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Abstract: The surface roughness, surface free energy (SFE) of composites, and composite wettability
by dental adhesives are determining factors in achieving a strong and durable adhesion (e.g., compos-
ite repair, luting adhesively bonded indirect restorations). In this study, the SFE of one nanohydrid
and two bulk-fill composites was investigated in relation to the wetting ability of five different
dental adhesives. The profilometry and scanning electron microscopy (SEM) measurement justified
that the sandblasting produced a significantly rough surface in which the different filler amounts,
filler distribution, and resin-filler ratio participated. The SFE of the tested composite was between
45.65 and 49.07 mJ /m? regardless of surface treatment. Despite the similarity in SFE, the adhesives
wet the surface of the composites in different ways that were between 16.01° and 35.10°. The contact
angle of solvent-free dental adhesive was lower due to sandblasting supporting the micromechanical
retention. Based on our results, it was found that sandblasting, the most frequently recommended
surface treatment, does not change the surface energy but causes a change in the contact angle, which
can be explained by the different surface tension of the dental adhesives. It was concluded that the
dental adhesive parameters have a more important role in wettability.

Keywords: resin-based composite; contact angle; dental adhesive; surface free energy; surface
roughness

1. Introduction

Resin-based composites (RBCs) are the most frequently used dental materials in dental
treatments, thanks to their versatile use. Microhybrid and nanohybrid composites gained
popularity due to their clinical performance [1], and bulk-fill composites provide simplified
techniques to overcome layering technique disadvantages [2]. The resin composition and
the type, shape, size, and distribution of the fillers of resin-based composite (RBC) affect
both physical and chemical properties. Despite their improved mechanical characteristic,
their lifespan is limited in an oral environment. In modern dentistry, the minimally invasive
concept provides an option to save healthy tissues and possibilities for repair. Great
efforts are undertaken to understand and improve the repair process, but there are still
uncertainties remaining regarding the definite protocols [3]. Three possible mechanisms
occur in the joining of old and new composite. First is the micromechanical interlocking
through the resin penetration into the surface irregularities, the second is the chemical
bond formation between the monomers, and the third is the chemical bonding to filler
particles [3]. The chemical composition and characteristics of two composites, such as
surface roughness, conditioning procedure, and wetting ability of polymerized surface play
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an important role in the adhesion strength between the old and new composite [4]. The
mechanical surface treatment methods consist of roughening of the surface by sandblasting.
This process increases the effective area for bonding; however, the excess roughness can
deteriorate the bonding capacity because of increasing void formation. Research revealed
that sandblasting creates the best environment for micro retention for the adhesive system.
Therefore, sandblasting is suggested as a mechanical treatment method for composite
repair [5,6]. The surface roughening followed by the application of dental adhesives has
a positive effect on repair bond strength [7-9] due to the penetration into the surface
irregularities. Certain promoter molecules in dental adhesives can enhance the quality
of adhesion. The most frequently applied promoter, as a component of most universal
adhesives [10], is 10-methacryloyloxydecyl dihydrogen phosphate (10-MDP) because of
the formation of a better water-stable interface in contrast to silane molecule [11]. The
surface tension and viscosity of adhesives and the wettability of adhesive on polymerized
composite are influencing factors in dental adhesive penetration into irregularities of
sandblasted RBCs. The viscosity of the liquid has an effect only on spreading kinetics, not
on wettability [12]. No consistent correlation was found by researchers between the surface
roughness profile and bond strengths [8,13]. However, the surface roughness strongly
affects the adhesive’s wettability on the cured composite surface.

The wettability of a liquid on a solid surface is numerically expressed with contact
angle (CA). Additionally, the contact angle is the most definitive way to determine the
hydrophobicity of the material surface. The spreading of liquid depends on three interfacial
energies: the surface energy of the substrate, the surface tension of the liquid, and the solid—
liquid interfacial energy [12,14]. The real surfaces are not ideal (surface roughness < 0.5 um,
chemically homogenous, and contact angle is given by Young’s equation) because of their
roughness and heterogeneous to some extent. The measurable value is the apparent contact
angle that can differ from the ideal contact angle [15]. The apparent contact angle is related
to the contact angle of the ideal surface if the drop of liquid is sufficiently large compared
with the roughness scale and the liquid completely penetrates the surface irregularities [15].

Luting towards the aged composite surface, the surface behavior of the adhesive
should be explained, such as the mechanism of adhesion and surface energies of RBCs and
how well the adhesive wet the cured composite surface [12].

Researchers found that the contact angle and surface free energy (SFE) can be used
to demonstrate differences in the surface properties of dental materials [16]. For sur-
face characterization, different techniques are available (X-ray diffraction, photoelectron
spectroscopy, Fourier transformation infrared spectroscopy, atomic force microscopy, and
scanning electron microscopy) that are relatively expensive methods that require skilled
technicians and refined techniques to interpret data. The SFE gives a good understanding
of surface properties with a relatively simple approach and is measurable from contact
angle measurements. These two physical properties are closely related to each other. The
SFE can be determined indirectly through a theoretical formula using a contact angle of
test liquids to the solids. One of the most frequently used SFE calculation methods is the
Owens, Wendt, Rabel, and Kaelble (OWRK) model, which requires well-known polar and
apolar liquid contact angle measurements to the surface [17]. The SFE gives information
about the sum of intermolecular forces between different molecules at the surface. The
wetting is favorable if the substrate has higher surface energy than the surface tension of
the liquid equipped with low interfacial surface free energy.

