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Highlights

What are the main findings?

e  Surface roughness changes varied among the restorative materials evaluated and ther-
mal aging increased the areal surface roughness (Sa) of all tested restorative materials.

e Interface regions (enamel/material and cement/material) showed higher roughness
values than material surfaces.

What are the implications of the main findings?

e 3D non-contact profilometry enabled detailed assessment of surface and inter-
face topography:.

e  The glass-hybrid restorative system with protective coating exhibited a different
roughness pattern compared with other materials.

Abstract

This study aimed to evaluate the effects of thermal cycling and restorative material type
on surface roughness of material surfaces and dental interfaces using a non-contact pro-
filometer. Ninety Class V cavities (2 mm x 4 mm x 2 mm in height, width, and depth)
were prepared on extracted third molars and restored with four bio-interactive materials
(Equia Forte, Cention-N, Activa BioActive Restorative, Fuji II LC) and one composite resin
(Solare-X) (n = 18/group). After polishing (Optidisc), initial surface roughness (Sa, um)
was measured following 24 h immersion in distilled water. Measurements were performed
at cement/material (400 x 1600 pm?), enamel/material (1600 x 400 um?), and material
surfaces (800 x 800 um?). Samples underwent 10,000 thermal cycles (5-55 °C) to simulate
aging, and roughness was re-measured. Data were analyzed with two-way repeated mea-
sures ANOVA and Tukey’s post hoc test (p < 0.05). Solare-X showed the lowest roughness,
while Fuji IT LC and Activa BioActive Restorative were smoother than Cention-N and
Equia Forte (p < 0.01). All materials exhibited significant roughness increases after thermal
cycling (p < 0.01). Cement/material and enamel/material interfaces consistently showed
higher roughness than material surfaces (p < 0.01). Thermal cycling significantly increased
surface roughness of all tested materials. Interfaces demonstrated greater roughness than
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material surfaces, indicating higher susceptibility to plaque retention and potential risk for
long-term restoration success.

Keywords: bio-interactive materials; dental tissue interfaces; non-contact profilometer;
surface roughness; thermocycling

1. Introduction

Restorative materials in dentistry are intended to restore the functional, aesthetic, and
biological properties of teeth [1]. Resin-based materials are widely used, particularly in
cervical lesions, due to their adhesive capability and favorable esthetics [2]. However,
despite their clinical success, resin composites present several limitations, including tech-
nique sensitivity, polymerization shrinkage, degradation of interfacial adhesion over time,
and susceptibility to secondary caries and periodontal incompatibility [3,4]. In addition,
many conventional resin composites exhibit limited buffering capacity and lack intrinsic
antibacterial properties, conditions that may favor the development of acidogenic biofilms
and increase caries risk at the restoration margins [5,6]. Although certain conventional or
newly developed resin-based materials may release fluoride ions depending on their formu-
lation, this characteristic alone is generally insufficient to ensure sustained pH regulation
or biologically meaningful interaction at the material-tissue interface.

In response to these limitations, contemporary restorative strategies have focused
on the development of materials described as “bioactive” or “bio-interactive” which aim
to interact with biological processes in addition to restoring tooth structure. According
to Hench, bioactive materials are defined as those capable of eliciting specific biological
responses at the material-tissue interface, resulting either in the formation of an apatite-like
surface layer in the presence of water contained in biological tissues or in the establishment
of a direct bond with surrounding tissues [7,8]. Materials such as mineral trioxide aggregate
and Biodentine meet this definition by forming hydroxyapatite following hydrolysis of
calcium- and phosphate-based components when exposed to tissue fluids [9-11]. However,
most restorative materials currently used in dentistry do not fully satisfy the criteria for
true bioactivity. Instead, they are more appropriately classified as bio-interactive, as their
interaction with dental tissues predominantly occurs through ion release rather than direct
initiation of mineralization [5]. For this reason, glass ionomer cements, resin-modified glass
ionomer cements, and certain hybrid restorative materials are commonly evaluated within
the bio-interactive category, particularly in the context of minimally invasive dentistry,
where ion exchange at the material-tissue interface plays a biologically relevant role [12-14].

