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Preface

The field of dental materials has seen remarkable advancements in recent years, with innovative

designs and applications transforming modern dental practice. This reprint, Advanced Dental

Materials: From Design to Application, aims to provide a comprehensive overview of the latest

developments in dental material science, exploring underlying principles, cutting-edge technologies,

and real-world applications. It is intended for dental professionals, researchers, and students who

seek a deeper understanding of the materials shaping the future of dentistry. We hope that this work

will inspire further exploration and innovation, bridging the gap between material design and clinical

use.

Josip Kranjčić and Tina Poklepovic Pericic

Guest Editors
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Advanced Dental Materials: From Design to Application
Josip Kranjcic 1,2,* and Tina Poklepovic Pericic 3,*

1 Department of Prosthodontics, University Hospital Dubrava, Av. Gojka Šuška 6, 10000 Zagreb, Croatia
2 Department of Fixed Prosthodontics, University of Zagreb School of Dental Medicine, Gunduliceva 5,

10000 Zagreb, Croatia
3 School of Medicine, University of Split, Šoltanska 2, 21000 Split, Croatia
* Correspondence: kranjcic@sfzg.unizg.hr (J.K.); tinapoklepovic@gmail.com (T.P.P.)

The title of this Special Issue is “Advanced Dental Materials: From Design to Appli-
cation”. This is a very specific topic related to the rapid development of dentistry and,
therefore, also of dental materials. The expectations of patients and the requirements of
dentists are also increasing daily. Significant efforts are being invested in developing and
improving the properties of the dental materials used in daily practice. The aesthetic
properties of the materials are very important, but so are their mechanical and physical
properties, i.e., their ability to withstand the stresses of a very dynamic environment—the
oral cavity.

This Special Issue provides readers with up-to-date information on the properties
of various materials: ceramics, acrylic resin, and composite materials, as well as den-
tal alloys and their application in the field of prosthodontics using analog and digital
technologies—additive and subtractive manufacturing technologies.

Twelve high-quality research papers were published in this Special Issue, covering
a period of almost one and a half years. More than 60 authors from many institutions
worldwide have contributed to the published articles.

Matta RE et al. (1) contributed a paper entitled “Stress Distribution within the Peri-
Implant Bone for Different Implant Materials Obtained by Digital Image Correlation”;
Bömicke W et al. (2) contributed a paper entitled “Bond Strength of Milled and Printed
Zirconia to 10-Methacryloyloxydecyl Dihydrogen Phosphate (10-MDP) Resin Cement as
a Function of Ceramic Conditioning, Disinfection and Ageing”; Berger L et al. (3) con-
tributed a paper entitled “Effect of Luting Materials on the Accuracy of Fit of Zirconia
Copings: A Non-Destructive Digital Analysis Method”; Pal A et al. (4) contributed a
paper entitled “Fabrication of Ciprofloxacin-Immobilized Calcium Phosphate Particles
for Dental Drug Delivery”; Vuksic J et al. (5,6) contributed papers entitled “The Influ-
ence of Contemporary Denture Base Fabrication Methods on Residual Monomer Content,
Flexural Strength and Microhardness” and “Tensile Bond Strength between Different
Denture Base Materials and Soft Denture Liners”; Zhang X et al. (7) contributed a pa-
per entitled “Restorative Dental Resin Functionalized with Calcium Methacrylate with
a Hydroxyapatite Remineralization Capacity”; Schröter FJ et al. (8) contributed a pa-
per entitled “Pushout Bond Strength in Coronal Dentin: A Standardization Approach
in Comparison to Shear Bond Strength”; Forysenkova AA et al. (9) contributed a paper
entitled “Polyvinylpyrrolidone–Alginate–Carbonate Hydroxyapatite Porous Composites
for Dental Applications”; Raszewski Z et al. (10) contributed a paper entitled “Bioactive
Glass-Enhanced Resins: A New Denture Base Material”; Wakamori K et al. (11) contributed
a paper entitled “Comparative Verification of the Accuracy of Implant Models Made of
PLA, Resin, and Silicone”, and Nagata K et al. (12) contributed a paper entitled “Accuracy
of Dental Models Fabricated Using Recycled Poly-Lactic Acid”.

