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Abstract: The aim of this study was to investigate the effect of preceded tumor therapeutic irradiation
on the tensile bond strength of three modern universal adhesives applied in self-etch mode on dentin.
Specimens prepared from 135 extracted human third molars were divided into three superior groups.
These received either no radiation, 5 Gy, or a total dose of 60 Gy in vitro irradiation, fractionally
applied. The samples of each group were further randomly assigned to six subgroups to test three
adhesives (Futurabond® U, Voco; AdheSE® Universal Ivoclar Vivadent; Xeno® Select, Dentsply
Sirona) in the self-etch application mode (n = 15). Tensile bond strength was determined using a
universal testing machine (1.0 mm/min). Data were analyzed with ANOVA (p < 0.01) and Tukey’s
test (p < 0.05). The influence of irradiation on the microtensile bond strength of the used dentin
adhesives proved to be significant. For each material, a decrease in adhesion value was registered
after irradiation. However, only for the material Xeno® Select were significantly reduced adhesion
values determined after irradiation with 60 Gy compared to 0 Gy. Within the limitations of an in vitro
study, some effects of tumor therapeutic irradiation of human dentin on the tensile bond strength
of universal adhesives used in self-etch mode could be observed. Those decreases were only partly
significant, depending on the material and the radiation dose. Whether the tensile bond strength on
irradiated dentin depends on the particular application mode (etch-and-rinse vs. self-etch) of the
universal adhesives remains to be investigated.

Keywords: dentin; tensile bond strength; tumor therapeutic irradiation; universal dentin adhesive;
self-etch dentin adhesive

1. Introduction

Worldwide, tumors of the oral cavity account for approximately 2% of all malignant
tumors [1]. According to the German Centre for Cancer Registry Data (ZfKD) of the Robert
Koch Institute, for example, 14,310 new patients with tumors of the oral cavity and throat
were detected in Germany in 2018 [2], and the global incidence of lip and oral cavity cancer
in 2020 accounted for 377,713 cases [1].

Radiation therapy is one important therapeutic principal for tumors of the head and
neck region, and has been applied regularly [3–6]. High-energy radiation from X-rays,
gamma rays, neutrons, protons and other sources is used to eliminate cancer cells and to
shrink tumors [7]. The ionizing radiation causes damage to the DNA of the tumor cell, both
directly, through the radiation itself, and indirectly via free radicals, which are released due
to the interaction of radiation with water. Having suffered irreversible damage to the DNA,
the cell loses its ability to maintain cell division. If all cells of a tumor lose their proliferative
potential, the tumor can be eradicated completely [8].
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Despite its anticancer effects, irradiation has some injurious impacts on healthy tissue
located in the radiation field [5,6]. This results in clinical consequences such as mucosi-
tis, hyposalivation, osteoradionecrosis and radiation caries [5,6,9–11]. Apart from these,
previous studies have shown a direct influence on the mechanical properties of the dental
tissue, inter alia, the alteration of the collagenous structure [12–14]. Collagenous fibers
are essential for the adhesive bond between the dentin surface and adhesive material for
mounting restorative resin materials [15–17].

Restorative dental treatment is more often required in patients who have undergone
radiotherapy in the head and neck area, since the risk of developing radiation caries
is increased throughout life and not only during or immediately after treatment [6,18].
Adhesively bonded composite restorations are a well-established treatment option to
restore caries-affected teeth [19,20]. Therefore, some studies recommend treatment with
adhesively bonded composite fillings in these cases [21,22].

The two approaches to adhesive systems, etch-and-rinse and the self-etch technique,
establish bonding to dentin in different ways and use these collagen fibers in different
manners. While the etch-and-rinse technique completely removes the smear layer through
the prior use of an acid etchant and thus exposes and infiltrates the collagen fibers, the
self-etch technique only demineralizes the surface of the smear layer, leaving residual
hydroxyapatite crystals still attached to the collagen fibers, which are then incorporated
into the bonding layer [23].