Glass ionomer cements (GICs) are classified as bio-interactive materials because they
release therapeutic ions such as fluoride, calcium, and strontium, supporting reminer-
alization processes. Their biological behavior is influenced not only by ion release but
also by surface characteristics and pH modulation [5,14,15]. Due to their limited me-
chanical strength in high-stress areas, modified formulations such as high-viscosity and
resin-modified glass ionomer cements have been developed to improve clinical perfor-
mance [16]. Equia Forte HT is a high-viscosity glass ionomer-based glass hybrid material
used with a light-cured resin coating that alters surface characteristics [17]. Resin-modified
glass ionomers, such as GC Fuji II LC, incorporate resin components into the glass ionomer
matrix and exhibit fluoride release that decreases over time [18,19]. In addition, alkasite
materials like Cention N and injectable bio-interactive materials such as Activa BioActive
Restorative release various ions that may contribute to pH modulation and ion exchange at
the tooth—-material interface [20-22].
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Despite advancements in restorative materials, surface roughness remains a clin-
ically relevant concern. Increased surface roughness has been associated with plaque
accumulation, gingival inflammation, secondary caries, discoloration, and reduced wear
resistance [23-25]. Smoother restoration surfaces are associated with improved esthetics,
reduced plaque retention, and better periodontal compatibility [26-28]. Surface rough-
ness can be assessed using profilometric techniques, including contact (mechanical) and
non-contact (optical) methods [29]. Mechanical profilometry, which employs a diamond
stylus, may be limited by tip size and potential surface damage [30-32]. In contrast, optical
profilometry enables three-dimensional, non-contact surface evaluation, allowing more
accurate assessment of true surface topography [33,34].

Areal surface roughness parameters such as Sa and Sz, defined under ISO 25178-
2:2019, provide more reliable three-dimensional surface characterization than traditional
two-dimensional parameters such as Ra [35,36]. Sa represents the arithmetic mean height
deviation calculated from the surface height distribution after subtraction of the least-
squares reference plane.

Marginal adaptation is another critical determinant of long-term restorative success.
Marginal discrepancies may lead to leakage, water sorption, and eventual restoration
failure [37,38]. Intraoral conditions, including temperature fluctuations, saliva, and pH
changes, expose restorative materials to thermal stress, which may alter surface character-
istics and interfacial integrity over time [25,39—41]. Thermal cycling is widely used as an
in vitro method to simulate intraoral thermal stress and aging [42,43]. According to ISO
TR 11450 (1994), 10,000 thermal cycles correspond approximately to one year of clinical
service [44]. Thermal aging may contribute to degradation at the material-tooth interface,
potentially affecting surface roughness and marginal adaptation [43-45].

The literature addressing the effect of thermal cycling on surface roughness at restora-
tive material surfaces and at enamel/material and cement/material interfaces remains
limited. Therefore, the aim of this in vitro study was to evaluate the effect of thermal aging
simulating one year of intraoral use on the surface roughness of restorative materials, as
well as enamel /material and cement/material interfaces.

The null hypotheses tested were:

(1) Thermal aging has no significant effect on the surface roughness of different restora-
tive materials.

(2) Thermal aging has no significant effect on the surface roughness of restorative material—-
enamel interfaces.

(8) Thermal aging has no significant effect on the surface roughness of restorative material—-
cement interfaces.

2. Materials and Methods

The a priori power analysis was performed with GPower 3.1. Assuming a fixed-effects
one-way ANOVA with five groups, an « level of 0.05 (two-tailed), power (1-f3) of 0.80, and
an effect size of Cohen’s f = 0.50 [46], the required total sample size was n = 90 (n = 18 per
material group) *.

2.1. Sample Preparation

In this study, 90 impacted third molar teeth without cracks, discoloration, and a single
crown, extracted within 3 months at the Gaziantep University Faculty of Dentistry, Depart-
ment of Oral and Maxillofacial Surgery, were used. Only teeth extracted for therapeutic
purposes as part of routine dental treatment were used, and all patients had previously
signed informed consent forms. LED-illuminated dental loupes (Binocular, Keeler Ltd.,
Windsor, UK) were used to detect possible cracks/defects in the teeth. After extraction, the
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teeth were immersed in 0.1% thymol solution for one week to disinfect and remove any

remaining organic and inorganic materials, and then in distilled water at room temperature

until the time of measurement to prevent dehydration [25]. All the specimens were pre-

pared at the Department of Pediatric Dentistry, Gaziantep University School of Dentistry.

