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1 Private Dental Practice, 10000 Zagreb, Croatia; zagorac.dora@gmail.com
2 Private Dental Practice, 4020 Linz, Austria; mihaela.os161@gmail.com
3 School of Dental Medicine, University of Zagreb, 10000 Zagreb, Croatia; eklaric@sfzg.hr
4 Department of Oncology, University Hospital Centre Zagreb, 10000 Zagreb, Croatia; tgrego@kbc-zagreb.hr
* Correspondence: gorseta@sfzg.hr (K.G.); aivanisevic@sfzg.hr (A.I.); Tel.: +385-1-4802-193 (A.I.)

Abstract: Ionizing radiation in therapeutic doses alters the composition and properties of dentin and
resin composites. This may influence the adhesion of restorative materials to irradiated dentin and
compromise the success of the restorative treatment. The objective of this study was to evaluate the
effect of ionizing radiation on the shear bond strength (SBS) of bulk-fill composite materials to dentin.
Coronal dentin slabs (N = 90) were embedded in acrylate and randomly assigned to six groups
(N = 15) depending on the time of radiation (70 Gy) and material (SDR Plus Bulk Fill Flowable
and Tetric EvoFlow Bulk Fill (TET)): (1) control group (CG) SDR; (2) CG TET; (3) radiation + SDR;
(4) radiation + TET; (5) SDR + radiation; and (6) TET + radiation. Composite cylinders were bonded
to the dentin slabs using Scotchbond Universal Plus Adhesive. The specimens were stored in distilled
water and fractured in shear mode after 7 weeks. Radiation before and after restoration resulted in an
SBS decrease. The SBS was statistically significantly lower in groups 5 and 6 (p < 0.05). The difference
between the bulk-fill composites was not significant (p > 0.05). In the CGs, adhesive fractures
prevailed. In groups 3 and 4, cohesive fractures in the dentin were more frequent, and in groups 5 and
6, cohesive fractures in the material. Radiotherapy affects the SBS of bulk-fill composites to dentin.
Immediate radiation after restoration resulted in the lowest SBS in both bulk-fill composite materials.

Keywords: bulk-fill composites; dentin; head and neck neoplasms; radiotherapy; shear bond strength

1. Introduction

Head and neck cancers (HNCs) include cancers of the lips and oral cavity, salivary
glands, pharynx and larynx. They are responsible for more than 900,000 new cases and more
than 340,000 deaths per year [1]. The treatment of HNCs usually involves radiation therapy
(RT). Ionizing radiation causes the formation of free radicals that disrupt biochemical
processes in malignant cells, the replication of deoxyribonucleic acid (DNA) and the
regulation of the cell cycle, ultimately leading to cell death. Despite improved irradiation
techniques, high-energy radiation used for therapeutic purposes has adverse effects on the
surrounding tissues. Healthy surrounding tissues with a high degree of mitotic activity,
such as the oral mucosa, are affected first [2]. Mucositis and dermatitis are therefore the
main acute side effects of RT, while complications related to the salivary glands (apoptosis)
and masticatory muscles (fibrosis) typically begin several weeks to months after RT and
manifest clinically as dry mouth and trismus. There are several delayed complications:
osteoradionecrosis, mucosal necrosis, dystrophic soft tissue calcification, radiation caries
and others [2,3].

The causes of radiation caries include reduced saliva volume and altered saliva com-
position as well as altered oral flora with an increased number of acidogenic bacteria [4].
In addition, the characteristic features of radiation caries, such as exposed dentin due to
the initial breakage of enamel on cervical and labial surfaces, cusps and incisal ridges,
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can be attributed to the direct detrimental effects of RT on dental tissues [5–7]. Indeed,
ionizing radiation at therapeutic doses has been shown to affect the mechanical properties
of enamel and dentin, with the enamel–dentin junction (EDJ) being particularly affected,
even at subtherapeutic cumulative doses of 30 Gy [8]. The early destruction of the EDJ
and the enamel near the EDJ in conjunction with the reduced enamel crystallinity due to
radiation may be associated with the formation of the characteristic radiation caries [8]. The
changes in dental tissues’ properties and aggressive radiation caries require monitoring,
intervention and effective restorative treatments.