This Special Issue provides readers with many scientific facts, but also serves as a link
between science and clinical practice. We would also like to express our sincere thanks

Materials 2024, 17, 3667. https://doi.org/10.3390/ma17153667 https://www.mdpi.com/journal/materials1
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to all the authors who have contributed to this Special Issue. Their valuable research has
made this Special Issue possible and we greatly appreciate their efforts.

Author Contributions: Both authors equally contributed to this research. All authors have read and
agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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A Comparison of the Shear Bond Strength between a Luting
Composite Resin and Both Machinable and Printable
Ceramic–Glass Polymer Materials
Nazli Aydin 1,2,* , Selin Celik Oge 1 , Ogulcan Guney 3 , Onur Okbaz 3 and Yasar Sertdemir 4

1 Department of Prosthodontics, Faculty of Dentistry, Cukurova University, Adana 01250, Turkey;
selincelik@cu.edu.tr

2 The Abdi Sutcu Vocational School of Health Services, Cukurova University, Adana 01790, Turkey
3 Faculty of Dentistry, Cukurova University, Adana 01250, Turkey; ogulcanguney04@gmail.com (O.G.);

onurokbaz98@gmail.com (O.O.)
4 Department of Biostatistics and Medical Informatics, Faculty of Medicine, Cukurova University,

Adana 01790, Turkey; yasarser@cu.edu.tr
* Correspondence: nazli.yesilyurt.aydin@gmail.com

Abstract: This study aims to compare the shear bond strength (SBS) and Weibull characteristics
between a luting composite resin and both printable and two different machinable ceramic–glass
polymer materials. A total of 36 substrates were prepared, with 12 in each group. Printable substrates
(12 mm × 12 mm × 2 mm) were printed by using permanent crown resin (3D-PR). Machinable
substrates were obtained from Cerasmart 270 (CS) and Vita Enamic (VE) blocks (2 mm in thickness).
The bonding surfaces of substrates were polished and airborne abraded (50 µm Al2O3). A self-
adhesive luting composite resin (RelyX U200, 3M ESPE, St. Paul, MN, USA, SLC) was applied on
substrates with the help of a cylindrical (Ø3 × 3 mm) mold. The SBS test was conducted using
a universal test machine. The SBSs of three materials were compared using a one-way analysis
of variance (ANOVA) (α = 0.05). The Weibull modulus was calculated for each material. The
Kruskal–Wallis and chi-square tests were carried out for the failure mode analysis. There was no
significant difference between the SBSs of the three materials (p = 0.129). The Weibull modulus
was 3.76 for the 3D-PR, 4.22 for the CS, and 6.52 for the VE group. Statistical analysis showed no
significant difference between the failure modes of the groups (p = 0.986). Mixed-failure fractures
were predominantly observed in all three groups. The results show that the SBS of the SLC to
printable 3D-PR is comparable to that of CS and VE material. Failure modes of printable 3D-PR show
similar results with two different machinable ceramic–glass polymers.

Keywords: three-dimensional printing; 3D printed permanent resin; printable permanent resin;
ceramic glass polymer materials; shear bond strength; self-adhesive luting composite

1. Introduction

Chairside computer-aided design and computer-aided manufacturing (CAD/CAM)
technology and CAD/CAM dental materials have been evolving and diversifying [1–5].
Currently, ceramics and composites are available esthetic materials in this field, and they
have many advantages and disadvantages [1,3,5]. Therefore, ceramic–glass polymer mate-
rials were developed to combine the benefits of ceramics and composites, such as lower
abrasive effects, durability, ease of fabrication, polishability, and intraoral reparability
because of their resin content [2,6]. Polymer-infiltrated-ceramic network materials (VITA
Enamic) (VE) and force-absorbing hybrid ceramics (Cerasmart 270) (CS) are commercially
available machinable ceramic–glass polymer materials [5,7–11]. These materials are highly
attractive for dental practice, as they are industrially polymerized blocks with no need for
any post-milling processes such as firing or curing [5,7].