The current study had the approval of the Gaziantep University Non-Interventional Ethics

Committee (No. 2024/325). For cavity preparation, a high-speed handpiece (SUPERtorque,

KaVo Dental GmbH, Biberach, Germany) under water cooling was used. Class V cavities

were prepared on the buccal surfaces of the teeth with a green-belted fissure bur [801-010

Medium diamond (MDT FG Diamond NorthAfula, Israel)]. Cavities were prepared using

a matrix tape key template, and cavity depth was controlled by a marked periodontal

probe [43]. Cavity dimensions were standardized as 2 mm in occluso-gingival height,

4 mm in mesiodistal width, and 2 mm in depth, as illustrated in Figure 1. A 2 mm bevel

was prepared on the occlusal margin, and the gingival margin was positioned precisely at

the enamel-cement junction. To ensure preparation consistency, the diamond burs were

replaced after every five cavity preparations.

Figure 1. Schematic illustration of a standardized Class V cavity preparation on a molar tooth.

Five groups of bio-interactive materials were tested. The properties, composition and

manufacturers of the used bio-interactive materials used were shown in Table 1. The teeth

were randomly assigned to these groups and restored with the following materials (1 = 18):

Group 1: EQUIA Forte (EF); GC, Tokyo, Japan

Group 2: Cention-N (CN); Ivoclar, Schaan, Liechtenstein
Group 3: Activa BioActive Restorative (AB); Pulpdent, Watertown, MA, USA

Group 4: Fuji II Light Cure (F); GC, Tokyo, Japan

Group 5: Solare-X (SX); GC, Tokyo, Japan.

Preparation of the samples according to different groups:

The methodology of sample preparation and surface roughness measurements are

shown in Figure 2.

Table 1. Bio-interactive dental materials used in the study and their formulations.

Materials Type Compositions Manufacturer LOT Numbers
Powder: 95 wt.% strontium
fluoroaluminosilicate glass, 5 wt.%
polyacrylic acid
High-viscosity glass Liquid: 40 wt.% ggil;eous polyacrylic &€, Tokyo
Equia Forte (EF) lcO:erSscr EQUIA Forte Coat: 40-50 wt.% methyl Japan 2307251

methacrylate, 10-15 wt.% colloidal silica,
0.09 wt.% camphorquinone, 30-40 wt.%
urethane methacrylate, 1-5 wt.%
phosphoric ester monomer
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Table 1. Cont.
Materials Type Compositions Manufacturer LOT Numbers
Blend of diurethane and other
methacrylates with modified polyacrylic
Activa Bio-interactive acid (44.6 wt.%), amorphous silica Pulpdent,
BioActive Restorative (6.7 wt.%), sodium fluoride (0.75 wt.%); Watertown, MA, 210324
Restorative (AB) Material approximately 56 wt.% reactive glass USA
particles in a patented rubberized
resin matrix
Liquid: Dimethacrylates, initiators,
stabilizers, additives, flavoring agents
Powder: Calcium fluorosilicate glass,
. barium glass,
Cention-N (CN) Dual cure b‘fﬂk_ﬁu calcium-barium—-aluminum Iv<?clar, Scha-a v 70233Y
composite L . . Liechtenstein
fluorosilicate glass, isofillers, ytterbium
trifluoride, initiators, pigments; total
inorganic filler content: 78.4 wt.%
(particle size: 0.1-7 um)
. oo Liquid: Polyacrylic acid .
Fuji II (F) Ref;ﬁorzfﬁﬁiegr{fss Powder: Al,O3-Si0,~CaF; glass and GC];T‘:;YO' 2302133
HEMA urethane dimethacrylate P
UDMA-based dimethacrylate resin
matrix; silica nanoparticles,
Composite Resin fluoroaluminosilicate glass fillers, and GC, Tokyo,
Solare-X (SX) (Nanofilled) prepolymerized fillers; total inorganic Japan 1902071

filler content: 77 wt.% (mean particle
size: 0.85 nm)

epreparation of samples, formation of groups
*n=18

sapplication and polymerization/hardening of restorative materials

esurface polishing

*Immersing in distilled water for 24 hours

*1st measurement of surface roughness

thermal cycle aging of samples

*2nd measurement of surface roughness

Figure 2. Schematic illustration of the Class V cavity preparation and the methodology of sample
preparation and surface roughness measurements.