One of the recent inventions in adhesive dentistry is universal adhesives. These
adhesives, also called “multi-mode” or “multi-purpose”, combine the application methods
of the classic etch-and-rinse and self-etch adhesives, i.e., they can be used with or without
prior etching of the dentin or even with selective enamel etching [24,25]. This flexibility of
the application method is achieved by functional monomers, which are the core components
of universal adhesives [26–28]. Functional monomers are acidic molecules that can fulfill
various functions, including the partial dissolution of the smear layer, the demineralization
of hydroxyapatite, the improvement of monomer penetration into the tooth structure and
the ability to form chemical bonds with tooth substrates [27,29,30].

The bonding performance of various universal adhesives on human dentin In etch-
and-rinse mode compared to self-etch mode based on the assessment of the microten-
sile bond strength (µTBS) has already been investigated in numerous studies [24,31–33].
Wagner et al. [33], for example, investigated how previous etching improves the dentine
penetration pattern, but without affecting the µTBS.

The effects of radiotherapy on the µTBS of various adhesives to dentine have also been
published several times [34–37].

However, relatively sparse information is currently available in the dental literature
about the behavior of universal adhesives on irradiated human dentin. Hence, the aim of
this study was to examine the influence of preceded tumor therapeutic irradiation on the
tensile bond strength of three different universal adhesives used in self-etch application
mode on human dentin. The null hypothesis to be tested was that there is no influence on
the microtensile bond strength in non- and severely irradiated human dentin.

2. Materials and Methods

In this study, one hundred and thirty-five freshly extracted caries-free human third
molars were included. Before the experimental procedure, the teeth were stored in saline
solution (0.9% NaCl, B. Braun Meisungen AG, Meisungen, Germany) at room temperature.
The preparation of the specimens of the teeth occurred in a manner Kobler et al. described
in 2008 [38]. This technique allows dentin perfusion based on the simulation of intra-pulpal
pressure. Under constant water cooling, the roots were ground down using a grinding
machine (Rotopol-35, Struers GmbH, Willich, Germany) until the coronal pulp chamber was
disclosed. After the removal of the pulpal tissue, the specimens were reduced from the occlusal
part until the distance between the occlusal plateau and the pulp chamber was adjusted to
2.0 mm (±0.2 mm). Afterwards, the apical area needed to be parallelized to the occlusal
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plateau and reduced to a total sample thickness of 4.0 mm (±0.2 mm). These prepared
samples (Figure 1) were stored in saline solution (0.9% NaCl) once again and randomly
divided into three main groups. The first group received no further treatment; the specimens
of the other two groups were irradiated in cooperation with a radiation physicist from the
Department of Radiotherapy using a linear accelerator (ONCOR Impression IMRT Plus,
Siemens AG, Munich, Germany) (Figure 2). Half of the irradiated samples underwent one
single dose of 5 Gy (Gray), and for the other half irradiation was applied in a fractionated
schedule with single doses of 2 Gy per day. For those samples it resulted in a total dose
of 60 Gy, since they were fractionally irradiated 5 days per week over a period of 6 weeks,
according to conventional radiotherapy of head and neck cancer [13,39,40]. Figure 3 shows a
schematic illustration of the set-up of the test specimens during irradiation: For the purpose
of homogeneity, the specimens were stored in daily renewed saline [40], arranged on one
plane level in the zone of the dose maximum during the radiation treatment and placed on
a PMMA (polymethyl-methacrylate) scattering body to minimize the scattered radiation.
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The forty-five samples in each group were randomly divided into three subgroups
for the reason that three different universal bonding agents were tested in self-etch mode.
Finally, nine subgroups emerged, each consisting of fifteen samples (Table 1).

Table 1. Classification of the experimental groups. Each group consisted of n = 15 samples.

0 Gy 5 Gy 60 Gy

Futurabond® U 0 Fse 1 5 Fse 60 Fse
AdheSE® Universal 0 Ase 5 Ase 60 Ase

Xeno® Select 0 Xse 5 Xse 60 Xse
1 se for self-etch.