The surface quality of RBCs is influenced by filler particle characteristics (type, hard-
ness, size, morphology), filler loading, quality of silane coupling agent, resin matrix content
and formulation, and degree of conversion [18,19]. At a certain finishing and polishing pro-
cedure on a given RBC surface, the hardness differences between the cured resin matrix and
inorganic filler and hardness differences between the filler and abrasive particles determine
the formed surface topography [18]. The filler particle size does not affect the sandblasting
procedure. To evaluate the surface quality, the profilometry measurement is a frequently
used method that gives information about the surface roughness and quantitative data
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for surface irregularities. The scanning electron microscopy (SEM) analysis of the surface
of the composite reveals further information about shape and morphology that can be
undetectable for the stylus tip of the profilometer. The surface free energy is a physical
property of the surface of the material that determines how the adhesive makes intimate
contact and provides a bond.

In certain clinical situations like direct composite restoration repair or luting indirect
overlays, veneers, or crowns, the wetting ability of RBCs by dental adhesives has an
important role in achieving strong and durable adhesion between the old and new resin-
based composite. In this study, the surface quality of one nanohybrid and two bulk-fill
RBCs was analyzed with profilometry, SEM, and SFE measurements by measuring the
apparent contact angle of water and diiodomethane. Dental adhesives are complex systems
and play an important role in the adhesion mechanism of composite repair. The apparent
contact angle of five different dental adhesives (one solvent-free, one-step self-etch, and
three universal 10-MDP containing) was measured on polished and sandblasted RBC
surfaces. The basis of the selection of RBCs and dental adhesives was our previous study,
in which these materials were analyzed and used [20-22] in composite repair. The aim of
this study was to investigate the SFE of RBCs regarding surface roughness and wetting
ability of dental adhesives.

2. Materials and Methods
2.1. Tested Materials

The tested RBC composites are presented in Table 1, containing the code and full
names, manufacturer’s information, LOT numbers, and their compositions. The SDR was
a flowable bulk-fill composite due to the lesser amount of filler particles that require a
covering layer with a traditional composite. The TECBF was a full-body type bulk-fill
composite that is highly filled and viscous. TEC was a nanohybrid composite from the
Ivoclar Vivadent (Shaan, Lichtenstein) manufacturer.

Table 1. Composite materials used in this study (Bis-GMA: Bisphenol A-diglycidyl dimethacry-
late), UDMA: Urethane dimethacrylate, Bis-EMA: Ethoxylated bisphenol A dimethacrylate, CQ:
Camphorquinone, Lucirin TPO: 2,4,6-Trimethylbenzoyldiphenylphosphine oxide, BHT: butyl hy-
droxytoluene, YbF3: ytterbium trifluoride.

Code SDR TECBF TEC
Full name Smart Dentin Replacement Tetric EvoCeram Bulk-Fill Tetric EvoCeram
Manufacturer Dentsply Sirona, Milford, DE, Ivoclar Vivadent, Shaan, Lichtenstein Ivoclar V 1vadent., Shaan,
USA Lichtenstein
LOT number 1806000584 X25116 LOT Y22007
SDR Patented UDMA, Resin: 20-21 wt% dimethacrylates IB{fss-lélN%Z_lggl\‘//[VAel%S};;-
TEGDMA, Bis-EMA, CQ, (Bis-GMA, UDMA, Bis-EMA), EMA an d’ O+ LLIICiI'iI’l TPO
BHT, UV stabilizer, titanium Filler: Barium-alumino-fluoro-silica, o o
dioxide. and iron oxide YbE3. spherical mixed oxide, ¢l photoinitiators, stabilizers
’ » Spherical mixed ox1de, g ass Filler: 48.5 wt% Barium
o pigments fluorescent agent filler, prepolymer fillers, filler 80 wt% L '
Composition . . o o o aluminum silicate glass fillers
fillers: nanoparticles 68 wt% (17% prepolymer) 60 vol% with size between 40-3000 nm
44 vol% Ba-Al-F-B-silicate 40-3000 nm, average: 550 nm mean particle size of 550 nm
glass, Sr-Al-F-silicate glass Additional contents are additives, 34 wt"}j round prepolymers
4.2 pm agglomerate of catalysts, stabilizers, and pigments with fiflegrs YbF?I;) mrzxe}él oxide
0.8 pm [22] (<1.0% weight) [22] (macro-filler dimension) [20]
Applied thickness 4 mm 4 mm 2 mm

The applied adhesives are summarized in Table 2, containing the code and full names,

manufacturer’s information, LOT numbers, and their compositions. The Heliobond was
a mixture of Bis-GMA and TEGDMA without any functional monomers and solvents.
HB could be considered a hydrophobic photocurable resin mixture. The TBF I, SU, CL,
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and GP contained functional monomers like 10-MDP and its derivate. TBF II and CL
were HEMA hydrophilic monomers containing adhesives opposing SU and GP that were
HEMA -free adhesives.