Direct adhesive restoration with dental composites is the main treatment option for
caries-related tooth tissue loss. The adhesion of dental composites to dental tissues is
achieved by infiltration and micromechanical interlocking of dental adhesives in the micro-
spaces obtained by etching (H3PO4 in Etch&Rinse (ER) or acidic monomers in the Self-Etch
(SE) technique), which leads to the formation of a hybrid layer in the dentin [9–11]. The
stability of the hybrid layer depends, among other things, on the protocol used for tissue
preparation (ER or SE), the infiltration capacity of the monomers of the adhesive system
and the conformation of the polymer network [9]. The adhesive bond between the dental
tissue and the restoration fails over time, which can lead to the accumulation of oral biofilm
and the development of secondary caries [9,10]. This can be particularly problematic
in irradiated patients [12]. In order to achieve proper adhesion and durability of the
interfacial layer, the structural characteristics of the substrate tissue (dentin and enamel)
and the changes in their composition and mechanical properties caused by radiotherapy
must be taken into account [12,13]. According to the available literature, there is no
consensus on the ideal time for placement of the restoration, nor on whether irradiation
affects the bond strength of the restorative material (within 24 h) [13–21]. The influence
of ionizing radiation on the bond strength of ER and SE adhesives has been extensively
investigated [14–21]. Some studies report a reduction in the bond strength to enamel
and/or dentin, particularly when irradiation is applied prior to restoration [14–19], while
other studies find no significant reduction in the bond strength [20,21]. There are few
studies on the effects of radiotherapy on the bond strength of universal adhesives, and the
results are also inconsistent [21,22]. According to Ugurlu et al. [22], radiotherapy reduces
the bond strength of eighth-generation universal adhesives to dentin, whereas according
to da Cunha et al. [21] and Oglakci et al. [23], it does not significantly affect the bond
strength. Jacker-Guhr et al. [24] compared the shear bond strength of different universal
adhesives to enamel and dentin with and without additional etching with phosphoric acid,
and their results showed that the bond strength to dentin differed between the different
universal adhesives when they were applied in self-adhesive mode. This suggests that the
composition of the adhesives influences the bond strength. Therefore, the choice of the
Scotchbond Universal Plus adhesive, which contains 3M’s proprietary Vitrebond® copolymer
and which has not yet been investigated in radiation and bond strength studies, is of great
value for the present study. In addition, previous studies have shown that the chemical
composition influences the mechanical and biological behavior of conventional, bulk-fill and
self-adhesive composite materials, including the bond strength to dentin [25,26]. There are
certain differences between Tetric EvoFlow Bulk Fill and SDR Plus Bulk Fill Flowable in
terms of the monomer content and filler quantity, with SDR Plus having a higher filler load
and a proprietary modified urethane dimethacrylate resin with a higher molecular mass.
For this reason, it was considered useful to investigate the influence of ionizing radiation
on the bond strength of both bulk-fill materials.

The aim of this study was to investigate the effect of ionizing radiation corresponding
to a cumulative therapeutic dose of 70 Gy before and after restoration on the bond strength
of universal adhesive and two flowable bulk-fill composites to dentin. The null hypothesis
was that irradiation would not significantly affect the bond strength, regardless of the
time of irradiation—before or after the restoration. Another null hypothesis was that the
differences between the restorative materials would not be significant.
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2. Materials and Methods

Forty intact impacted or semi-impacted third molars were used in this study. The
patients provided their written consent for surgical extraction, which was medically in-
dicated. After extraction, the teeth were disinfected in 1% chloramine solution for three
days and then stored in saline solution for a maximum of three months until the start of
the experiment. The use of the extracted teeth in this study was approved by the Ethics
Committee of the School of Dental Medicine, University of Zagreb, 05-PA-30-155-22/2023.

