (9.9 MPa); 
this group showed a great number of pre-fails, with most 
of the specimens failed in adhesive mode during the test. 
STELA applied both in SE (23.2 MPa) and ER (32.4 MPa) 
showed comparable (p > 0.05) results to those obtained 
with the conventional 3 M-CTR composite applied layer 
by layer on dentine with the SCH adhesive (SE 22.4 MPa; 
ER 38.8 MPa); in both cases, the highest results were 
obtained in ER mode compared to SE mode (p < 0.05) 
with 0% pre-fails. The application of 3 M-BULK com-
posite applied on dentine using the adhesive SCH in ER 
mode gave comparable results to STELA and 3 M-CTR 
applied in dentine bonded in ER mode (p > 0.05). How-
ever, 3 M-BULK composite applied in combination with 
the adhesive SCH applied in ER failed prevalently in 
adhesive more (58%), while STELA and 3 M-CTR failed 
mainly in mixed mode. STELA applied in SE mode failed 
prevalently in adhesive mode (54%), and 3 M-CTR applied 
with SCH in SE mode failed prevalently in mixed mode 
(58%) (Table 1).

All the materials tested in this study applied on dentine 
bonded in SE or ER mode presented an important reduc-
tion of the bond strength after 12-month aging (p < 0.05) 
with a greater number of specimens failed in adhesive mode 
compared to those obtained at baseline (24 h). However, 
STELA applied in ER mode presented the highest bond 
strength (22.2 MPa) after 12-month storage; a clear higher 
bond strength (p < 0.05) was detected when compared to 
STELA applied in SE mode (12.4 MPa).

Confocal microscopy evaluation 
of the bonded‑dentine interfaces

The results of confocal microscopy of the tested different 
materials analysed at baseline (24 h) and after 12 months of 
AS storage are presented in Fig. 2 and Fig. 3, respectively. 
The specimens created with the 3 M-CTR composite applied 
on dentine with the SCH adhesive applied in SE mode often 
presented gaps and at the dentine-composite interface. This 
latter structure appeared prevalently permeable to the dif-
fusion of the fluorescent dye, which accumulated inside the 
dentinal tubules and particularly within the hybrid layer 
(Fig. 2A). The specimens created with the 3 M-CTR com-
posite applied on dentine with the SCH adhesive applied in 
ER mode were characterised by a bonding interface rela-
tively free from gaps, but with the presence of micro-cracks 
within the composite that were infiltrated by the fluorescent 
dye. This latter also highlighted the presence of a hybrid 
layer evidently porous (Fig. 2B). Conversely, a constant 
presence of gaps was observed in the specimens created with 
the 3 M-BULK composite applied on dentine with the SCH 
adhesive applied in SE mode. Also in this case, the bonding 
interface resulted highly permeable to the diffusion of the 
fluorescent dye, which also infiltrated some micro-cracks 

Table 2  The results show the 
mean (± SD) of the µTBS 
(MPa) to dentine and the 
percentage (%) of the failure 
mode analysis (adhesive/mixed/
cohesive). The percentage (%) 
of pre-fail values before µTBS 
for each tested group are also 
depicted (SE%/ER%)

Similar uppercase letter indicates no significance (in columns) between the composite applied on dentine 
bonded in SE mode
Similar lowercase letter indicates no significance (in columns) between the composite applied on dentine 
bonded in ER mode
Similar number indicates no significance between the results of a specific composite (3  M-CTR or 
3 M-BULK or STELA) in SE mode after 24 h and 12-month AS storage
Similar Greek letter indicates no significance between the results of a specific composite (3  M-CTR or 
3 M-BULK or STELA) in ER mode after 24 h and 12-month AS storage
* A significant difference between the result of a specific material (3 M-CTR or 3 M-BULK or STELA) in 
SE or ER mode at the same time of AS storage