For the purpose of the experimental procedure, the samples were fastened to a special
experimental apparatus in a universal testing machine (Zwick Z005, Zwick GmbH & Co.,
Ltd., KG, Ulm, Germany). Pressure of 30 cm H2O was generated via saline solution,
thereby simulating intrapulpal pressure and thus dentin perfusion throughout the entire
duration of the experiment. The universal bonding agents were applied according to the
manufacturers’ recommendations in self-etch application mode, which did not differ for
the three materials tested. One layer adhesive was applied with a brush-tip and scrubbed
into the dentin surface for 20 s. Subsequently, oil-free compressed air was used in order to
disperse the adhesive plus remove any solvent, and the adhesive was light-cured for 10 s.
The following three universal adhesives were used:

F: Futurabond® U (Voco GmbH, Cuxhaven, Germany);
A: AdheSE® Universal (Ivoclar Vivadent AG, Schaan, Liechtenstein);
X: Xeno® Select (Dentsply Sirona Inc., Charlotte, NC, USA).
Table 2 lists the main components of the adhesive materials used according to the

safety data sheets provided by the corresponding manufacturers.
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Table 2. List of materials used.

Adhesive Batch Number pH Main Components *

F Futurabond® U,
Voco

LOT 1527116 2.3

BIS-GMA 1

HEMA 2

HEDMA 3

Acidic adhesive monomer
Urethanedimethacrylate

Catalyst

A AdheSE® Universal,
Ivoclar Vivadent

LOT U54013 2.5–3

HEMA 2

BIS-GMA 1

Ethanol
D3MA 4

MDP 5

MCAP 6

Camphorquinone

X Xeno® Select,
Dentsply Sirona

LOT 1602000694 <2

Bifunctional acrylates
Tert-butyl alcohol

Functionalized phosphoric acid
ester (ethyl 2-[5-dihydrogen

phosphoryl-5,2-
dioxapentyl]acrylate)

Acidic acrylates
4-dimetylaminobenzonitril

* According to the material safety data sheets provided by the manufacturers. 1 BIS-GMA: bisphenol A-gycidyl
methacrylate; 2 HEMA: 2-hydroxyethyl methacrylate; 3 HEDMA: 1,6-hexanediylbismethacrylate; 4 D3MA: 1,10-
decandiol dimethacrylate; 5 MDP: methacryloyloxydecyl dihydrogen phosphate; 6 MCAP: methacrylated cy-
boxylic acid polymer.

For the comparability of the results, the same composite resin was used in all test
groups: Grandio®SO color A2 (VOCO GmbH, Cuxhaven, Germany). The application of
the composite filling material occurred through an application sleeve. This sleeve featured
a continuous cylindrical slot of 1 mm diameter to accommodate the composite material,
which ensured a standardized area of 0.79 mm2 as a bonding surface.

Tensile bond strength was determined 15 min after the light polymerization. The
samples were loaded at a speed of 1 mm/min. The maximum force was recorded and
divided by the standardized dimension of the bonding surface (diameter 1 mm = 0.79 mm2)
to obtain microtensile bond strength. To avoid any impact and bias of different researchers,
all experimental steps were performed by one unblinded dentist.

The sample size was calculated upon the assumption that the main endpoint (bond
strength) would be 16 in the irradiated group and 25 in the non-irradiated control group,
with a standard deviation of 9 in both arms. This relevant difference could be detected with
80% power by a t-test to the 5%-level if 14 specimen per group were included. Therefore,
15 specimens per group were included. Statistical analysis was performed with SPSS® 25.0
(IBM®, Ehningen, Germany). Mean microtensile bond strength and standard deviation
were calculated for each experimental group. To assess differences between the results of
all groups, two-way ANOVA was used at a 1% significance level. The Tukey’s test was
used to calculate the differences between the various groups at a 5% significance level.

3. Results

The effect of irradiation on the tensile bond strength varied among the materials used,
but a reduction was observed in all experimental groups.