The dentin substrates were created using a low-speed saw (IsoMet, Buehler; Lake
Bluff, IL, USA) at 300 rpm and continuous water cooling. The crowns were sectioned
perpendicular to the longitudinal axis of the tooth into 2.2 mm thick dentin slabs. The
sections from the mid-coronal region were cut in half and the slabs were kept in saline until
mounting in a cold-curing methacrylate resin (Technovit 4004, Kulzer, Germany) using the
Ultradent mold (Ultradent Products, South Jordan, UT, USA). To create a flat bonding area
on the coronal surface of the embedded dentin slabs, the specimens were polished with
600 grit silicon carbide (SiC) paper (PRESI, Eybenes, France) and stored in distilled water
until the bonding procedure. A total of 90 samples were prepared and randomly divided
into four experimental groups and two control groups (CG) of 15 samples each, depending
on the bulk-fill composite material and time of dentin irradiation (before or after bonding of
the composite cylinder to the dentin). The materials used were SDR Plus Bulk Fill Flowable
(SDR, Dentsply DeTrey GmbH, Konstanz, Germany) and Tetric EvoFlow Bulk Fill (TET,
Ivoclar Vivadent, Schaan, Liechtenstein). The same adhesive, 3M Scotchbond Universal
Plus Adhesive (3M ESPE, Neuss, Germany), was used for all the samples (Table 1).

Table 1. Materials used in the study.

Material Type Chemical Formulation * Manufacturer and LOT No.

SDR Plus Bulk Fill
Flowable (SDR)

Bulk-fill flowable resin
composite

Modified UDMA, Bis-EMA,
TEGDMA,

barium-alumino-fluoro-borosilicate
glass, strontium

alumino-fluoro-silicate glass, CQ
photoinitiator, photoaccelerator, BHT,
UV stabilizer, titanium dioxide, iron

oxide pigments fluorescing agent.
Filler load: 70.5 wt%, 47.4 vol%

Dentsply Sirona, Konstanz,
Germany

LOT: 2101000559, 2208000286

Tetric EvoFlow Bulk Fill
(TET)

Bulk-fill flowable resin
composite

Bis-GMA, Bis-EMA, UDMA,
barium-alumino-silicate glass,

ytterbium trifluoride, copolymers,
mixed oxide.

Filler load: 68.2 wt%, 46.4 vol%

Ivoclar Vivadent, Schaan,
Liechtenstein
LOT: Z00V4H

3M Scotchbond Universal
Plus Adhesive Adhesive, universal

10-MDP, dimethacrylate resins,
HEMA, Vitrebond copolymer, silica
filler, ethanol, water, initiators based
on CQ, silane, dual-cure accelerator

3M ESPE, Neuss, Germany
LOT: 8039902

* According to the manufacturers’ information. UDMA: urethane dimethacrylate; Bis-EMA: ethoxylated bisphenol
A dimethacrylate; TEGDMA: triethylene glycol dimethacrylate; CQ: camphorquinone; BHT: butylated hydroxyl
toluene; BisGMA: bisphenol-A glycidyl methacrylate; 10-MDP: 10-methacryloyloxydecyl dihydrogen phosphate;
HEMA: 2-hydroxyethyl methacrylate.

There were six groups in total (n = 14–15): (1) SDR CG; (2) TET CG; (3) irradiation + SDR;
(4) irradiation + TET; (5) SDR + irradiation; and (6) TET + irradiation. The control groups
were not exposed to irradiation. The samples from experimental groups 3 and 4 were
exposed to ionizing radiation at a daily dose of 2 Gy, 5 days a week, for 7 weeks. A total
of 35 fractures were performed according to the treatment protocol for radiotherapy of
head and neck cancer, which corresponds to a cumulative dose of 70 Gy. The samples
were stored in distilled water for the entire time. The radiation dose for oral cavity cancers
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ranges from 70 Gy for gross disease, 60–66 Gy for high-risk regions, and 50–54 Gy for
low-risk areas [27]. In research on the effect of radiation on dental tissues and restorative
materials, the maximum ionizing radiation dose ranged from 60 to 80 Gy [7,8,13,23].

Two hours after the last ionizing radiation fracture in groups 3 and 4, the bonding
procedure was performed in all the groups. The dentin surface was gently air-dried and
the bonding site was marked with a self-adhesive polymer tape with a 2.4 mm diameter
hole and a thickness of 0.2 mm. The Scotchbond Universal Plus adhesive was applied
according to the manufacturer’s instructions (application 20 s, drying 5 s and curing 10 s).
Bulk composite cylinders (d = 2.38 mm, h = 4.0 mm) were created on the bonding surface
using a clamp and Teflon mold inserts according to the UltraTester (Ultradent Products,
SAS Institute Inc., Cary, NC, USA). A Bluephase Style LED lamp (Ivoclar Vivadent, Schaan,
Liechtenstein) with an intensity of 1100 mW/cm2 was used to light-cure the adhesive (10 s)
and the composite (20 s).