SE 24 h ER 24 h SE 12 M ER 12 M

3 M-CTR (27%/0%) 22.4 ± 2.4 A1 38.8 ± 1.4 aα* 14.2 ± 3.2 A2 8.4 ± 1.9 aβ*
[42/58/0] [28/54/28] [76/21/3] [80/18/2]

3 M-BULK (75%/10%) 9.9 ± 1.6 B1 34.8 ± 2.9 aα* 6.8 ± 2.4 B1 8.9 ± 1.9 aβ
[85/15/0] [58/42/0] [93/7/0] [89/11/0]

STELA (0%/0%) 23.2 ± 1.5 A1 32.4 ± 2.4 aα* 12.4 ± 2.8 A2 22.2 ± 3.2 aβ*
[54/46/0] [32/68/0] [78/20/2] [73/23/4]
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within the composite (Fig. 2C). Specimens created with the 
3 M-BULK composite applied on dentine with the SCH 
adhesive applied in ER mode were often characterised by 
the presence of thin gaps and a dentine-composite interface 
permeable to the diffusion of the fluorescent dye, particu-
larly within the hybrid layer (Fig. 3D). STELA applied both 
in SE (Fig. 2E) and ER mode (Fig. 2F) rarely showed the 
presence of gaps, although a bonding interface permeable to 
the diffusion of the fluorescent dye into the dentinal tubules 
and particularly within the hybrid layer.

After 12 months of storage in AS, the specimens created 
with the 3 M-CTR composite applied on dentine with the 
SCH adhesive applied in SE mode were always character-
ised by the presence but with a prominent dye diffusion at 
the resin-dentine interface and evident signs of degradation 
within the adhesive layer. The presence of micro-cracks 
within the composite was more often observed in these 
specimens (Fig. 3A). Also, in the specimens created with 
the 3 M-CTR composite applied on dentine with the SCH 
adhesive applied in ER mode, the presence of a gap and clear 
signs of degradation in hybrid layer and adhesive layer were 
always detected. Moreover, the presence of micro-cracks 
within the composite was frequently detected and observed 
also in these specimens (Fig. 3B).

The resin-dentine interface of the specimens created with 
the SCH adhesive applied in SE mode and followed by the 
3 M-BULK composite build up was often characterised by 
the presence of gaps with severe dye diffusion and signs of 
polymer degradation of the adhesive and hybrid layer. Most 
of the specimens created with the 3 M-BULK composite 
presented several voids within the composite, predominantly 
in proximity of the bonding interface (Fig. 3C). The situation 
was quite similar in the specimens created with 3 M-BULK 
in combination with SCH adhesive applied in ER mode. 
Indeed, the presence of large gaps was always detected along 
with a bonding interface completely affected by degrada-
tion process of the adhesive and hybrid layer (Fig. 3D). The 
situation was rather different in the specimens created with 
STELA as the presence of gaps was rarely detected. How-
ever, it was always detected a clear fluorescent dye infil-
tration within a bonding interface characterised by several 
porosities in the specimens created with the SE bonding 
protocol (Fig. 3E). Conversely, the resin-dentine interface 
created by application of STELA Primer in ER mode was 
characterised by a compact layer between dentine and com-
posite, which was often free from dye uptake (Fig. 3F).

FIB‑SEM fractographic analysis

The results of the ultra-morphological analysis performed 
using the FIB-SEM on the tested materials that fractured 
during microtensile bond strength at baseline (24 h) and 
after 12  months of AS storage are presented in Fig.  4 

and Fig. 5, respectively. The specimens created with the 
3 M-CTR composite applied on dentine in combination 
with the SCH adhesive applied in ER mode that failed in 
mixed mode (Fig. 4A) often showed a fracture underneath 
the hybrid layer with no clear presence of exposed acid-
etched collagen fibrils, but there were several dentine tubules 
occluded by resin tags (Fig. 4 A1). The specimens created 
with the same composite used in combination with SCH 
applied in SE mode that failed in mixed or adhesive mode 
(Fig. 4B) were often characterised by the presence of resid-
ual smear layer on dentine surface and inside the dentinal 
tubules, along with the presence of a porous residual adhe-
sive still bonded to the dentine (Fig. 4 B1). The specimens 
created with the 3 M-BULK composite applied on dentine in 
combination with the SCH adhesive applied in ER mode that 
failed in mixed and adhesive mode (Fig. 4C) showed frac-
tures occurring prevalently within the hybrid layer and with 
an evident presence of exposed acid-etched collagen fibrils, 
along with fractured resin tags inside dentinal tubules (Fig. 4 
C1). When the specimens created with the 3 M-BULK in 
combination with the SCH applied in SE mode failed in 
mixed or adhesive mode (Fig. 4D), it was possible to observe 
on the dentine surface and on the dentinal tubule residual 
smear layer and parts of adhesive still partially bonded to the 
dentine (Fig. 4 D1). The specimens created with the STELA 
composite with STELA Primer applied in ER mode that 
failed in mixed or adhesive mode (Fig. 4E) were character-
ised by fractures that occurred underneath the hybrid layer. 
In this case, the presence of exposed acid-etched collagen 
fibrils was rarely detected, but it was often observed dentine 
tubules rarely occluded by resin tags (Fig. 4 E1). Conversely, 
the specimens of STELA applied in SE mode that failed in 
mixed or adhesive mode (Fig. 4F) often showed fractures 
occurred within the hybrid layer, but with the dentine cov-
ered by residual adhesive, as well as smear layer (Fig. 4 F1).