Group 1: EQUIA Forte (EF) and Group 4: Fuji II Light Cure (F)

The prepared cavities were dried using an air/water spray. EQUIA Forte and Fuji II
LC capsules were mixed in a capsule mixer (ZoneRay, Treedental, Hangzhou, China) for
10 s and inserted into the cavities in bulk using a gun extractor. The materials were adapted
to the cavity margins with a spatula according to the manufacturers’ instructions. Fuji Il LC
specimens were additionally light cured for 20 s using an LED curing unit (VALO Cordless,
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Ultradent Inc., South Jordan, UT, USA; output intensity: 1200 mW/ cmz). Light output was
verified using a Demetron LED radiometer (Kerr, Middleton, WI, USA) [47]. EQUIA Forte
specimens were coated with a resin-based surface coating (EQUIA Forte Coat, GC, Tokyo,
Japan) and polymerized for 20 s.

Group 2: Cention-N (CN), Group 3: Activa BioActive Restorative (AB), and Group 5:
Solare-X (SX)

The cavities were dried using an air/water spray. Enamel and dentin were etched for
30 s and 15 s, respectively, using 37% orthophosphoric acid, followed by a 30 s rinse and
gentle air-drying. A universal adhesive system (Clearfil Tri-S Bond Universal, Kuraray,
Japan) was applied using agitation, and the solvent was evaporated with a mild air stream
for 5 s. The adhesive layer was polymerized for 10 s using the same LED curing unit. The
restorative materials were placed according to the manufacturers’ instructions.

All restorations were finished and polished using polishing discs (Optidisc, Kerr,
Middleton, WI, USA) under water cooling. Subsequently, all specimens were stored in
distilled water at room temperature for 24 h to allow post-polymerization [48].

2.2. Areal Surface Roughness Measurement (Sa)

The initial surface roughness of the samples was assessed using a non-contact pro-
filometer (Polytech TMS100/100 TopMap, Munich, Germany) at the Mechanical Engineer-
ing Department of Gaziantep University, following a 24-h immersion in distilled water at
room temperature.

Ninety specimens made of five different dental materials (n = 18/group) were sub-
jected to surface roughness measurements. The initial surface roughness of the samples
was assessed using a non-contact profilometer (Polytech TMS100/100 TopMap, Munich,
Germany) at the Mechanical Engineering Department of Gaziantep University, following a
24-h immersion in distilled water. (Turkey; MOS LAB, Ankara, Turkey).

Prior to surface roughness measurement processes, the correlogram obtained by
coherence scanning (Figure 3a) was subjected to a series of filtering processes since the raw
data obtained by scanning contains noise, surface form, waviness, and roughness. The aim
was to eliminate noise and surface form and focus on the roughness of the restorations. The
procedure specified in the ISO 25178-2 standard [49] was followed for the filtering processes.
First, an 8 um Gaussian low-pass filter was used to construct the primary surface and filter
out noise. Subsequently, a second-order polynomial form operation was performed on
both axes for the form removal process on the primary surface. A higher-order polynomial
fit was avoided in order not to suppress surface roughness. Finally, a Gaussian high-pass
filter with a wavelength of 2500 pm was used to separate surface waviness from roughness.
In order not to affect the surface roughness values, no averaging or median filtering was
applied, even to increase the measured pixels. The improved surface topography obtained
because of the aforementioned filter sequence is shown in Figure 3b.

To determine Sa, three different areas were determined on the filtered surface, namely
Cement/Material interface, Enamel /Material interface, and Material Surface. For the
measurements not to be affected by the differentiation of area, the maximum reproducible
measurement fields of 400 x 1600 um?2, 1600 x 400 um?2, and 800 x 800 pm?2 were deter-
mined for Cement/Material interface, Enamel /Material interface, and Material Surface
respectively. All samples, respectively, cover the same area in all three sections. The mea-
surement fields are shown in Figure 4a. A cut-off wavelength of 2500 um was used for all
samples. To measure the same position of the surface on all samples, a recipe was created,
and all samples were measured using the same recipe. As seen in Figure 4b, although the
dental filling is a free-form surface, high pixel measurements were provided within the
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determined fields. The measurable part within the determined areas for all samples is
over 95%.