The results, respectively, mean tensile bond strength and standard deviation of each
group, are presented in Table 3 and Figure 4. Figure 5 illustrates the spread of the result-
ing data.
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Table 3. Testing results: mean microtensile bond strength in MPa (megapascal) and standard deviation.

Futurabond® U AdheSE® Universal Xeno® Select

0 Gy 23.87 35.10 24.17
±7.49 ±8.41 ±8.36

5 Gy 17.95 26.86 15.78
±5.95 ±7.41 ±3.89

60 Gy 19.21 26.30 11.42
±7.34 ±10.07 ±3.86

Decrease in mean microtensile
bond strength after irradiation
with 60 Gy compared to 0 Gy

−19.5% −25.1% −52.8%
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Considering the results for the material Futurabond® U, the value of the mean tensile
bond strength without irradiation was 23.87 MPa (±7.49 MPa). Low dose irradiation (5 Gy)
led to a decrease in the tensile bond strength of Futurabond® U to 17.95 MPa (±5.95 MPa).
After irradiation with 60 Gy, the tensile bond strength of Futurabond® U did not decrease
further (19.21 MPa ± 7.34 MPa).

Likewise, for AdheSE® Universal, the tensile bond strength of this material without
irradiation was higher overall, with 35.10 MPa (±8.41 MPa). After irradiation with a low
dose (5 Gy), there was a decrease in the tensile bond strength of AdheSE® Universal to
26.86 MPa (±7.41 MPa), but the dose increase to 60 Gy had no further effect; the tensile
bond strength remained at 26.30 MPa (±10.07 MPa).

Regarding material Xeno® Select, a gradual decrease in the tensile bond strength
according to the increase in the irradiation dose was observed. The reduction from
24.17 MPa (±8.36 MPa) at 0 Gy via 15.78 MPa (±3.89 MPa) after 5 Gy to 11.42 MPa (±3.86 MPa)
after 60 Gy irradiation dose, which occurred in self-etch-mode, represented the largest loss
of tensile bond strength overall.

The two-Way ANOVA revealed that the influence of irradiation and the used adhesive
system on the microtensile bond strength of the used dentin adhesive systems proved to be
significantly different (p < 0.01).

In all experimental groups, a decrease in tensile bond strength between non-irradiated
and irradiated groups was registered, at least after irradiation with 60 Gy. The percentage
decrease within one material after a radiation dose of 60 Gy versus no radiation is listed
in Table 3. Nevertheless, pairwise comparisons of the different groups revealed that the
effect of irradiation on tensile bond strength was not significant for Futurabond® U and
AdheSE® Universal (Tukey’s test, p > 0.05). Only in the test series of the material Xeno®

Select were the values of tensile bond strength in self-etch-mode after irradiation with
60 Gy significantly reduced compared to no irradiation (p < 0.05, Tukey’s test).

4. Discussion

The present study investigated the tensile bond strength of three different widely
used and differently composed universal adhesives on irradiated dentin compared to
non-irradiated dentin in the self-etch application mode in vitro. All experimental steps,
including specimen preparation and the application of all materials, followed by bond
strength testing, were performed by one researcher (dentist) to avoid any impact of different
persons. This dentist was trained in advance to become familiar with the study protocol.

In some previous investigations, it was shown that the new universal bonding agents led
to higher bond strength values when they were used after a preceding etching step [41,42].
Our study set-up was to evaluate solely the self-etch mode rather than the etch-and-rinse
mode, and those research works investigated the effect on the enamel surface, whereas in
the present study dentin tissue was tested.