After 12 months of storage in AS, the specimens created 
with the 3 M-CTR composite applied on dentine with the 
SCH adhesive applied in ER mode that failed in adhesive 
and mixed mode (Fig. 5A) presented most of the time frac-
tures within a degraded hybrid layer. These dentine surfaces 
were characterised by little presence of collagen fibrils, and 
with only few dentine tubules still occluded by resin tags 
(Fig. 5 A1).

The specimens created by application of SCH in SE mode 
followed by the CTR composite build up that failed in mixed 
and adhesive mode (Fig. 5B) were prevalently characterised 
by fractures occurred at the bonding interface with clear 
signs of degradation of hybrid layer. It was often observed 
little presence of residual collagen fibrils and the presence 
of obliterated dentine tubules (Fig. 5 B1).

The specimens created with the 3 M-BULK composite 
applied on dentine with the SCH adhesive applied in ER 
mode that failed in adhesive and mixed mode (Fig. 5C) 
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presented fractures occurred at the bonding interface with 
severe degradation of the hybrid layer. The exposed dentine 
surface was often characterised by the presence of fractured 
resin tags and residual occurrence of partially denatured col-
lagen fibrils (Fig. 5 C1). Also, the specimens created with 
the 3 M-BULK composite applied on dentine in combina-
tion with the SCH adhesive applied in SE mode that failed 
in mixed and adhesive mode (Fig. 4D) showed the presence 

of a degraded hybrid layer which left the underneath dentine 
exposed. However, the dentine surface frequently presented 
dentinal tubules still occluded by smear layer.

The specimens created with the STELA composite and 
STELA Primer applied in ER mode that failed in mixed 
or adhesive mode (Fig. 5E) were characterised by fractures 
that the fracture occurred underneath the hybrid layer. Few 
exposed demineralised collagen fibrils and occluded dentine 
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tubules were detected, but with no clear sign of hybrid layer 
degradation (Fig.  5 E1). Conversely, the specimens of 
STELA applied in SE mode that failed in mixed or adhesive 
mode (Fig. 5F) often showed a dentine surface characterised 
by degradation of the bonding interface, but with no pres-
ence of exposed collagen fibrils and with dentinal tubules 
still occluded by smear layer (Fig. 5 F1).

Discussion

In view of the results obtained in this study, the first 
hypothesis that the two tested restorative bulk-fill materials 
(STELA and 3 M-BULK) would show in confocal micros-
copy analysis superior interfacial adaptation and less gap 
formation compared to conventional composite applied layer 
by layer must be only partially accepted. Indeed, 3 M-BULK 
was characterised by the presence of gaps and voids in all 
tested cases, while STELA applied in class I cavities, both 
in SE and ER mode, demonstrated at 24 h greater adapta-
tion and no presence of gaps at the resin-dentine interface 
compared to the conventional resin composite. Moreover, 

after 12 months of storage, STELA was the only material 
tested in this study that showed no presence of gaps at the 
resin-dentine interface.”

It was advocated that gaps can originate from various 
factors, such as inadequate adhesion at the tooth-restoration 
interface, in combination with polymerisation shrinkage, 
adhesive resin degradation, insufficient light-curing, fatigue 
resulting from the aging procedure, differences in the coef-
ficients of thermal expansion of the tooth substrate and the 
restorative material, the finishing and polishing procedures, 
and voids as a consequence of the lack of restorative material 
placement in the cavity [25].