After bonding the composite cylinders to the dentin slabs in acrylate, the specimens
were returned to distilled water. The samples from groups 5 and 6 were exposed to the
same irradiation protocol as the samples from groups 3 and 4. After 7 weeks, the shear
bond strength was tested according to the ISO 29022 standard [28] using the UltraTester
device. The UltraTester contains a special notched crosshead that allows a larger surface
area of the sample to come in contact with it compared to other shear tests. During the
bond strength test, the sample was placed in a holder. The notched crosshead surrounded
half of the sample and was located at the junction between the surface of the dentin and
the composite material. There were 15 specimens in each group, but during the SBS testing,
one specimen in group 4 (irradiation + TET) was lost, so the final number of samples in
group 4 was 14. The test was performed by loading the sample at a constant speed of
1 mm/min until the adhesive bond broke, i.e., until the composite cylinders detached from
the dentin surface. The measurement was carried out in accordance with ISO 29022. The
shear bond strength values were calculated according to the equation

σ = F/A

where σ (MPa)—shear bonding strength, F (N)—breaking force, i.e., the maximum force at
which breakage occurred, and A (mm2)—bonding surface.

The recorded shear bond strength values in MPa were analyzed using the two-way
ANOVA test and the Tukey HSD post hoc test to determine statistically significant differ-
ences between the groups. Statistical analysis was performed using the SPSS 23.0 program
(SPSS Inc., Chicago, IL, USA). The statistical significance level was set at α = 0.05.

After fracture in shear mode with the UltraTester, all the fractured samples were
viewed under a Dino-Lite AM4113T digital microscope (Dino-Lite products, Almere, the
Netherlands) to determine the type of fracture. The optical magnification was 10–200× and
the resolution was 1.3 megapixels.

3. Results
3.1. Shear Bond Strength of Bulk-Fill Composite Materials to Dentin

Both materials showed a similar trend in terms of the SBS reduction in the irradiated
samples. The mean SBS was highest for the SDR and TET CGs: 29.607 ± 5.3494 MPa
and 23.553 ± 6.3709 MPa, respectively. The SBS was lowest in the groups irradiated after
restoration and was 18.247 ± 8.0667 MPa and 16.693 ± 8.2235 MPa for the SDR and TET
groups, respectively (Figure 1).
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Figure 1. Mean shear bond strength values in different experimental groups. SDR = SDR Plus Bulk
Fill Flowable; TET = Tetric EvoFlow Bulk Fill. The difference regarding the shear bond strength was
statistically significant between the control groups and groups irradiated after restoration for both
materials tested.

The ANOVA analysis showed that the difference in the SBS between the SDR and
TET bulk materials was not statistically significant regardless of the irradiation factor
(df = 1, F = 1.225, p = 0.272). Different irradiation regimes had a significant effect on the SBS,
independent of the effect of the material factor (df = 2, F = 11.383, p < 0.001). Furthermore,
there was no interaction effect between the material factor and the irradiation factor (df = 2,
F = 2.412, p = 0.096).

The Tukey HSD post hoc test showed that the CGs of both materials exhibited sta-
tistically significantly higher SBS than the groups exposed to irradiation after restoration
(p < 0.05). Furthermore, the SBS in the CGs did not differ significantly from the SBS in
the groups exposed to radiation before restoration (p > 0.05). The differences between
the groups irradiated before and after restoration were also not statistically significantly
different (Figure 1).

3.2. Failure Mode Analysis

The type of fracture was determined for each sample. The fractures were categorized
as adhesive (fracture in the adhesive layer only, A), mixed adhesive and cohesive in dentin
(ACD), mixed adhesive and cohesive in material (ACM) and mixed cohesive in dentin and
material (MC) (Figure 2). The proportion of a particular fracture in a particular group is
expressed as a percentage. It was observed that adhesive fractures predominated in the
control groups (73% and 67% for SDR and TET, respectively). In the groups that were
irradiated before restoration, adhesive fractures still predominated (60% for SDR and 50%
for TET), but the proportion of mixed fractures increased: ACD and MC accounted for 40%
of all the fractures in SDR and 50% of all the fractures in TET. In the groups irradiated after
restoration, the proportion of adhesive fractures was significantly lower (40% and 13% for
SDR and TET, respectively). The proportion of fractures involving cohesive fractures in
material (combined with either adhesive or cohesive fractures in dentin) was the highest in
the groups irradiated after restoration: ACM and MC accounted for 53% of all the fractures
in SDR and 80% of all the fractures in TET (Figure 3).
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Figure 3. Fracture type distribution in different groups: SDR—SDR Plus Bulk Fill Flowable, TET—
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4. Discussion