Table 2. Adhesive materials used in this study (Bis-GMA: Bisphenol A-diglycidyl dimethacry-
late), TEGDMA: Triethylene glycol dimethacrylate, 3D-SR phosphate monomer: 3D self-reinforcing
monomer (a modified MDP molecule), HEMA: 2-Hydroxylethyl methacrylate, 10-MDP: 10-
methacryloyloxydecyl dihydrogen phosphate, DCDMA: 10-decamethylene dimethacrylate, EDMAB:
ethyl-4-(dimethylamino)benzoate, MPTMS: y-methacyloxypropyl trimethoxysilane, DMAEMA: 2-
(dimethyl amino)ethyl methacrylate, VCP: Vitrebond copolymer (copolymer of acrylic and itaconic
acid), NaF: sodium fluoride, 4-MET: 4-methacryloyloxy ethyl trimellitic acid, MDTP: methacryloy-
loxydecyl dihydrogen thiophosphate, CQ: Camphorquinone).

Code HB TBF 1I SU CL GP
. Tokuyama Bond Scotchbond Clearfil Universal .
Full name Heliobond Force Il Universal Bond Quick G-Premio Bond
Ivoclar Vivadent, .
Tokuyama Dental, 3M Oral Care, St Kuraray Noritake,
Manufacturer Shaan, Tokyo, | Paul. MN. USA Tokyo, | GC, Tokyo, Japan
Lichtenstein OKYO, Japan aul, ! OKYO, Japan
LOT number X10508 097 80409A 3K0206 1906121012687
. 10-MDP, Bis-GMA,
Bis-GMA 59.5 wt%, 3D-SR phosphate g’&gﬁi%;%% HEMA, 10-MDP, 4-MET,
TEGDMA monomer, HEMA, ’ ” hydrophilic amid MDTP, methacrylic
. MPTMS, . -
Composition 39.7 wt%, CQ, Bis-GMA, DMAEMA VCP methacrylate, acid ester, silica,
P stabilizers and TEGDMA, water, 'Y= MPTMS, colloidal  catalyst,
HEMA, ethanol, . .
catalysts alcohol, CQ, water, CQ, treated silica, NaF, CQ, photoinitiator,
0.8 wt% [21] catalyst [21] . ! ethanol, and acetone, water [21]
silica [21]
water [21]

2.2. Preparation of Resin-Based Composite Specimens

The RBC was placed into a Teflon mold (Figure 1). The layering thickness was followed
by the manufacturer’s recommendation. The applied layer thickness was 4 mm in the
Teflon mold at two bulk-fill composites; at the nanohybrid TEC, it was 2 mm. The length
of the specimens was 20 mm, and their width was 13 mm. The specimen surface was
covered by a glass slide to prevent the formation of an oxygen inhibition layer. The
photopolymerization of RBCs was performed in an LC-6 light chamber unit (Scheu Dental,
Iserlohn, Germany) for 180 s. The operation wavelength of the polymerization unit is
between 350 and 450 nm wavelengths, which is achieved by three blue-light and three
UVA light sources. The aluminum inner cover reflector ensures the homogenous light
distribution. The light intensity was 200 mW /cm?.

After the polymerization, both sides of the sample were polished using the Struers
LaboPol-35 Grinding/polishing machine (Struers, Rodovre, Denmark) under water cooling.
The used abrasive papers were 500, 1000, and 1200-grit silicon carbide discs at 300 rpm for
30 s. After both sample sides were polished, one side of the samples remained polished
(PO), and the other side was sandblasted (SB) with 50 um Al,O5 abrasive particles (Danville
Engineering, San Ramon, CA, USA) using intraoral sandblaster (MicroEtcher II, Henry
Schein, Melville, NY, USA) from a distance of 10 mm at a pressure of 2.5 bar for 10 s
followed by ultrasonic bath washing with Elmasonic S 40 H (Singen, Germany) ultrasonic
cleaning unit for removing the abrasive particles. The cleaning step was repeated three
times in distilled water for 5 min. After oil-free air drying, the contact angle measurements
were performed immediately [23].



Appl. Sci. 2023,13, 12061

50f17

M

B ; {3
| 20 mm Ry,

Figure 1. Teflon mold scheme with dimensions for (A) bulk-fill composite samples (SDR and TECBF)
and (B) nanohybrid (TEC) sample preparation.

2.3. Surface Profilometry Measurements

The surface roughness of polished and sandblasted composite surfaces (specimen
parameters were in Figure 1) was analyzed with three-dimensional high-resolution pro-
filometry (Ambios Technology XP-1, Santa Cruz, CA, USA). The stylus tip radius was
2.0 um and was traveling at 0.5 mm/s tracking speed on a composite surface, applying
a stylus force of 1 mg. During the measurements, the arithmetical mean deviation of the
profile (Ra) parameter was recorded and determined. The number of measurements was
five (n = 5), which resulted in the average data of parameters of profilometry analysis.