Materials 2024, 17, 4697. https://doi.org/10.3390/ma17194697 https://www.mdpi.com/journal/materials3
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Additive manufacturing (AM) is also a part of CAD/CAM technology, along with
subtractive manufacturing (SM) [12–15]. AM saves material as it only uses the amount of
the definitive product and can produce more complex geometries, unlike the SM [16,17].
Furthermore, the manufacturers recommend that the built object require a post-processing
step (such as cleaning with alcohol and post-polymerization) in order to stabilize the
mechanical and biological properties [12,14,18]. One of the printable ceramic–glass polymer
materials, VarseoSmile Crown Plus (3D-PR), has recently been developed for permanent
restorations that can be printed in one session [15,19–21].

The strength and durability of the bond between the restoration and luting agent
are one of the most crucial factors for the restoration’s success [3,8,9,18,22–24]. Ideally,
luting composite resins are suggested for long-term successful restorations [3,4,8,25,26].
Self-adhesive luting composite resins (SLCs) have commonly been used as modern luting
agents that eliminate the preprocessing of teeth tissue [4,22,26,27]. The adhesion of SLC
to tooth structure has been clarified and documented in great detail in previous stud-
ies [22,26,28]. However, the factors affecting the restoration side are also important. The
susceptibility of the bonding surface to physical or chemical modification is determined
by the type of material and fabrication technique, such as casting, pressing, sintering, and
machining [3,29].

In the literature, the mechanical and optical properties of 3D-PR have been compared
with machinable ceramic–glass polymer materials, but no studies have compared the bond
strengths with an SLC [15,20]. There are many laboratory studies evaluating the bond
strengths of SLC to machinable ceramic–glass polymer materials [4,6,9,23,30]. The in vitro
comparison of a printable ceramic–glass polymer material with machinable ones can be
a useful method for pre-estimating the clinical performance of bond strength. Prior to
clinical dental applications, Weibull statistics are important for evaluating the reliability
of bond strength tests and understanding specimens’ structural reliability and strength
properties [26,31–33]. Whereas limited data are available on the bond strength of 3D printed
temporary resin to luting composite resins, the authors are unaware of previous research
on 3D-PR [18,34].

The purpose of this study is to compare the shear bond strengths (SBSs) of an SLC to
printable 3D-PR and two different machinable ceramic–glass polymers, VE and CS; and
then evaluate the Weibull distribution of tested materials. The null hypothesis stated that
there would be no difference in terms of the SBS of the SLC to the printable 3D-PR, and
machinable VE or CS.

2. Materials and Methods

According to our power analysis, to detect a difference of MPa ≥ 2 with 80% power
and a 0.05 significance level at a standard deviation of 2.5, a total of 36 samples, 12 per
group, were calculated. Table 1 describes the information about the materials used in this
study. Randomization was performed using a web-based, free tool (research randomizer
Version 4.0, access date: 8 January 2021, http://www.randomizer.org) to eliminate bias
across groups in specimen selection. This in vitro study required no ethical approval.

Table 1. Manufacturers and contents of the materials used in the study.

Material Manufacturer Composition Lot
Number

Machinable
Blocks

(CS)
Cerasmart 270

GC Dental
Products,

Leuven, Belgium

Organic part: Bis-MEPP, UDMA, DMA
Inorganic part: 71 wt% silica (0.02 µm) and barium

glass (0.3 µm) nanoparticles
2102176

(VE)
VITA Enamic

VITA Zahnfabrik,
Bad Säckingen,

Germany

Organic part: UDMA, TEGDMA
Inorganic part: 86 wt% glass ceramic (SiO2,

Al2O3, Na2O, K2O, and
other oxides)

73340

4
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Table 1. Cont.