We consider that the absence of gaps at the bonding inter-
face of STELA-treated specimens after 24 h (Fig. 2E, F), 
pre-fails (0%), and a mode of failure occurring prevalently 
in mixed and cohesive mode (Table 2) must be principally 
attributed to a possible low shrinkage effect that such an 
innovative restorative bulk-fill composite may have had dur-
ing its self-polymerisation reaction. Indeed, it has been pre-
viously reported that the self-curing polymerisation induced 
by chemical activators is characterised by a slower initiation 
rate, which may lead to less shrinkage stress on the bond-
ing interfaces compared to light-cured resin-based compos-
ite [20]. Self-curing materials are known to have delayed 
gel point, which may allow the polymers to flow from the 
unbonded surface due to their extended viscous phase; this 
results in lower shrinkage stress on the bonded surfaces, with 
consequent reduction of gap formation [21, 22].

The rate and time to achieve maximum rate of poly-
merisation (shrinkage kinetics) is an important issue for 
the chemical–mechanical properties [23] and clinical per-
formance of a resin-based restorative material [26]. Hence, 
since the polymeric structure produced by such a “slower” 
polymerisation reaction may be affected by inferior cross-
linking density compared to light-curing composites, the 
effect of self-cure polymerisation in bulk-fill composites 
on mechanical properties should be further examined for 
STELA.

However, scrutinising the results of the current study, 
we believe that there must have been also a synergic bond-
ing factor that further contributed to avoid excessive stress 
at the interface related to the use of the STELA Primer, as it 
self-polymerised together with the STELA restorative. This 
latter issue should be further investigated in the future to 
better understand the mechanism behind such results.

It was also observed that STELA applied in ER mode 
presented the greatest MTBS values after 12 months of 
AS storage (p < 0.05) and a bonding interface prevalently 
free form gaps and voids, both when it was applied in ER 
and SE mode (Fig. 3E, F). Also in this case, when examin-
ing the fractographic results of STELA in details, it was 
possible to see that the dentine tubules remained often 
occluded after MTBS testing. Moreover, when there was 

Fig. 2  Confocal microscopy images of the resin-dentine interfaces 
tested at 24  h (baseline). A CLSM projection image exemplifying 
the interfacial characteristics of the resin-dentine interface created by 
the 3 M-CTR in combination with the SCH applied in SE mode. It is 
possible to see the presence of thin gap (pointer) and a dentine-com-
posite interface permeable to the diffusion of the fluorescent dye used 
in this study inside the dentinal tubules (d) and particularly within the 
hybrid layer (pointer). B CLSM projection image of the resin-dentine 
interface created by 3 M-CTR in combination with the SCH applied 
in ER mode. In this case, it is possible to observe a gap-free interface, 
but a dentine-composite interface permeable to the penetration of the 
fluorescent dye into dentinal tubules (d) and predominantly within the 
hybrid layer (hl) and the adhesive layer (ad). However, the fluorescent 
dye infiltrated some micro-cracks within the composite (pointers) cre-
ated due to polymerisation shrinkage. C CLSM projection image of 
the resin-dentine interface created by application of 3  M-BULK in 
combination with SCH applied in SE mode. Please note the presence 
of thin gap (white pointer) and bonding interface permeable to the 
diffusion of the fluorescent dye used in this study. Also, in this case, 
the fluorescent dye infiltrated some micro-cracks within the compos-
ite (black pointer), which formed due to polymerisation shrinkage. 
D CLSM projection image of the resin-dentine interface created by 
application of 3  M-BULK in combination with SCH applied in ER 
mode. Also, in this case, it is possible to observe the presence of thin 
gap (pointer) and a dentine-composite interface permeable to the dif-
fusion of the fluorescent dye, especially within the hybrid layer (hl). 
E CLSM projection image exemplifying the interfacial characteristics 
of the resin-dentine interface created by application of STELA in SE. 
There is no presence of gaps, but a bonding interface permeable to 
the diffusion of the fluorescent dye into  the dentinal tubules (d) and 
within the hybrid layer and the primer (pointer). F CLSM projection 
image of the resin-dentine interface created by application of STELA 
in ER mode. Also, in this case, it is possible to observe no gap within 
a bonding interface permeable to the diffusion of the fluorescent dye 
deep into  the dentinal tubules (d) and especially  within the hybrid 
layer (hl) and the primer (pointer)

◂
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the presence of exposed collagen fibrils, these were often 
protected by minerals, which probably precipitated conse-
quently to the ions released from STELA during prolonged 
storage in AS (Fig. 5E, E1). Indeed, this innovative material 
contains within its composition strontium fluoroaluminosili-
cate glass (SFASg), which is a typical component of GIC-
based materials and calcium aluminate (Table 1). It is well 
known that SFASg in GIC-based materials can undertake a 
dynamic ionic exchange (e.g. fluoride, strontium) with the 

surrounding environment for a relatively long period of time 
[27–29]. Furthermore, recent studies have demonstrated 
that materials incorporating calcium aluminate agglomer-
ates might be considered bioactive, as they may be able to 
remineralise tooth-material interface and create and a natural 
and durable seal [30].