2.4. Surface Analysis with Scanning Electron Microscopy (SEM)

A scanning electron microscope has been applied to study in more detail the mor-
phology of the samples. A dual beam microscope type Thermo Fisher Scientific-Scios
2 (FIB-SEM, Waltham, MA, USA) was used to examine the samples. Since the samples were
electrically insulating, the microscope was operated at low voltage, and a short working
distance (2 mm) was applied. To detect signals with such a small working distance, special
detector strategies are required. The microscope used is equipped with a so-called in-lens
detection system that can separate and collect secondary electrons, backscattered electrons,
or a mixture of both types of signals. The advantage of using a low accelerating voltage
(1-2 keV) is that the secondary electrons generated near the surface can easily escape, and
in this way, we can increase its yield. The increased yield increases the probability of
collecting the electrons needed for imaging, thereby providing the opportunity to examine
insulating samples without the application of gold coating, which may modify the surface
morphology [24].
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2.5. Contact Angle (CA) Measurements and Surface Free Energy (SFE) Calculation

The contact angle of a drop on a solid surface measurement was performed by us-
ing Drop Shape Analyzer 30 (DSA 30, Kriiss, Hamburg, Germany) at room temperature
(25 £ 0.5 °C). In the first part of the measurements, the water (HPLC water, VWR Inter-
national Ltd., Debrecen, Hungary) and diiodomethane (DIM; VWR International Ltd.,
Debrecen, Hungary) apparent contact angles were determined on clean and dry RBC
surfaces. The drops of water and then DIM (5 uL) were deposited on the polished and
sandblasted RBCs with the help of an automatic dosing system (0.5 mm diameter needle).
The contact angle measurements and evaluation were performed by the same experienced
researcher. The baseline was set where the liquid contacted the solid. For image analysis
and contact angle calculation, the time frame of 50 s for each measurement was recorded
and evaluated. The Advance software (DSA3, version 1.0.3-08, Kriiss, Hamburg, Germany)
calculated the surface free energy (SFE) of RBCs based on the Owens, Wendt, Rabel, and
Kaelble (OWRK) model, which requires polar (water) and non-polar (DIM) liquids with
known surface tension. The surface tension of water and DIM were 72.8 mJ/m? and
50.8 mJ/ m? at 25 °C, respectively. This calculation was the most frequently used method.
The mathematical formula of the OWRK model was the following:

Vs = Yso + Vo — 2 (\/r)/gvry;iv + \/r)/fv’ylpv)

where 5,% and ;,% were dispersive components, and ys,F and 7y;,F were polar components
of solid and liquid surface energies, respectively. After Young’s equation combination
(Yso = Ys1 + V1o c0s8., where 75, was solid surface free energy, v5; was solid /liquid interfacial
free energy, v, was the liquid /vapor interfacial tension (liquid surface tension), and 6, is
the contact angle) the OWRK equation was the following:

o1+ cos6r) = 2| oty + ok

where 'ysz,d and y5,” were the two unknowns that were polar and dispersed parts of SFE.

The sample sizes ensured enough large surfaces to implement contact angle mea-
surements with many drop depositions. For the median contact angle calculation, ten
individual sessile drop measurements (n = 10) were performed. The liquid drops were
deposited on the surface, and the contact angle was calculated based on the drop shape by
a connected camera. In the second part of the measurements, the apparent contact angle of
dental adhesives was determined. The drops of adhesives (5 pL) were deposited (n = 10)
on the polished and sandblasted composite surface with a manual dosing system holding a
1 mL syringe (0.5 mm diameter needle). In all cases, the ellipse contact angle fitting model
was used on polished and sandblasted composite surfaces.

2.6. Statistical Analysis

Since most of the data did not follow a normal distribution—which was tested by the
Shapiro-Wilk test—and due to relatively small sample sizes, non-parametric tests were
used. For matched data, Wilcoxon signed-rank tests were used, and for unmatched data,
Mann-Whitney U tests were performed as pairwise analysis. Furthermore, non-parametric
multiple pairwise comparisons were made with Kruskal-Wallis post-hoc tests, which
is why Dunn tests with Bonferroni corrections were executed to reduce the familywise
error rate.

Data analysis was executed with Stata Statistical Software (version 13.0, Stata Corp,
College Station, TX, USA), and p < 0.05 was considered significant. Data were described by
medians and interquartile ranges and presented by boxplots.
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3. Results
3.1. Results of Profilometry Measurements

The Ra in nm, the root mean square deviation of the profile, is the most frequently used
data for roughness characterization. The median data with a range of Ra are summarized
in Figure 2.

2000+
=
1500- [1SDR
. CITECBF
—~ 1000 . OTEC
g —
< 150{ B
('
100-
50 r '
Polished Sandblasted

Figure 2. Box plot diagram of Ra (nm) data on polished and sandblasted SDR, TECBF, and TEC
surfaces (* p < 0.05).