The treatment of head and neck cancers requires a multidisciplinary approach in which
radiotherapy is the main therapeutic procedure or postoperative adjuvant therapy [29].
Ionizing radiation used in the treatment of head and neck cancers leads to numerous
side effects, including changes in the structure of mineralized dental tissues [30]. These
changes can affect the bond between a restorative material and dental tissues and can
contribute, among other factors, to the development of radiation caries [30]. These changes
may impair the bond between a restorative material and the tooth tissues and contribute
to the development of radiation caries, among other factors. Indeed, the results of the
present study showed that radiation affects the SBS of universal adhesive and bulk-fill
restorative materials to coronal dentin. Irradiation prior to restoration did not lead to
a significant reduction in the SBS. However, the SBS was significantly lower when the
samples were irradiated after restoration. The first null hypothesis was therefore rejected.
The difference in the SBS between the SDR and TET bulk material was not statistically
significant regardless of the irradiation factor, so the second null hypothesis was confirmed.

The decrease in the bond strength when dentin was irradiated before restoration
(although not statistically significant) may be explained by the altered structure and com-
position of the dentin. In fact, numerous studies have shown morphological changes in
enamel and dentin, as well as changes in the organic and inorganic components of miner-
alized dental tissues, after ionizing radiation at therapeutic doses [15]. Ionizing radiation
leads to the radiolysis of water, a process that has several steps and results in the creation
of H2, H2O2, electrons, H3O+ ions and unstable species such as hydrogen atoms H· and
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hydroxyl radicals OH· [15,31,32]. Free radicals take electrons (they reduce themselves
and oxidize the tissue) primarily from organic components, so that the effect of ionizing
radiation is likely to be more pronounced than in enamel due to the higher proportion
of organic components and water in dentin [33]. Furthermore, it can be assumed that
the negative effect of ionizing radiation on collagen fibers prevents the formation of a
stable hybrid layer and compromises adhesion to the dentin [15,34]. Fracture analysis also
supports the assumption that the altered composition and reduced mechanical properties
in irradiated dentin reduce the bond strength. Although adhesive fractures dominate (as
in the control samples), mixed fractures are also present—adhesive and cohesive in the
irradiated dentin. This finding is consistent with a previous study with universal adhe-
sives conducted by Ugurlu et al. [22], who also showed that the prevalence of cohesive
dentin fractures increases in irradiated samples. Universal adhesives contain bifunctional
acidic monomers, such as 10-methacryloyloxydecyl dihydrogen phosphate (10-MDP) in
Scotchbond Universal Plus Adhesive, and 10-MDP can form a chemical bond with calcium
in hydroxyapatite crystals (HAp) on partially exposed collagen fibers due to the acidic
pH of the universal adhesive [35,36]. In addition, Scotchbond Universal Plus contains
a form of polyalkenoic acid—3M’s proprietary Vitrebond™ copolymer. The carboxylic
acid groups of Vitrebond™ can interact with the calcium in hydroxyapatite to form ionic
bonds and with collagen via hydrogen bonding. Since 10-MDP also forms Ca-MDP salts,
Vitrebond™ and 10-MDP compete for the calcium in hydroxyapatite, which is not the case
with pure 10-MDP adhesives. The effect of ionizing radiation on the chemical bonds of
Ca-10-MDP and Ca-Vitrebond™ could be estimated in future studies using X-ray photo-
electron spectroscopy (XPS), and the comparison of Scotchbond Universal Plus, which
contains Vitrebond, with pure 10-MDP universal adhesives could be estimated [37].