Material Manufacturer Composition Lot
Number

Printable
Resin

(3D-PR)
VarseoSmile Crown
Plus is distributed

by Formlabs as
Permanent Crown

Bego, Bremen,
Germany

4′-isopropylidiphenol, ethoxylated and
2-methylprop-2enoic acid. Silanized dental glass,

methyl benzoylformate, diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide,

30–50 wt% inorganic fillers (particle size 0.7 µm)

600163

Self-adhesive
luting

composite

(SLC)
RelyX™ U200

3M ESPE, St. Paul,
MN, USA

Base paste: Silane-treated glass filler, 2-propenoic
acid, 2-methyl

1,1′-[1-(hydroxymethyl)-1,2-ethanediyl] ester,
triethylene dimethacrylate, sodium persulfate

andper−3,5,5-trimethylhexanoate t-butyl.
Catalyst paste: Silanated filler, dimethacrylate,

silane-treated filler, sodium
p-toluenesulfonate,1-benzyl-5-phenyl-baric acid,

calcium salts, 1,12-dodecane dimethacrylate,
calcium hydroxide and titanium dioxide

(~70 wt% filler)

7784355

2.1. Preparation of Substrates

Using CAD software (free version, access date: 4 December 2021, https://www.
blender.org; Blender Foundation, The Netherlands, Amsterdam), 3D-PR substrates with
dimensions of 12 mm × 12 mm × 2 mm were designed and exported as a standard
tessellation language (STL) file. According to the STL data, twelve 3D-PR substrates were
printed by using a 3D printer (Form 3B; Formlabs, Somerville, MA, USA) (90 degrees
printing orientation, LED, λ = 405 nm, the layer thickness of 50 µm). After the printing was
complete, the substrates were immersed in isopropyl alcohol (IPA ≥ 99%) for 3 min in a
washer (Form Wash; Formlabs, Somerville, MA, USA). Then, they were polymerized in a
unit (Form Cure; Formlabs, Somerville, MA, USA) at 60 ◦C for 20 min. After the supports
had been eliminated, the second polymerization was carried out for 20 min.

Next, 2 mm thickness machinable VE and CS substrates were cut from each block
using a water-cooled cutting instrument (Accutom-10; Struers, OH, USA). Subsequently,
all substrates were embedded in autopolymerized acrylic resin (Imicryl SC; Imicryl Dental
Materials, Konya, Turkey) with a silicone mold (3 cm× 2.5 cm× 2 cm) (Presigum; President
Dental GmbH, Germany). The bonding surfaces were polished with silicon carbide abrasive
papers (800- and 1200-grit) to standardize them. Then, each substrate underwent 50 µm
Al2O3 airborne particle abrasion (Korox 50; Bego, Bremen, Germany) for 15 s at a pressure
of 0.1 MPa at a distance of 10 mm. After ultrasonically cleaning with distilled water, they
were air-dried.

2.2. Application of Luting Composite Resin

After machinable and printable substrates were prepared, the SLC was mixed and
filled to the top of the cylindrical silicone mold (Ø3 × 3 mm) (Presigum; President Dental
GmbH, Germany). The light power intensity of the light polymerization unit (Rainbow
LED Curing Light, Liang Ya Dental Equipment Co., Ltd., Guangzhou, China) was measured
to 950 mW/cm2 (Demetron LED Radiometer, SDS Kerr, Middleton, WI, USA). The top
surfaces of the specimens were polymerized for 20 s. After removing the silicone mold, the
specimens were polymerized on the four proximal sides and the top for 20 s each in order
to polymerize them completely. Before testing for SBS, every specimen was submerged in
distilled water to 37 ± 2 ◦C for 24 ± 2 h.
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2.3. Shear Bond Strength (SBS) Test

A universal test machine (Testometric M500-25AT; Testometric Co., Ltd., Rochdale,
UK) was used to perform the macro-SBS test at the crosshead speed of 1 mm/min until the
specimens failed (Figure 1). A notch-shaped rod was used to apply the testing load. The
bonding interface was parallel to the loading direction. Failure loads were recorded, and
SBS values of the specimens were calculated using the formula: SBS = L

A , where L is the
load at failure (Newton), and A is the specimen’s bonding area (mm2). The mean SBS was
calculated for each study group.
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Figure 1. Shear bond strength test design.