[mm] [um]

c
c
15

Figure 3. (a) Coherence scanned raw data

filter sequence.

c
=
c

x [mm ] x [mm ]

Figure 4. (a) Sa measurement fields of cement/material interface, enamel/material interface, and
material surfaces. (b) The measured pixels in cement/material (red dotted rectangular area),
enamel/material (bright green dotted rectangular area), and material surfaces (khaki green dot-
ted rectangular area).

After the surface roughness measurement, to simulate the intraoral environment,
thermal cycles were applied with a Thermocycler (SD mechatronic, Munich, Germany) for
10,000 times between 5 and 55 °C of water with a bath duration of 50 s and a transition time
of 10 s between them [40]. After the aging process, the surface roughness measurements of
the samples were repeated, and the final measurement values were recorded in Sa (um).

2.3. Statistical Analysis

All statistical analyses were performed using SPSS software (version 24.0; SPSS Inc.,
Chicago, IL, USA). The normality of data distribution was assessed with the Shapiro—
Wilk test. Since the assumptions for parametric testing were met, two-way repeated
measures ANOVA was applied to evaluate the effects of material type, surface region
(cement/material interface, enamel /material interface, and material surface), and thermo-
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cycling (before and after aging) on surface roughness values (Sa). Interaction effects among
these factors were also examined. When significant main or interaction effects were de-
tected, Tukey’s HSD test was performed for post hoc pairwise comparisons. Mauchly’s test
of sphericity was used to check the assumption of sphericity, and Greenhouse-Geisser cor-
rection was applied when necessary. Statistical significance was set at p < 0.05 (two-tailed).

3. Results

Table 2 and Figure 5 display the outcomes of the samples’ surface roughness analysis.
It was determined that the material and surface types had a statistically significant effect on
the change in initial and final roughness with different surface types and groups (p < 0.05).

Table 2. Comparison of initial and after-aging (final) roughness values (Sa; um) for different groups,
solutions, and surface types.

Cement/Material Enamel/Material Material
Interface Interface Surface
Initial Final Initial Final Initial Final
Mean (sd) Mean (sd) Mean (sd) Mean (sd) Mean (sd) Mean (sd)
Activa BioActive Ab Aa Abc Bb Aa Ba
Restorative (AB) 3.87 (1.61) 5.92 (2.29) 3.69 (1.58) 5.09 (1.98) 1.36 (0.52) 1.74 (0.89)

Ce?gg)"N 4.08(1.99)4ab 615 (2.38)Bbc  417(1.53) A 6.12(247)BP 298 (1.79) AP 3.6(1.78) BP
Equia Forte (EF) 5.07 (2) ¢ 7.45(2.05) B¢ 397 (2.04) A 6.04(1.97)Bb 326 (1.81) AP  4.09 (2.07) Bb
Fuji IT LC (F) 311 (1.69) AP 434 (256)Bab  295(0.64) AP 3.81(0.92)B2  147(0.61)42  1.84(0.67)Ba
Solare-X (SX) 1.96 (1.13) A2 368(1.98)B2  171(091)4*  2.63(1.61)% 083 (0.29) 42  1.02(0.42) B

The means that are significantly different (p < 0.05) are shown by distinct capital letters in the same row and
lowercase letters in the same column.

. (nitial

W Final

Cement/Material interface

Enamel/Material interface

Material surface

101

Bbc

Ac

Aab

Sa (um)

Bc

Bab

Ab

Aa

Ba

SX

Sa (um)

10 4

Abc

Bb

AB

Bb
Bb

Ac

Ba

Ab

CN EF F

Ba

Aa

SX

Ba

Aa

AB

Bb

Bb
Ab

Ab

CN EF F SX

Figure 5. Comparison of initial and after-aging (final) roughness values. The same letters on the bars
indicate that there are no difference between the groups.

When the initial and final surface roughness measurements were analyzed, the SX

group showed less roughness compared to the others (p = 0.001). Following this group, the
F and AB groups showed significantly less roughness compared to the CN and EF groups
(p < 0.05). No significant difference was detected between the F-AB and CN-EF groups.

In the combined analysis of all material groups, the roughness values at the ce-
ment/material and enamel/material interfaces were not statistically different (p = 0.065).
Nevertheless, both interfaces demonstrated significantly higher roughness compared to the
material surfaces across all groups (p < 0.05). Exact p-values for before-after comparisons
of each material and surface type are presented in Table 3.
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Table 3. Exact p-values were obtained from Tukey’s HSD post hoc test following two-way repeated
measures ANOVA of the different interfaces and surface.