The samples irradiated after the restoration showed significantly lower bond strength
for both materials tested. This result is not consistent with the results of a larger number
of previous studies, which showed a significant reduction in the bond strength when
irradiated before restoration [14–18]. Our results are in agreement with the results of
Arid et al. [34], who also showed that the bond strength was lowest with irradiation after
restoration. This result can be explained by the hydrolytic degradation of the hybrid layer
(supported by the finding of adhesive fractures) and the hydrolytic degradation of the poly-
mer matrix within the composite material (detection of cohesive fractures in the material).
Although the degree of conversion of the Scotchbond Universal Plus adhesive is a high 92%
according to the literature [38], the universal adhesive with nanofillers (Scotchbond con-
tains filler particles according to the manufacturer) has a relatively higher water absorption
than unfilled adhesives [39]. This can lead to degradation of the hybrid layer, especially
when exposed to ionizing radiation due to the radiolysis of water. Although fillers in the
adhesive composition reduce polymerization shrinkage and increase strength [36], fillers in
the adhesive are not necessarily advantageous in the context of restorations in oncological
patients and increased water absorption. There are generally two mechanisms for degrada-
tion of the hybrid layer: hydrolytic degradation of the polymer matrix and degradation
of the collagen fibers [40]. It is a fact that the eighth-generation universal adhesives (like
all single-component adhesives) must contain hydrophilic monomers such as HEMA to
enable the wetting of the hydrophilic dentin substrate. In fact, HEMA is a component of
the Scotchbond Universal Plus adhesive and the hydrophilic groups (such as hydroxyl,
phosphate and ester) increase the water sorption and hydrolytic degradation of the hybrid
layer [41]. The disintegration of the polymer matrix exposes collagen fibers, which are then
exposed to proteolytic degradation and the negative effects of ionizing radiation.

In addition to the degradation of the hybrid layer, ionizing radiation could enhance
the hydrolytic degradation of the polymer matrix within the bulk-fill materials. The
amount of absorbed water and the hydrolytic degradation of the material are determined
by the degree of conversion, the dimethacrylate composition, the proportion of filler
particles and the silanization of these particles [42]. The light-curing composite materials
are only 55–75% converted after polymerization, which means that more than 25% of the
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monomer bonds are not involved in the formation of the polymer matrix [43]. Anseth
et al. [44] estimated that with a composite conversion of 75%, 6.25% of the monomers
were not incorporated into the polymer matrix. Therefore, polymerization is stopped after
reaching the so-called vitrification (critical viscosity when monomer mobility is limited) [43].
Furthermore, the BisGMA in the composition of Tetric EvoFlow Bulk Fill and the TEGDMA
in the composition of SDR are hydrophilic monomers, which may also contribute to water
sorption and hydrolytic degradation (BisEMA and UDMA are more hydrophobic) [43].
In addition, the flowable bulk-fill composite materials used in this study have a lower
proportion of filler particles than high-viscosity composites, which contributes to the water
sorption [42,45]. The presence of water in the material leads to hydrolytic degradation but
also the formation of hydrogen peroxide, and free hydrogen radicals (hydrogen atoms)
could further weaken the restoration due to ionizing radiation. The occurrence of adhesive
and cohesive cracks in both materials irradiated after restoration supports the assumption
about the hydrolytic degradation of the hybrid layer in combination with the negative
influence of ionizing radiation on the polymer matrix of the materials.

To a certain extent, the fracture analysis supports the SBS results in the present study.
However, the results also raise further questions. Further investigations should include
thermocycling for aging as well as the analysis of the dentin surface and the chemistry at the
interface. Although no further analysis was performed besides fracture analysis, the results
obtained are supported and justified by the findings of previous studies on the effects of
ionizing radiation on dental tissues, materials and the interstitial layer [15,30,33,34]. Another
limitation of this in vitro study is that the possible influence of the reduced saliva volume and
altered oral flora composition after radiotherapy on the bond strength was not considered.

5. Conclusions

Within the limitations of this study, it can be concluded that ionizing radiation in
therapeutic doses after restoration significantly reduces the bond strength of the universal
adhesive and the bulk-fill flowable composites to coronal dentin. In the samples that were
irradiated before the restoration, the bond strength was not significantly reduced. The
results indicate the importance of continuous monitoring and evaluation of the quality of
restorations in oncology patients who have undergone radiotherapy in the head and neck
region, regardless of the time of placement of the restorations.
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