The Ra median data were 161.38 nm, 128.83 nm, and 119.35 nm on polished SDR,
TECBE, and TEC surfaces, respectively. On sandblasted surfaces, Ra median data were
1770.4 nm, 1807.6 nm, and 1645.4 nm on SDR, TECBF, and TEC composites, respectively.
The statistical analysis showed that the SDR composite differs significantly from TECBF
and TEC composite on the polished surface (p < 0.05). The TECBF and TEC did not differ
significantly on polished surfaces. On sandblasted surfaces, the three composites were
considered similar in terms of Ra (p > 0.05). The Ra data were significantly higher on
sandblasted surfaces than on polished surfaces (p < 0.05). The profilometry measurements
revealed that the sandblasting procedure created a significantly rougher surface on RBCs.

3.2. Results of Scanning Electron Microscopy Analysis

The SEM micrographs from polished and sandblasted SDR, TECBF, and TEC com-
posite surfaces are summarized in Figure 3. The SEM analysis revealed the differences
between the composite. The SEM micrographs of SDR showed large filler particles with a
wide particle size distribution until filler size distributions of TECBF and TEC were more
homogenous. The topography of TECBF and TEC were very similar at a given surface
treatment. For sandblasting, the surface of three composites became segmented compared
to the polished surface. In addition, the falling out of filler can be observed by leaving
behind smaller depressions. Small cracks can be observed on all sandblasted surfaces;
especially at SDR, it was more obvious, frequently around the filler contour, resulting in
protruding filler particles.
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Polished Sandblasted

SDR

TECBF §

TEC

Figure 3. Scanning electron microscopy (SEM) micrographs from polished and sandblasted SDR,
TECBE and TEC composite surfaces.

3.3. Results of Contact Angle Measurements and Surface Free Energy Calculation

The median data of water and diidomethane (DIM) test liquids’ contact angles with

range on polished and sandblasted SDR, TECBF, and TEC surfaces are summarized in
Figure 4.

e g3

801 = = = [JSDR
> = [MTECBF
2 70 JTEC
2 | =
©
B 60 e
2 40 =
(@]
) = = .

301 = =

. . . =+
PO-water SB-water PO-DIM SB-DIM

Figure 4. Box plot diagram of water and diiodomethane (DIM) contact angles on polished (PO) and
sandblasted (SB) SDR, TECBE, and TEC surfaces (* p < 0.05).

The water contact angles were 66.88°, 79.01°, and 72.93° for polished SDR, TECBEF,
and TEC, respectively. On the sandblasted composite surface, the water contact angles
were 77.17°,81.59°, and 81.04° for SDR, TECBE, and TEC, respectively. The representative
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water contact angle pictures on polished and sandblasted SDR, TECBF, and TEC surfaces
are shown in Figure 5.

Polished Sandblasted
L:66.0° LI l
S R:63.5° R:78.0° T
SDR
LZ78.7° LZ82.7°
e s R:88.6°
S R783
TECBF

IL:70.3° LR 7°
R:70.6° R:78.4°
2 mm 2 mm

TEC

Figure 5. Representative images of water drops on polished and sandblasted SDR, TECBF, and TEC
surfaces indicating the left (L) and right (R) contact angles.

Statistically, on the polished composite surface, the SDR significantly differed from
TECBF and TEC (p < 0.05). Furthermore, the TECBF and TEC also significantly differed
from each other in terms of water wettability. On sandblasted surfaces, the SDR repeatedly
differed significantly from TECBF and TEC (p < 0.05), but the sandblasted TEC and TECBF
presented similar wettability properties against water (p = 0.085).

The lowest water contact angle was shown at the SDR polished surface, and the
highest one was at the TECBF sandblasted surface. This relatively high water contact angle
indicated that the water behaved as a bad wetting liquid on the composite surface, resulting
in rather hydrophobic surfaces of the tested composite.

The DIM contact angles were 38.32°, 34.09°, and 35.15° on polished SDR, TECBEF, and
TEC surfaces, respectively. The DIM contact angles were 29.11°, 26.27°, and 29.39° on
sandblasted SRD, TECBF, and TEC surfaces, respectively. The representative DIM contact
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angle pictures on polished and sandblasted SDR, TECBEF, and TEC surfaces are shown in
Figure 6.

Polished Sandblasted

1.:39.5° 1.29.6°

_ 2mm R:39.9° R:27.7°

SDR
2 mm

L:34.3° 126.5°
R:33.7¢ R:30.3°

3 i 2 mm

TECBF

L:37.9¢ L:30.7°
R:36.0° RI32,0°

2mm

2 mm

TEC

Figure 6. Representative images of diidomethane (DIM) drops on polished and sandblasted SDR,
TECBE, and TEC surfaces indicating the left (L) and right (R) contact angles.

Statistical analysis revealed that the SDR differed significantly from TECBF and TEC
(p < 0.05) on polished surfaces. On the sandblasted surface, the SDR significantly differed
from TECBF, and TECBF significantly differed from TEC in terms of DIM contact angle.
The TECBF presented the lowest DIM contact angle both on polished and sandblasted
surfaces. The low DIM contact angle indicated that the non-polar DIM test liquid behaved
as a good wetting liquid on composite surfaces.