2.4. Microscopic Characterization of Failure Modes

The failure modes were analyzed by using an optical microscope (×40 Zeiss Primostar;
Carl Zeiss, Germany) after the SBS test was completed. Failure modes were categorized
as (1) adhesive, failure at the bonding line, no remnants from SLC; (2) mixed, failure line
comprises both restorative material and luting composite (partially restorative material,
partially SLC visible); (3) cohesive failure in luting composite, fracture surface consists
of only SLC; (4) cohesive failure in restorative material, fracture surface consists of only
restorative material. The scanning electron microscope (SEM) (FEI; Quanta 650 FEG,
Salem, OR, USA.) was used to acquire representative photographs of failure modes at a
magnification of ×80 (Figure 2a–c).
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2.5. Statistical Analysis

A statistical software program (IBM SPSS v20.0; IBM Corp., Armonk, NY, USA) was
used for the statistical analysis of the collected data. The Levene test showed that the
data were normally distributed. In addition to the descriptive analysis, a 1-way analysis
of variance (ANOVA) was used for evaluating the SBS measurements (α = 0.05). The
Kruskal–Wallis test and chi-square test were used for the failure mode analysis. In addition,
a Weibull analysis was conducted and Weibull modulus’ were calculated [31].

3. Results
3.1. Shear Bond Strength (SBS) and Weibull Modulus

Table 2 represents the mean SBSs and standard deviations for all tested groups. The
highest mean SBS value (12.03 ± 2.11 MPa) was observed in the VE, and the lowest
mean SBS value (9.74 ± 2.88 MPa) was observed in the 3D-PR, among the tested groups.
Statistically, the variance was homogeneous among groups (p = 0.529). There was no
significant difference among the three groups (ANOVA, p = 0.129). In accordance with the
Weibull analysis (Figure 3), the highest Weibull modulus was observed for VE (m = 6.52)
followed by CS (m = 4.22), and the data for the machinable ceramic–glass polymer ma-
terials were distributed uniformly. Although the lowest Weibull modulus was seen for
the 3D-PR (m = 3.76), a printable ceramic–glass polymer was also observed to have a
homogeneous distribution.
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Table 2. Mean and standard deviation (SD) of the shear bond strength (MPa) with confidence intervals
(95% CI) values of tested groups.

Material N Mean ± SD (MPa) 95% CI p

3D-PR (Permanent Crown) 12 9.74 ± 2.88 [7.91; 11.58]
VE (VITA Enamic) 12 12.03 ± 2.11 [10.68; 13.37] 0.129
CS (Cerasmart 270) 12 11.02 ± 2.96 [9.13; 12.90]

ANOVA.
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3.2. Distribution of the Failure Modes

Distribution of the failure modes was also examined, and there was no significant
difference between the three groups (Table 3). Mixed-failure fractures were predominantly
observed in all groups. Adhesive failure mode was not observed in any groups. When the
relationship between failure modes and SBS is examined, it was seen that the mean SBS
of the specimens showing a cohesive failure in luting composite was significantly lower
(Table 4).

Table 3. Distribution of failure modes.

Adhesive
n (%)

Mixed
n (%)

Cohesive-
Material n

(%)

Cohesive-Luting
Composite n (%) p

3D-PR
(Permanent Crown) 0 (0) 7 (58.3) 2 (16.7) 3 (25)

0.986
VE

(VITA Enamic) 0 (0) 8 (66.7) 2 (16.7) 2 (16.7)

CS
(Cerasmart 270) 0 (0) 7 (58.3) 2 (16.7) 3 (25)

Chi-Square test; p < 0.05.
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Table 4. Comparing the mean shear bond strength (MPa) of failure modes.

Failure Mode Mean ± SD (n) p

Adhesive - (0)
Cohesive-Material 11.1 ± 3 (6) 0.033

Cohesive-luting composite 8.9 ± 1.6 (8)
Mixed 11.6 ± 2.7 (22)

Kruskal–Wallis; p < 0.05.

4. Discussion

The number of ways that novel 3D-printable resins can be used in dentistry is growing
quickly [12–14,19]. But to use it as a fixed dental prosthesis, you need a luting composite
resin to make a bond that is stable and lasts a long time [18]. Printable ceramic–glass
polymer materials are clinically promising because of the material savings and the ability
to create more complex geometries compared to machinable ones. Different manufacturing
methods may be effective in the bond strength of ceramic–glass polymers to the luting
composite resin. The research showed that no significant difference was found between SBS
of SLC to printable 3D-PR material, and to machinable ceramic–glass polymer materials
(CS and VE). Therefore, the null hypothesis was not rejected.