Although the potential bioactivity of STELA must be 
further investigated, the confocal microscopy showed a sort 
of mineral-enriched layer between the material and dentine; 
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this layer appeared porous in the specimens created with 
the SCH adhesive applied in SE mode (Fig. 3E) and a more 
compact and thicker layer in acid-etched dentine (Fig. 3F). 
This latter outcome was possibly a consequent of the fact 
that such interfaces received more minerals from opened 
acid-etched tubules over time in AS storage, which increased 
the maturation of that particular layer at the bonding inter-
face. This latter observation may also justify the reason why, 
although the absence of gaps at the interfaces created by 
STELA both applied in SE and ER mode, there was a sig-
nificant drop of the MTBS values after prolonged AS storage 
(12 months); a remineralised bonding interface is often more 
brittle than a conventional resin-dentine interface and it can 
fracture very easily during MTBS testing [31, 32].

However, we need to emphasise on the results at 24 h that 
all the tested materials used with their adhesives applied 
on dentine in ER mode gave higher MTBS results com-
pared to obtained when they were used in combination 
with adhesives used in SE mode (Table 2). Conversely, 
after 12 months of AS storage, there was a significant drop 
(p < 0.05) in all tested groups, except for the 3 M-BULK 
used in combination with the SCH adhesive applied in SE 
mode, which showed nearly total failure in bonding already 
at 24 h. Thus, also the second hypothesis of this study that 
the bonding procedures performed in ER or SE mode would 
influence the bonding performance of the tested materials 

both at 24 h and 12 months of storage AS must be partially 
accepted.

As previously stated, 3 M-BULK used in combination 
with the SCH adhesive applied in dentine in SE mode 
showed the lowest bonding results at 24 h, as well as the 
greatest number of specimen pre-fails (75%) and debonding 
in adhesive mode during MTBS testing. It was also observed 
that the resin-dentine interface of the specimens created with 
3 M-BULK applied with the SCH in SE mode was often 
characterised by a typical thin hybrid layer, voids, and large 
gaps (Fig. 2C); these latter defects were very likely due to an 
excessive shrinkage effect of the composite that the adhesive 
applied in SE mode could not cope with [33]. Conversely, 
the voids at the interface were mainly due to lack of adequate 
adaptation of such a high-viscosity restorative material in the 
“class I” cavity prepared as per experimental design [15, 16].

In addition to the gap formation, clear signs of aging 
at the resin-dentine interface and within the adhesive and 
hybrid layer were often observed after 12 months of storage 
in AS. This result may be a consequence of severe water 
sorption from the one-bottle “simplified” SCH adhesive, 
which trigged severe hydrolytic degradation processes at the 
resin-dentine bonding interface [24, 34]. A further support 
to this latter hypothesis comes from the fractographic analy-
sis, which confirmed that fractures occurred often within a 
degraded hybrid layer, leaving behind an exposed dentine 
surface with dentine tubules partially only occluded and no 
presence of intact collagen fibrils (Fig. 5D, D1).

The results of the current study showed an interesting 
aspect of the 3 M-BULK applied on dentine in combina-
tion with the SCH adhesive used in ER mode. It was the 
only group of specimens created with the tested restorative 
materials in combination with the SCH adhesive applied in 
ER bonding mode that presented a high pre-fail rate (10%) 
and a high number of specimens that debonded in adhesive 
mode during MTBS testing at 24 h. Although this group of 
specimens presented no significant difference in MTBS at 
24 h compared to the other tested materials, the resin-dentine 
interface was always characterised by the presence of gaps 
and by a hybrid layer totally infiltrated by the fluorescent 
dye (Fig. 2D). Moreover, the fractographic analysis showed 
that the fracture occurred within the hybrid layer with a clear 
presence of acid-etched collagen fibrils not well infiltrated 
by the resin adhesive (Fig. 4C, C1). In view of these out-
comes, we theorise that conventional bulk-fill restorative 
materials should be used, especially if they are used in “class 
I” cavities in combination with simplified adhesive applied 
in SE mode, with the layering technique as the conventional 
composites or applied on a liner of resin-modified GIC or 
flowable resin composites. Nevertheless, most of the manu-
facturers claim that bulk-fill composites have lower poly-
merisation shrinkage than conventional composites; there 
is no substantial information in the literature regarding the 