To examine the effect of surface treatment, it was found that the water contact angle
significantly increased, and the DIM contact angle significantly decreased due to the
sandblasting at all three composites. Moreover, the DIM had significantly better wettability
on composite surfaces than polar water liquid (p < 0.05)

Overall, the water and DIM contact angle analysis expressed that RBC surfaces had
a hydrophobic nature because of the relatively high polar liquid and low apolar liquid
contact angle measurements. The water drops behaved differently on SDR, and this bulk-fill
composite was more wettable for water than TECBF and TEC. The DIM wettability also
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showed differences between the composite. Its wettability was lower on the SDR surface
than TECBF and TEC. For DIM, the TECBF and TEC surface was more wettable than SDR.

The calculated surface free energy from contact angle measurements of water and
DIM test liquids and polar and dispersed parts of SFE are presented in Figure 7.

TEC- Sandblasted ‘ ‘

TEC - Polished- || [ Polar part
[ Disperse part

TECBF - Sandblasted ‘ ‘

TECBF - Polished- | |

SDR - Sandblasted ‘ ‘

SDR - Polished- |

0 20 40 60
SFE (mJ/m?)

Figure 7. OWRK model-based calculated surface free energy (SFE) of SDR, TECBF, and TEC RBCs,
indicating the disperse and polar fraction of SFE.

The SFE was 49.07 4 0.89 mJ/m?, 45.65 + 0.66 mJ/m?, and 47.42 4+ 0.71 mJ/m? on
polished SDR, TECBEF, and TEC composite surfaces, respectively. On the sandblasted
surface, the SFE was 48.10 & 0.6 mJ/m?, 47.70 4+ 0.46 mJ/m?, and 46.76 + 0.53 mJ/m? on
SDR, TECBF, and TEC, respectively.

The dispersed parts of SFE were 40.46 + 0.45 mJ/m?, 42.42 + 0.44 m]J/m?, and
41.94 4 0.37 mJ/m? for polished SDR, TECBF, and TEC, respectively. For sandblasted
surface, the dispersed parts of SFE were 44.61 & 0.27 m]/ m? at SDR, 45.69 + 0.31 mJ/m? at
TECBF, and 44.40 + 0.36 mJ/m? at TEC. The polar parts of SFE on polished SDR, TECBF,
and TEC surfaces were 8.62 4 0.44 mJ/m?, 3.23 + 0.22 mJ/m?2, and 5.48 + 0.34 mJ/m?,
respectively. The polar parts of SFE on sandblasted SDR, TECBF, and TEC surfaces were
3.49 £ 0.33 mJ/m?, 2.01 & 0.15 mJ/m?, and 2.37 & 0.18 m]/m?, respectively. At every RBC,
the dispersed part represented higher fractions of SFE than the polar parts of it. Due to the
sandblasting, the dispersed parts increased, opposing the polar parts.

The adhesive contact angle on polished and sandblasted composite surfaces is pre-
sented in Figure 8. These measured data can investigate from many aspects regarding
the type of adhesive (self-etch, universal), functional molecules content of adhesive, and
HEMA content of adhesives. In this study, we focused on the relationship between surface
treatment and the best wettability of dental adhesive on the tested composite surface.

The contact angle of adhesives was lower on polished composite surfaces than on
sandblasted surfaces. The p-values of statistical analysis are summarized in Table 3. The
statistical analysis of the dental adhesive contact angle revealed that on the polished surface,
the SDR differs significantly from TECBF and TEC in terms of HB, TBF II, and SU. In terms
of CL and GP, SDR only differs significantly from TEC and TECBF. The SU adhesive best
wets all polished composite surfaces. On polished surfaces, the HB and SU displayed
significantly lower contact angles on SDR than TECBF or TEC. The TBF II displayed a
significantly higher contact angle on SDR than TECBF and TEC. The wettability of CL and
GP on SRD and TECBF was similar, but TEC was more wettable by these two adhesives
than SDR and TECBE.
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Figure 8. Box plot diagram of Heliobond (HB), Tokuyama Bond Force II (TBF II), Scotchbond
Universal (SU), Clearfil Universal Bond Quick (CL), and G-Premio Bond (GP) contact angles on

polished (PO) and sandblasted (SB) SDR, TECBF, and TEC surfaces.

Table 3. Statistical p-value for composite pair comparison at a given surface treatment and applied

adhesive.