There are many research studies to improve the bond quality of ceramic–glass polymer
materials with different luting composite resins [3–5,8,9,30,35]. In this study, SLC was
preferred because it is widespread and easy to use [9,22]. The present research focused on
the effect of different manufacturing methods on the bond strength; improving the bond
quality of ceramic–glass polymer materials was beyond the scope of this study, but future
research should evaluate these.

Machinable ceramic–glass polymer materials are polymerized at higher rates (up to
96%) under high pressure and temperature, leaving few free monomers for copolymeriza-
tion with luting composite monomers [36–39]. The lower degrees of conversion (76.11%)
reported in the literature for 3D-PR might indicate better adhesion, but the results did
not show this [40]. It should be taken into account that when a parameter is changed in
the manufacturing or post-processing, the degree of conversion will be affected and also
probably affect the bonding performance [41]. According to the literature [10,35,37,39],
it has been suggested that micro-retentive surfaces be generated prior to luting by ei-
ther airborne particle abrasion or hydrofluoric acid etching for VE and CS. According to
the literature, 50 µm Al2O3 airborne particle abrasion resulted in better bond strength
values [3,37,42]; 0.1–0.2 MPa is the recommended airborne particle abrasion pressure for
machinable ceramic–glass polymers and is lower than the pressure prescribed for metal
and ceramic restorations. Thus, 0.1 MPa was chosen because of concerns that airborne
particle-abraded machinable ceramic–glass polymers at higher pressures would cause
subsurface fractures [38]. Because previous researchers have shown that airborne particle
abrasion for more than 30 s reduces bond strength for machinable ceramic–glass polymers,
15 s was used [24]. Therefore, the pretreatment with 0.4 MPa 50 µm Al2O3 airborne par-
ticle abrasion was reported to have the highest bond strengths for temporary printable
resin [18]. It is generally believed that silane application increases bond strength following
the formation of micro-retentive areas. However, there have been no consistent reports
on the effectiveness of silane for bonding of ceramic–glass polymer materials, so silane
application has not been used [36,43,44].

The shear test and micro-tensile test are the most common methods used to measure
bond strength in the dental literature. Both advantages and disadvantages have been
extensively discussed and explained in the past [27,32]. The SBS test has been reported to
be the fastest and most convenient method of obtaining accurate results, and there is a good
correlation between in vitro SBS data and clinical bond performance [27]. Although it is
believed that the stress is more uniformly distributed during a micro-tensile test, specimen
preparation is extremely challenging, and bond strength tends to increase with smaller
bonding areas [45]. After a direct comparison of the various test results, the use of Weibull
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statistics has been proposed to provide more information because bond strength tests have
low reliability [31,32].

According to Barutcugil et al. [9], the SBS of the SLC to VE specimens was reported
to be 9.139 ± 2.428 MPa. In another study, the SBS of the SLC to the specimens was
reported to be 12.69 ± 2.32 MPa for VE and 10.76 ± 2.23 MPa for CS [30]. The results
of the current study are similar to other studies in the literature (the SBS of VE was
12.03 ± 2.11 MPa and CS was 11.02 ± 2.96 MPa). The SBS value of the newly introduced
3D-PR (9.74 ± 2.88 MPa) is slightly lower than the others. This may be because, unlike
the pre-polymerized machinable blocks compared in the study, post-polymerization was
required for printable 3D-PR. Mostafavi et al. [46] reported that post-processing procedures
in AM affect the accuracy of the material being tested. Considering that the quality of
post-processing depends on the operator, pre-polymerized machinable blocks are the more
standard method. Although this study indicated that there was no significant difference
in the ability to bond to SLC between machinable and printable ceramic–glass polymer
materials, different post-processing procedures may alter the results. Future studies may be
considered to compare the effect of different post-processing procedures on bond strength.
However, SBSs of all tested materials in this study had enough to ensure good clinical
performance, as a limit of 10–13 MPa is considered the minimum for acceptable clinical
bond strength [47,48].