Fig. 3  Confocal microscopy images of the resin-dentine interfaces 
tested at 12 months of storage in AS. A CLSM projection image rep-
resenting the interfacial characteristics of the resin-dentine interface 
created by the 3  M-CTR in combination with the SCH applied in 
SE mode. Note the presence of a gap and clear signs of degradation 
(pointer) at the bonding interface. It is also possible to see a promi-
nent dye diffusion and degradation within the adhesive layer (ad). The 
fluorescent dye also infiltrated some micro-cracks within the compos-
ite (c). B CLSM projection image of the resin-dentine interface cre-
ated by the 3  M-CTR in combination with the SCH applied in ER 
mode. In this case, it is possible to observe the presence of a gap and 
clear signs of degradation in hybrid layer and adhesive layer (pointer). 
The fluorescent dye also infiltrated some micro-cracks within the 
composite (c). C CLSM projection image of the resin-dentine inter-
face created by application of 3 M-BULK in combination with SCH 
applied in SE mode. Also in this case, it is possible to observe the 
presence of an evident gap (pointer) and a bonding interface totally 
affected by severe dye uptake as a sign of polymer degradation of 
the adhesive (ad). The fluorescent dye also highlighted the presence 
of voids within the composite (*). D CLSM projection image of the 
resin-dentine interface created by application of 3 M-BULK in com-
bination with SCH applied in ER mode. The presence of an impor-
tant gap (pointer) and a bonding interface totally degraded is clearly 
observed. E The resin-dentine interface created by application of 
STELA in SE mode is characterised by the presence of no gap, but 
it is possible to see that fluorescent dye infiltrated the hybrid layer 
and the adjacent composite, which appears characterised by the pres-
ence of several porosities (pointer). F CLSM projection image of the 
resin-dentine interface created by application of STELA in ER mode. 
Also in this case, it is possible to observe no gap at the bonding inter-
face, but there is a compact layer (pointer) free from dye uptake at the 
interface between the dentine (d) and the composite

◂
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gap formation of restorative bulk-fill composites used with 
or without intermediate liners [35, 36]. However, the results 
of this study showed that both the conventional 3 M-CTR 
applied using the layering technique and the 3 M-BULK 
showed a reduced bonding performance after 12-month 
AS storage; a significant (p < 0.05) drop of the MTBS was 
observed in both composites compared to their baseline 
results obtained at 24 h of AS storage (Table 2). Moreover, 
in both composites, a predominant presence of a large gap 
within the interface (Fig. 3A–D) and clear signs of hybrid 
layer degradation were frequently observed after prolonged 
storage. The issue about the longevity of such adhesive res-
torations can be related to two main mechanisms of degrada-
tion that occur simultaneously at the resin-dentine interface 

during aging in water-based fluids: (i) intrinsic or degrada-
tion of the hybrid layer due to intrinsic or proteolytic degra-
dation of the organic matrix and (ii) extrinsic or hydrolytic 
degradation of the resin matrix [24, 37]. Furthermore, there 
is a common consent that collagen degradation within the 
hybrid layer created by simplified adhesive applied ER mode 
is still a current issue in modern adhesive dentistry. This is 
due to the use of phosphoric acid etchants that have a strong 
demineralisation effect in dentine, leaving collagen fibrils 
completely exposed and susceptible to proteolytic degra-
dation by the endogenous dentinal enzymes (e.g. MMPs 
and cysteine cathepsins) [38, 39]. Regarding the hydrolytic 
degradation of the resin matrix, it has been widely dem-
onstrated that water can be trapped within the acid-etched 