. Cement/Material Enamel/Material Material
Material
Interface Interface Surface
Activa BioActive <0.001 <0.001 0.010
Restorative
Cention-N <0.001 <0.001 <0.001
Equia Forte <0.001 <0.001 0.018
Fuji I LC <0.001 <0.001 <0.001
Solare-X <0.001 <0.001 0.007

4. Discussion

This study investigated the in vitro effect of thermal cycle aging, simulating one year
of intraoral use, on the roughness of the material/enamel interfaces, material /cement
interfaces, and material surfaces. The study’s null hypotheses were all rejected because
thermal cycles affected negatively the surface roughness on different tooth surfaces.

Teeth in the oral cavity are continuously subject to stresses due to chewing forces,
saliva, physical and chemical factors from food and beverages with various pH levels [50].
Therefore, one of the most often used artificial aging approaches is the thermal cycle aging,
which imitates the circumstances of the oral environment in vitro. In many in vitro studies,
distilled water was preferred as the storage solution of the samples [51]. Therefore, it was
the preferred solution used in our study as well.

Surface roughness may adversely affect the marginal integrity of restorative materials,
leading to an increased risk of gingival inflammation. In addition, rough restoration sur-
faces can cause discoloration and plaque accumulation. Previous studies have indicated
that surface roughness values above 0.2 pm may already increase bacterial adhesion and
plaque retention [52]. Profilometer devices can measure the surface structure of the ma-
terials in two dimensions and are used to measure areal surface roughness. Roughness
values obtained by profilometers contain the results of quantitative measurement of surface
irregularities [53]. In many studies, stylus-type roughness measuring devices have been
employed to assess the surface roughness of dental materials [25,48,54]. In this study,
instead of the stylus-type line profile measurement method, which has limited performance
in describing the complete topography [55], Coherence Scanning White Light Interferom-
etry [56] (WLI) (Polytec TMS-100 TopMap Metro. Lab, Waldbronn, Germany) has been
used for the measurement of bio-interactive material’s surfaces. Thus, areal roughness
measurements, not limited to only linear profiles, have been performed on the dental
material surface. Often, the areal arithmetic average roughness Sa is used to define the true
surface texture. Sa is related to the measurement field (A) of the topography and can be
calculated by the below equation using a quadratic integral [57].

sa = 4 [[ Iz(xy)ldxdy )

Several in vitro investigations that examined the surface roughness of various restora-
tive materials used silicone, polyethylene, metal, and other molds to create the speci-
mens [58]. This technique solely allows for the evaluation of the material’s surface rough-
ness. However, the objective of this study was to evaluate the surface roughness of
the material/enamel and material/cement interface in addition to the material’s surface.
Therefore, the specimens in this study were prepared and restored with Class V cavities
performed in extracted impacted third molar teeth.
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Marginal gaps resulting from inadequate marginal adaptation not only increase the risk
of secondary caries at the restoration margins but also negatively affect surface smoothness,
thereby compromising the esthetic outcome and clinical durability of the restoration [59,60].
Therefore, achieving both proper marginal adaptation and a smooth surface through
appropriate finishing and polishing procedures is crucial for the long-term success of
restorative treatments [60]. The study’s findings indicate that a greater increase in surface
roughness at the material/enamel and material /cementum interfaces after thermal aging
was observed compared to the material surface. This result may be due to microleakage
that may have occurred between the tooth tissue/restoration interfaces [50,61]. The surface
roughness of the restorative material is directly relevant to the material structure. Filler
type, composition, chemistry, quantity, and size all affect the material’s surface roughness.
Composite resin materials should have a smooth surface after finishing/polishing and
should sustain these surface properties for a long time under various physical and chemical
conditions in the oral environment [62].