According to Elkaffas et al. [43], the evaluation of numerous studies on the adhesion
values of universal adhesives on dentin did not reveal any significant overall difference
between etch-and-rinse and self-etch utilization. This analysis considered study results on
numerous different materials, which differed in their composition, including the functional
monomers contained therein, and thus in their chemical and mechanical properties. The
remarkable one of these functional monomers was 10-methacryloyloxydecyl dihydrogen
phosphate (10-MDP or MDP), which was able to bond to the hydroxyapatite crystals
contained in the dentin [29]. By linking calcium (Ca), which is released from the hydroxya-
patite (HAp) by demineralization, MDP-Ca salts were formed, which were self-assembled
into the so-called “nanolayering” [44,45]. These primary chemical/ionic interactions of
specific functional monomers with hydroxyapatite followed the “adhesion-decalcification”
concept [45], which states that carboxylic acids either adhere to hydroxyapatite or decalcify
it in accordance with the dissolution rate of the particular calcium salt in the acid solu-
tion [46]. The three universal adhesives tested contain different functional monomers that
are intended to create the bond to the tooth structure. AdheSE® Universal and Futurabond®
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U contain MDP [47,48], which, according to Yoshida et al. [29], creates a very stable bond
to the hydroxyapatite, which was validated by the low dissolution rate of its calcium salt in
water. Carrilho et al. [49] affirmed the beneficial properties of MDP by evaluating a range
of studies.

Long-term bonding effectiveness has not been investigated in this current study, but
the results of Zhang et al. [28] indicated that the bond of universal adhesives in general
is not capable of resisting ageing, although it was observed that bonds obtained by the
etch-and-rinse mode are more resistant to water-aging than those achieved by the self-
etch mode.

The bases of fractioned irradiation in conventional radiotherapy are the five Rs of
radiobiology: repair, reassortment, repopulation, reoxygenation and radiosensitivity. These
factors influence the response of tumors and normal tissue to radiation, and thus the therapy
efficiency [50,51]. In this study, we applied in cooperation with one specialized radiation
physicist from the Department of Radiotherapy of our University a total dose of 60 Gy, in
30 fractions of 2 Gy per day, treating 5 days per week over a period of 6 weeks, according
to conventional radiotherapy [13,39,40]. The cooperation with only one radiation physicist
might help to avoid the impact of different involved researchers. Today, there are several
different radiotherapy schedules, such as hyperfractionation or accelerated fractionation,
which are being evaluated for advantages over conventional fractionation radiotherapy,
regarding patient outcome [52–54], which may therefore be common practice. To perform
the in vitro test, the dentin specimens were irradiated directly and homogeneously. This
differs from the clinical situation of radiotherapy, where the teeth do not necessarily remain
in the radiation field, depending on the location of the tumor. Today, a technique called
intensity-modulated radiation therapy (IMRT) is established; in this method, the direction
of radiation changes continuously, with the result that the main target keeps receiving the
entire amount of radiation required for the therapy, but the surrounding tissue exposed to
the radiation varies, thereby limiting the radiation dose in this area [55,56]. As a result, it is
assumed that the effects of irradiation on the bond with dentin found in this study appear
to be even milder in the clinical situation, especially when treated with IMRT.

In this study, we solely simulated the clinical situation in which resin fillings were ap-
plied post radiotherapy. No consideration was given to the scenario where a patient might
have fillings in some teeth before radiotherapy starts. If an existing dental restoration was
irradiated, this could possibly have different effects on the bond strength, as Arid et al. [57]
have ascertained in a previous study, or on the long-term durability of the restoration. This
should therefore be investigated further, particularly in regard to the recommendation to
rehabilitate patients’ dentition before radiotherapy [6].

Various studies have been published in the dental literature describing direct irradia-
tion impacts on human tissue, and dentin in particular. The results of these studies include
decreased microhardness [13,40] and micro-morphological damage, such as obliterated
dentinal tubules [13,57–59], collagen network impairment and ruptures in the dentin struc-
ture [13,59]. These effects may explain a deterioration of the adhesive bond strength to the
dentin, which was partly determined in our present study but also in a recently published
study by Arid et al. [57].

These findings, in combination with the observations that irradiation causes the denti-
noenamel junction (DEJ) to appear unstable [58–61] and affects enamel damage [14,59,62,63],
are possibly some of several factors that all together promote the development of atypical
radiation-related caries. Other effective aspects include hyposalivation, poor oral hygiene
and altered microbial oral flora [64,65].