Fig. 4  SEM fractographic analysis of the specimens tested at 24-h 
storage (baseline). A Representative SEM fractography of a speci-
men created by application of 3  M-CTR in combination with the 
SCH applied in ER mode that failed in mixed mode. Analysing the 
exposed dentine (black circle) at higher magnification, it is possible 
to see (A1) that the fracture occurred underneath the hybrid layer 
with no clear presence of exposed acid-etched collagen fibrils, but 
dentine tubules occluded by resin tags (rt). B The specimens created 
by application of 3  M-CTR in combination with the SCH applied 
in SE mode, when analysed at higher magnification (black circle), 
showed (B1) little presence of residual smear layer on the dentine 
surface and inside the dentinal tubules (dt). Moreover, it is possible 
to see the presence of a porous residual adhesive still bonded to the 
dentine (ad). C Representative SEM fractography of a specimen cre-
ated by application of 3 M-BULK in combination with SCH applied 
in ER mode that failed in mixed mode. Analysing the exposed den-
tine (black circle) at higher magnification, it is possible to note (C1) 
that the fracture occurred within the hybrid layer with a clear pres-

ence of exposed acid-etched collagen fibrils and fractured resin tags 
(rt) inside dentinal tubules. D The specimens created by application 
of 3  M-BULK in combination with SCH applied in SE mode that 
failed in mixed, at higher magnification (black circle), showed (D1) 
the presence of residual smear layer (sm) on the dentine surface with 
no exposed dentinal tubules (dt). Also in this case, please note the 
presence of a porous residual adhesive still partially bonded to the 
dentine (ad). E Representative SEM fractography of a specimen cre-
ated by application of STELA in ER mode that failed in mixed mode. 
At higher magnification (black circle), it is possible to see (E1) that 
the fracture occurred underneath the hybrid layer with no clear pres-
ence of exposed acid-etched collagen fibrils, but with exposed den-
tine tubules (dt) occluded rarely by resin tags. F Representative SEM 
fractography of a specimen created by application of STELA in SE 
mode that failed in mixed mode or adhesive mode. Examining the 
exposed dentine (black circle) at higher magnification, it is possible 
to see (F1) that the fracture occurred within the hybrid layer and that 
the dentine is covered by a layer of residual primer
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dentine collagen, which may jeopardise the penetration of 
hydrophilic resin monomers during bonding procedures [40, 
41]. Such a remaining water, along with the unevaporated 
solvents of the adhesives, can cause phase separation [42, 
43], as well as water-tree formation between the polymer-
ised hydrophilic and hydrophobic resin phases. Such issues 
can favour water uptake over time at the bonding interface, 
jeopardising the mechanical properties of the resin adhesive, 
as well as the hybrid layer [44–46]. Hydrolysis of resinous 
polymers due to water sorption is more evident in modern 
“simplified all-in-one” adhesives as they contain a higher 
amount of solvents and hydrophilic components (e.g. HEMA 
and/or functional carboxylic and phosphate monomers such 

as 4-META and 10-MPD) compared to multi-step adhesive 
systems, which allow excessive water sorption that lead to 
hydrolytic degradation of the resin matrix poorly polymer-
ised [47, 48].

However, it is important to highlight that the layering 
technique is one of the most appropriate methods to reduce 
the shrinkage stress on the bonding interface created with 
both conventional composites and high-viscosity bulk-fill 
composite [14]. Indeed, the results of the current results 
demonstrated that the conventional composite layered at 
2 mm on a dentine bonded with the SCH applied in SE 
or ER mode had good results in terms of immediate bond 
strength (24 h) compared to the bulk-fill composite used 

Fig. 5  SEM fractographic analysis of the specimens tested at 
12 months of storage in AS. A Representative SEM fractography of 
a specimen created by application of 3 M-CTR in combination with 
the SCH applied in ER mode that failed in mixed mode. Analysing 
the exposed dentine (black circle) at higher magnification, it is pos-
sible to see (A1) that the fracture occurred within a degraded hybrid 
layer characterised by little presence of residual exposed collagen 
fibrils and few dentine tubules (dt) still occluded by resin tags (rt). 
B The specimens created by application of 3 M-CTR in combination 
with the SCH applied in SE mode that failed in mixed or adhesive 
mode, when analysed at higher magnification (black circle), showed 
(B1) that the fracture occurred also in this case due to degradation of 
hybrid layer. It is possible to note little presence of residual exposed 
collagen fibrils, with large dentine tubules (dt) still occluded by resin 
tags or smear layer. C Representative SEM fractography of a speci-
men created by application of 3 M-BULK in combination with SCH 
applied in ER mode that failed in mixed mode or adhesive mode. 
Investigating the exposed dentine (black circle) at higher magnifica-
tion, it is possible to note (C1) that the fracture occurred due to severe 