Surface Treatment

HB SDR TECBEF
TECBF 0.003
TEC 0.003 0.999
TBF 11 SDR TECBEFE
TECBF 0.017
TEC <0.001 0.017
SU SDR TECBF
Polished TECBF <0.001
TEC 0.001 0.999
CL SDR TECBEFE
TECBF 0.334
TEC <0.001 0.002
GP SDR TECBF
TECBF 0.582
TEC 0.046 0.004
HB SDR TECBE
TECBF <0.001
TEC <0.001 0.999
TBF 11 SDR TECBF
TECBF 0.031
TEC <0.001 0.021
SU SDR TECBE
Sandblasted TECBF 0.001
TEC 0.813 0.009
CL SDR TECBF
TECBF <0.001
TEC 0.156 0.008
GP SDR TECBF
TECBF <0.001
TEC 0.001 0.813
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On the sandblasted surface, the SDR differs significantly from TECBF and TEC in
terms of HB, TBF II, and GP. At TBF II, the TECBF and TEC differ from each other on the
sandblasted surface. At SU and CL, the SDR differs from TECBF and TECBF from TEC.
The solvent-free HB adhesive presented less contact angle on all sandblasted composite
surfaces than on polished composites, opposing other adhesives. The TBF II presented the
highest contact angles, followed by SU, CL, and GP. This tendency was observed on all
sandblasted composite surfaces regardless of the chemical differences of RBCs. The HB
adhesive significantly spread better on TECBF and TEC surfaces than on SDR. Between the
TECBF and TEC, there were no significant differences in terms of HB wettability. The TBF
II displayed the highest contact angle among the adhesives. The sandblasted TEC surface
was significantly more favorable for TBF II wetting than SDR and TECBF. In the case of SU,
CL, and GP, the TECBF caused a lower contact angle than SDR and TEC.

Overall, the dental adhesives displayed significantly lower contact angles on polished
composite surfaces than on sandblasted surfaces (p < 0.05). The median data of adhesive
contact angles moved in a smaller rank (between 16.01° and 24.98°) on the polished surface
than on the sandblasted surface (between 17.13° and 35.10°). It was found that the SU has
the best wettability on polished composite surfaces, and HB has on sandblasted surfaces.
Due to the sandblasting, the wettability of TBF II, SU, CL, and GP deteriorated until the
wettability of HB improved.

4. Discussion

To achieve a strong and durable adhesion between the old and new composite surfaces,
many factors play important roles, like the chemical composition of the interface, surface
morphology, and, in association with these parameters, the wettability of polymerized
composite surfaces by dental adhesive. The latter is influenced by the surface roughness,
surface chemistry, and surface free energy of the composite. In this study, the surface free
energy of one nanohybrid (TEC) and two bulk-fill resin-based composites (SDR and TECBF)
was measured after the different surface treatments (polishing and sandblasting). The
surface roughness measurements of all composite surfaces revealed that the sandblasting
significantly increased the roughness (Ra). Among the polished composites, the SDR
presented significantly higher Ra data compared to TECBF and TEC (Figure 2). The
explanation is the different filler size and their distribution in the SDR composite, which
was confirmed by SEM micrographs (Figure 3). The larger filler particles in resin composite
increased the inherent heterogeneity that resulted in increased roughness [25,26]. Large
interfaces between particles enhance the tendency of debonding of the filler particles, and
the resin matrix is exposed to a higher level of abrasion [27]. The TECBF and TEC contain
closely packed smaller-sized (at nanometer scale) filler particles that prevent the resin
matrix from abrasion, resulting in lower Ra data on polished surfaces [19,27]. On the
sandblasted surface, the three composites did not show significant differences in terms
of Ra. During the sandblasting, the high kinetic energy aluminum oxide particles hit the
surface and create multiple walleyes according to the resistance of the material surface.

The water and DIM contact angles displayed significant differences on polished and
sandblasted composite surfaces. The water as polar liquid presented higher contact angles
on composite surfaces than DIM apolar liquid. The relatively high water contact angle
and low DIM contact angle indicated that the resin composites had a hydrophobic nature.
According to the previous publication, materials with contact angles above 65° can be
considered highly hydrophobic, reflected in surface energy values above 30 mJ/m~2 [28].
The wettability of water and DIM displayed a change in the opposite direction as a result
of surface roughening. The inherently bad wetting water did not spread well on rough
surfaces until the good wetting DIM exhibited lower contact angles.

The changes in the water contact angle are partially compatible with previous findings,
which stated that the water contact angle increased as the surface became rougher in the
case of a hydrophobic surface [14]. The water contact angles were significantly lower on
the SDR surface than on TECBF or TEC. In the aspect of water contact angle, the three
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composites behaved differently due to their different chemical composition. The small
surface fraction that was contaminated by 5 puL the water drop contained a hydrophobic
resin matrix and hydrophilic filler particles. The filler meant a better wettability for a water
drop because of their higher surface free energy, which is the result of strong bonds in the
bulk material. Until the resin was less wet by water because the polymer represents a small
surface free energy material [27,29]. In the case of SDR, larger resin interfaces were found
between the large filler particles. These two factors strongly influence the wetting ability
of water on the SDR surface [27]. Large filler particles with high surface free energy and
hydrophilic character were more wettable by water, resulting in a lower contact angle on
SDR than TECBF and TEC. In the case of good wetting liquid, such as apolar DIM, the
surface roughness decreased its contact angle. The rough surface has a larger total surface
area to offer a larger wetting area, and the wettability of the surface will increase.