Glass ionomer cements (GICs), which chemically bond to tooth structure and have
anti-caries capabilities by enabling the release of fluoride, have been developed as an
alternative to amalgam and composite resin materials, which are frequently used due
to their high aesthetic and physical features. However, glass ionomer cements exhibit
lower mechanical, physical, and aesthetic properties compared to composite resins. All
these problems have been minimized by the materials evolution with the improvements in
glass ionomer technologies (resin-modified glass ionomers, high-viscosity glass ionomers,
bio-interactive materials, etc.). Additionally, dentists have lately started to use dual-cure
bulk-fill composite resins, which are notable for their simplicity of handling and may be ap-
plied in the cavity as a single increment [61,63]. Dual-cure bulk-fill composite resins provide
effective polymerization in areas where light cannot reach, claiming to eliminate the prob-
lems associated with insufficient light-curing [64,65]. In this study, a high-viscosity glass
ionomer (Equia Forte), a resin-modified glass ionomer cement (Fuji Il LC), a bio-interactive
material (Activa BioActive Restorative), and a dual-cure bulk-fill alcasite restorative ma-
terial (Cention-N) were used. In addition, Solare-X, a conventional nanofilled composite
resin, was used as a control group.

Surface roughness is one of the most crucial variables in defining the surface properties
of restorative materials. Therefore, it is frequently used to ascertain the surface properties
of restorative materials. Undesirable results, such as high surface roughness, reduce the
quality of the restoration and its longevity. As a result, high surface roughness can nega-
tively impact the material’s mechanical and physical qualities and increase the restoration’s
water absorption [66]. Considering all these reasons, the effect of thermal cycles aging
on different bio-interactive restorative materials was compared. Compared to the other
groups, the nanofilled composite Solare-X showed significantly lower surface roughness.
This may be explained by the small size of the inorganic filler particles in the substance,
which, after finishing and polishing, allows for smoother surfaces [67].

When comparing the surface roughness of AB and EF groups stored in distilled wa-
ter for 24 h prior to thermal cycling, Kazak et al. [50] reported no statistically significant
differences between the two materials at baseline. Moreover, they also found that even
after thermal aging, the surface roughness values of AB and EF remained statistically
comparable, indicating that both materials showed a similar response to the aging process.
In the study conducted by Giiner and Kose [68] which evaluated the surface roughness of
fluoride-releasing dental materials immersed in distilled water for 24 h, it was observed
that EF samples exhibited rougher surfaces than AB samples. Similarly, the AB group in
this study exhibited less roughness than the EF group in both initial and post-thermal cycle
tests. This result is probably related to the formulation of the material including urethane
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dimethacrylate, instead of bisphenol A glycidyl methacrylate [69]. In the study by Atalay
and Yazici [17] evaluating the effect of radiotherapy on the surface roughness of various
bio-active restorative materials, when the pre-radiotherapy (initial) measurements were
examined, the surface roughness of EF, AB, and CN samples did not show any statistical
differences. However, in the study’s initial material surface roughness measurements, the
CN and EF group samples displayed higher surface roughness than the AB group. This
could be explained by the CN group samples’ non-homogeneous structure because of
the powder-liquid form’s manual mixing. Out of all the restorative materials that were
examined, EF had the highest surface roughness when it endured thermal cycles of aging.
This outcome could be attributed to the glass ionomer-based materials’ internal porous
nature or to the potentially bubble-filled mixing and application processes. The use of
nanoparticle resin-based coatings to increase the surface smoothness and wear resistance
of glass ionomer and glass hybrid restorative materials is an effective application sup-
ported by clinical and laboratory studies [70,71]. An in vitro study conducted by Kanik
et al. [72] underlined this protective effect with the statement “resin coating protects the
glass ionomer materials from excessive wear until 20,000 cycles” and showed that, if it
provides protection, it brings the material to a similar wear level as resin composites. Fol-
lowing the manufacturer’s instructions, a resin-based coating was applied to the surface of
the EF group samples during sample preparation. This coating fills the surface micropores,
smoothest the topography and thus creates a physical barrier that limits moisture penetra-
tion, contributing to the preservation of the surface integrity of the material during the early
maturation process. This approach helps to maintain the structural stability of the material
by reducing its susceptibility to both excessive water absorption and water loss [71]. This
protective layer minimizes microcrack formation and surface erosion by abrasive forces
by increasing flexural and chemical resistance. As a result, surface roughness decreases
significantly in coated materials, while flexural and pressurized strength increases. In the
study conducted by Ugurlu, after one year of water aging, the roughness values of coated
glass ionomer samples were significantly lower compared to uncoated groups [73].