degradation of the hybrid layer. It is also possible to note the pres-
ence of fractured resin tags (rt) and residual presence of partially 
denatured collagen fibrils. D The specimens created by application 
of 3  M-BULK in combination with SCH applied in SE mode that 
failed in mixed, when analysed at higher magnification (black circle), 
showed (D1) the presence of a degraded hybrid layer which left the 
underneath dentine exposed, but with dentinal tubules still occluded 
by smear layer. E Representative SEM fractography of a specimen 
created by application of STELA in ER mode that failed in mixed or 
adhesive mode. At higher magnification (black circle), it is possible 
to see (E1) that in the fracture occurred underneath the hybrid layer, 
very few exposed demineralised collagen fibrils, but with occluded 
dentine tubules (dt). F Representative SEM fractography of a speci-
men created by application of STELA in SE mode that failed in 
mixed mode. Examining the exposed dentine (black circle) at higher 
magnification, it is possible to see (F1) that the fracture occurred 
within the bonding interface, with the presence of no exposed colla-
gen fibrils but with dentinal tubules still occluded by smear layer



 Clinical Oral Investigations          (2024) 28:132   132  Page 14 of 16

alone (Fig. 2). Indeed, the conventional composite 3 M-CTR 
applied layer by layer on a dentine bonded using the univer-
sal adhesive in ER, although it performed equally (p < 0.05) 
in terms of MTBS to 3 M-BULK applied in ER mode, often 
generated a gap-free interface, but with the diffusion of 
the fluorescent dye into micro-cracks within the composite 
probably created due to polymerisation shrinkage (Fig. 2B). 
However, this group showed 0% of pre-test fails, while the 
specimens submitted to microtensile failed prevalently in 
mixed mode and this was the only group to show a higher 
number of cohesive failures (28%) compared to the other 
groups at 24 h (Table 2).

It was interesting to observe at 24 h of AS storage that 
although the 3 M-CTR composite applied on dentine bonded 
using the SCH adhesive in SE mode showed a MTBS com-
parable to that obtained by STELA and debonded preva-
lently in adhesive and mixed mode during bond strength 
testing, its interface was often characterised by the presence 
of gaps and great dye permeability between the dentine and 
composite (Fig. 2A). This was probably due to the inability 
of the interface created with the SE bonding technique to 
cope with shrinkage forces (12–15 MPa) of the composite 
during polymerisation [49], which caused such gaps at the 
cavity margins; this issue may be responsible for marginal 
bacterial leakage and higher risks for secondary caries [50, 
51].

We believe that such an issue may not directly be related 
to the bonding ability of the SCH, but instead to the mechan-
ical properties of the resin-dentine interface and the hybrid 
layer created by applying SE adhesives in dentine. Indeed, 
a previous study reported that such a layer type of resin 
dentine interface is particularly stiff and less viscoelastic 
than that created in acid-etched dentine; this layer exhibits a 
“smooth” gradient of stiffness that precludes localised stress 
concentrations and prevent debonding at the interface due to 
mechanical stress [52].

Conclusion

In conclusion, the use of light-curing bulk-fill restorative 
composites might create resin-dentine interfaces character-
ised by the presence of gaps and voids. These interfaces may 
also have poor immediate bonding performance, especially 
when used in combination with simplified universal adhe-
sives applied in dentine in SE mode. However, the ER bond-
ing technique may prevent formation of gaps at the resin-
dentine interface and produce greater immediate bonding 
performance (24 h), although the resin-dentine bonds cre-
ated using all the tested materials both in SE and ER mode 
were affected by a drop of bond strength after prolonged 
AS storage. Conversely, self-curing bulk-fill restorative sys-
tems such as STELA may represent a suitable alternative 

to conventional and bulk-fill composites to create a resin-
dentine interface less affected by gaps and voids also after 
prolonged AS storage. Moreover, the possible “bioactivity” 
of STELA is being tested to evaluate if such material can 
induce remineralisation through mineral precipitation of 
bonding interfaces created in caries-affected dentine. It is 
important to consider that this is an in vitro study, so its 
limitation is that the results presented in this article may not 
reflect a real clinical scenario; hence, in vivo studies and 
clinical studies are required to confirm or reject the conclu-
sions presented above.
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