The SFE is important in that high SFE is desirable when adhesion is required. The SFE
is calculated based on water and DIM contact angle measurements. Our SFE measured
data were between 45.65 and 49.07 m]/m? regardless of surface treatment. The SFE of
the tested composite were very close to each other and significantly did not differ from
each other, which is in good agreement with the previous result [23,27,28]. The range of
change was small among the composite and due to the surface treatment. Numerically,
the resin-based composite can be considered a low SFE material [30]. Since the SFE is a
calculated number from water and DIM contact angle measurements, it can be divided
into two parts: the polar part that represents the behaviors of the surface against water and
the dispersed part that has a relationship with DIM contact angles. The dispersed parts
accounted for a larger part of SFE of all tested composites, similarly in good agreement
with previous results. The high dispersive forces with low polar forces indicated the strong
hydrophobicity of the tested composite meaning that polar liquids cannot uniformly spread
and wet surfaces until the apolar liquid has good wetting ability on such surfaces [31]. In
the aspect of surface free energy, the Ba-Al borosilicate and silicon dioxide filler particles
are high surface energy particles; when they get close to the surface, they reduce the contact
angle [29].

The wettability of dental adhesives was different on the polished and sandblasted
composite surfaces. Generally, all tested dental adhesives wet the composite surfaces based
on the measured low contact angles that were between 15° and 35°. The polished surfaces
were more wettable for adhesives than the sandblasted surface. As previously mentioned,
the sandblasting increases the Ra, which gives more opportunity for the formation of air
bubbles and voids in the interface layer. These entrapped air bubbles unfavorably influ-
enced the wetting ability and penetration of adhesives. The contact angle measurements
revealed that the tested composite had a hydrophobic surface, and the surface roughening
provided an increased surface area for dental adhesive. Therefore, HB, which is an apolar,
solvent-free resin, spreads very well on the composite surface. The other adhesives con-
tained different solvents, which have a more hydrophilic nature. These solvents are mostly
water and alcohol, which are polar solvents, and acetone, which has an apolar character.
Ethanol and water solvents can be found in TBF II, SU, and CL. The GP contained acetone
next to water. Based on the contact angle of dental adhesives, it was found that the solvent-
free adhesive spread better on the blasted surface than on the polished surface (Figure 8).
Moreover, the solvent containing dental adhesives showed a higher contact angle due to
the sandblasting, and the same pattern (TBF II > SU > CL > GP) was observed regardless of
the different chemical compositions of tested RBCs. These differences can be explained by
different chemical compositions of adhesives that influence their surface tension differently.
Based on the measured data, solvent-free adhesives can be recommended for luting to
sandblasted composite to improve micromechanical retention in the clinical situations of
direct composite restoration repair and luting adhesively bonded indirect restorations. The
bond strength can increase by the application of functional monomers (e.g., 10-MDP) that
can form chemical bonds with components of RBCs. The other solvent-containing dental
adhesives are constructed for dentin application that is a hydrophilic surface. Since the
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chemical bond provided by the functional molecules has a positive influencing effect, these
solvent-based adhesives are used in composite repair that are designed for dentin surfaces.
In this study, one drop of dental adhesive was placed on the surface without any active
application (rubbing and air blowing), which provided information about the first contact
between the dental adhesive and composite surface. The clinical application mode of dental
adhesive could be a separate influencing factor due to the effect of improved infiltration,
solvent evaporation, and chemical bond formation. The passive application mode may
adversely affect the quality of the wetting and also the chemical reaction on the interface.
The active rubbing, which increases the active contact surface parallel with the increased
solvent evaporation and molecule approximation, may improve the quality of bonding.
Not only the chemical composition but the application protocol may also deeply affect the
efficacy of dental adhesives on the interface. The active rubbing parallel with the assisted
evaporation of the solvent may improve both the infiltration mechanism and chemical
bonding toward various substrate surfaces.

Based on the literature, sandblasting increases the surface free energy. However, our
measured data showed that the mechanical treatment has no real effect on the surface free
energy but increased the Ra. Despite different chemical compositions of composites, the
SFE values were similar, but the dental adhesives behaved differently on polished and
sandblasted composite surfaces. It follows that the surface is similar, but the adhesives wet
it in a different way. This may be due to the different chemical compositions and surface
tension of tested dental adhesives. The practical evaluation of this study can be that the
surface and surface energy of the substrate are not always important, but the contact angles,
surface tension, and chemical compositions of adhesives on the substrate surface are always
important. These determine the energetic characteristics of the system, the consequence of
which is the emerging bond strength.

5. Conclusions

The surface free energy calculation from the contact angle measurements is a hard task.
These surfaces are always rough and heterogeneous. The applicability of the bond systems
for luting to rough dental composite, the bonds with lower solvent content provide better
wetting ability for micromechanical retention (e.g., composite repair). The application of
functional molecules in dental adhesives can be improved by chemical interactions of the
bond strengths between the different composites. The mechanical treatment increased the
surface roughness, but the tested dental composites had similar SFE values. A possible ex-
planation is the different chemical composition and surface tension of dental adhesives that
may influence their wetting ability. Different properties of varying chemical components
affect their ability to spread and bond to the composite surface. In practical terms, these
findings suggest that dental adhesive parameters have a more important role in wettability.
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