There is currently no universally accepted clinical threshold for surface roughness
(Ra) in the literature. Some studies have suggested that Ra values between 0.7 and 1.4 um
do not result in significant changes in plaque accumulation [74], whereas Bollen et al. [75]
reported that Ra values exceeding 0.2 pm are associated with increased plaque retention.
Furthermore, when Ra values exceed 0.5 pm, surface roughness may become perceptible to
patients [76]. In the present study, the evaluation was performed using the arithmetic mean
surface area parameter (Sa). Since previous findings in the literature are primarily reported
in terms of Ra, direct comparison with the present results is not possible. To the best of our
knowledge, this is the first study in dentistry to assess surface changes of bio-interactive
restorative materials using the Sa parameter.

Optical profilometry was preferred in this study for its precise evaluation of surface
morphology, and some other advantages compared to the classical stylus profilometry
that have been emphasized in the literature earlier [77,78]. Optical profilometers (inter-
ferometry, confocal, etc.) work without contact with the surface and therefore prevent
surface deformation in materials [79]. The results are obtained with high resolution, and
the entire surface microstructure is recorded which is impossible with the classic stylus
profilometer method. Moreover, the optical method provides a 3D (areal) surface topog-
raphy and can scan larger areas, whereas stylus profilometry evaluates only a single 2D
slice and may miss local surface irregularities. Optical systems can record millions of data
points in seconds, and the device calibration requires less maintenance. On the contrary,
stylus devices have moving parts and can be affected by ambient noise [31,75]. Although
optical profilometers can be affected by features such as surface curvature, high roughness
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or optical reflection [31], in our study, to overcome these problems, the raw correlogram
data obtained by coherence scanning interferometry after measurement was subjected to a
filtering process in accordance with the ISO 25178-2 standard [49]. With these processes,
surface form, waviness and noise were removed; and the focus was only on roughness.
Thus, the limitations of optical systems were minimized, and the surface properties of
restorative materials could be analyzed reliably and accurately.

The increased surface roughness observed at the enamel/material and cement/material
interfaces after thermal aging may be related to changes in interfacial bonding mechanisms
over time. Previous studies have demonstrated that the stability of material-tooth connec-
tions is influenced by factors such as hydrolytic degradation, thermal stress, and differences
in the coefficients of thermal expansion between restorative materials and dental tissues.
Degradation of adhesive interfaces and ion-mediated interactions may contribute to interfa-
cial roughening under aging conditions, which is consistent with the principles of material
connections described in the literature. These findings align with previous reports high-
lighting time-dependent changes in adhesive and restorative interfaces under simulated
oral conditions [80,81].

This in vitro study has certain limitations that should be considered when interpret-
ing the findings. Surface characterization was limited to areal surface roughness (Sa)
assessed by non-contact profilometry; therefore, other clinically relevant parameters such
as microleakage, marginal integrity, mechanical loading, toothbrushing simulation, erosive
challenges, and detailed morphological or chemical analyses (e.g., SEM) were not evaluated.
In addition, the use of extracted human teeth under laboratory conditions cannot fully re-
produce the complex oral environment, including saliva dynamics, pH fluctuations, biofilm
activity, and masticatory forces. Only a single finishing and polishing protocol was applied,
although different clinical protocols may result in variations in surface characteristics. Fur-
thermore, the relatively limited sample size and the inclusion of a single composite resin as
a control may restrict the generalizability of the results. Future studies incorporating larger
sample sizes, extended aging protocols, mechanical loading, and complementary surface
and interfacial analyses are warranted to provide a more comprehensive assessment of
bio-interactive restorative materials.

5. Conclusions

Within the limitations of this in vitro study, thermal aging significantly increased
the surface roughness of all tested restorative materials. Among the evaluated materials,
Solare-X consistently exhibited the lowest roughness values both before and after aging,
whereas Cention-N and Equia Forte demonstrated comparatively higher roughness values.
In addition, surface roughness at the enamel/material and cement/material interfaces
was significantly greater than that measured on the material surfaces themselves. The
increased roughness observed at the interfacial regions suggests a higher susceptibility to
plaque retention and interfacial degradation, which may adversely affect the long-term
clinical performance of restorations. Future studies incorporating long-term aging protocols,
mechanical loading, and complementary surface characterization methods may further
clarify the clinical relevance of interfacial roughness changes observed in bio-interactive
restorative materials.
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AB Activa BioActive Restorative

CN  Cention-N

EF Equia Forte

F Fuji IT Light-cured

GIC  Glass ionomer cement

ISO  International Organization for Standardization
LED Light-emitting diode

SX Solare-X

pm micrometer
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