Some of the points mentioned concerning damage to the dental hard tissue caused
by irradiation are still being discussed controversially, as there are also studies that refute
certain aspects of them [62,66,67]. Still, it cannot be denied that patients have an increased
risk of caries post radiotherapy [6,68,69] and thus there is a major necessity for dental
restorations. Nevertheless, there is no consensus on which is the preferred material for
conservative caries therapy in patients having undergone head and neck radiation therapy.
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The Oral Care Study Group of the Multinational Association of Supportive Care in Cancer
and the International Society of Oral Oncology (MASCC/ISOO) published the clinical
guideline ‘Evidence-Based Management Strategies for Oral Complication from Cancer
Treatment’ in 2011 [70], recommending the use of resin-modified glass ionomer cement
(GIC), composite resin or amalgam for restorations in post head and neck radiation patients,
and so do Hong et al. [69] for patients who use fluoride. Conventional GIC restorations are
recommended for patients who do not use fluoride; although they need to be replaced more
frequently due to their failure rate, they might be more effective in preventing secondary
caries than composite resin restorations [21,23,69], due to the fluoride-releasing [71,72] and
cariostatic properties [73–75].

However, in those patients who follow the general recommendations for fluoride
application after head and neck irradiation [6,69,76], composite resin restorations may be
advantageous because they have a longer survival rate compared to GIC [77] and superior
durability and erosion resistance in patients with fluoride compliance [22].

There are only a few studies that have investigated the effects of tumor therapeutic
irradiation on the bond strength and clinical outcomes of an adhesively attached composite
restoration. Their results vary widely and are partly even contradictory; some concluded
that irradiation does not impair the adhesive bond [35,36,78], while other studies showed
reduced adhesive bond strength values [34,37,57,79]. Galetti et al. [35] investigated in vivo
irradiated teeth of tumor patients, i.e., those that had been exposed to the intraoral con-
ditions during and after irradiation; which might be hyposalivation, reduced saliva pH,
and changed diet and oral hygiene. This is consistent with the fact that radiation caries
has a multifactorial origin [6]. On the other hand, however, the study design allowed
the analysis of only a few samples from a small number of patients for whom the clinical
circumstances of radiation therapy were inherently individual: The samples were exposed
to different radiation doses (60–70 Gy total dose), and the study did not indicate how each
individual sample was affected by the direct radiation field [35]. In the study accomplished
by da Cunha et al. 2016 [78], the testing procedures were carried out under in vitro condi-
tions, but the specimens were irradiated with a single dose, which is not consistent with
the clinical procedure [13,39,40]. Another study that examined universal adhesives on
irradiated dentin, as well, was the study of Ugurlu in 2020 [79]. In this publication, he
observed a significantly decreased bond strength of three different universal adhesives
when applied in a single layer. The universal adhesives were only used in self-etch mode,
but not in etch-and-rinse mode, just as in our study. This corresponds to our findings for
the material Xeno® Select, which revealed a significantly reduced bond strength in self-etch
mode after irradiation. Overall, it strengthens our thesis that these impacts appear to be
material-dependent [79].

5. Conclusions

Within the limitation of this in vitro study, some effects of preceded tumor therapeutic
irradiation on the tensile bond strength of universal adhesives applied in self-etch mode to
dentin substrate could be observed. Apparently, higher radiation does seem to decrease the
tensile bond strength of the universal adhesive to the dentin. Depending on the material
used, these effects turned out to be partly significant.

The question of whether universal adhesives can be recommended for conservative
caries therapy in patients who have undergone radiotherapy as part of the tumor therapy
for head and neck cancer cannot be conclusively clarified, as the data from the various
studies are contradictory. Therefore, further investigations such as applications of in situ
trial models or even long-term clinical test series are desirable, since it is worthwhile to
establish a clinical guideline for the dental management of patients post radiotherapy in
the near future in order to ensure these patients receive the best possible dental treatment.
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