According to failure mode analysis, machinable and printable ceramic–glass polymers
exhibited comparable failure modes in the present study. The predominant failure mode
was a mixed failure, and there was no adhesive failure in all three groups. These findings
were compatible with SBS values. Cohesive and mixed modes are preferable to adhesive
failure mode because adhesive failure mode is typically related to low bond strength
values [2,8,35]. In the study conducted by Sresthadatta et al. [30], adhesive failure was
observed in all control specimens that had no surface treatment. Then, adhesive failure
modes decreased and mixed-failure modes increased in surface treatment groups [30].
However, cohesive failure in the material is not a sign of a strong bond; rather, it may
also be explained by the mechanics of the test and the brittleness of the components
involved [45]. Barutcugil et al. [9] observed 50% adhesive, 40% mixed, and 10% cohesive
failure in airborne particle-abraded VE specimens with macro-shear test (approximately
3 mm2). The increased mixed failure rates of the VE group (66.7%) may depend on an
expanded bonded area (7.06 mm2) and the use of a notch-shaped rod in the present study.
A notch-shaped rod was used instead of a knife-edge rod for testing in order to avoid
inhomogeneous stress concentrations [45]. Nagasawa et al. [4] reported that the airborne
particle-abraded CS group failed only cohesively within the ceramic using the macro-shear
test (28.26 mm2). Concerns have been reported that the macro SBS test procedure results in
cohesive failure of the substrate due to inhomogeneous stress distribution dependent on
the expanded bonded area [9,27,31,32].

There is no single value to specify the strength of brittle materials such as resin
composites, ceramics, and tooth structures due to the variability in the existence of strength-
controlling defects in these [32]. Weibull statistics are suggested to both specify the strength
of brittle materials and to improve the reliability and interpretation of bond strength
tests [26,31–33]. According to Figure 3, both printable and machinable materials showed
homogeneous distribution, and VE showed higher Weibull modulus compared to CS and
3D-PR, respectively. Unexpectedly, CS and 3D-PR showed similar slopes. This shows
that the same types of defects are active in both sets of specimens. Unlike industrially
polymerized CS and VE, 3D-PR resin has to undergo post-processing (such as cleaning with
alcohol and post-curing) and appears to have been able to be achieved consistently, although
complete polymerization is dependent on the operator. It is seen that the SBSs are parallel
to the filler ratios of the substrates, respectively. 3D-PR was the less compliant material
since it consists of 30–50 wt% of fillers, explaining its lower Weibull modulus with SLC
(70 wt%). It appears that structural reliability increases when the luting agent and substrate
are well-matched [31,49]. Nagasawa et al. [4] reported that the 70 µm Al2O3 airborne
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particle-abraded CS with another SLC (G-CEM one; GC) had a 4.8 ± 0.5 Weibull modulus.
This Weibull modulus was similar with the present study’s result for CS (m = 4.22). Another
study [26] examined the strength of the same SLC (RelyX U200; 3M) with dentin and enamel
and found the Weibull modulus to be 5.2 and 6.7, respectively. With this information, it
is possible to say that SLC has similar reliability on both sides of the adhesive sandwich
containing the tooth and restoration. In addition, another issue to consider with SLCs is
which light curing unit is preferred for polymerization, because the compatibility of the
wavelength range of the light curing unit with photoinitiators is reported to affect bond
strength [50].

The present study investigated the effect of different manufacturing methods on the
SBS between ceramic–glass polymer materials and SLC using a simplified surface treatment
with airborne particle abrasion. This study’s design has several limitations. The fact that
the materials compared have different filler ratios makes it difficult to establish a direct
relationship when comparing production methods, but the study is important in terms of
comparing accessible production methods. As far as the authors are aware, no permanent
3D printing ceramic–glass polymer resin currently has a filler ratio above 50%. In the
future, if 3D permanent resins with higher filler content are introduced to the market, the
results must be updated. When the bond between the SLC and the restorative material was
evaluated, no seating pressure was provided, and air bubbles as a function of thickness
may have led to the failure (Figure 2b). In addition, the SBS of cohesive failure in luting
composite was found to be significantly lower (Table 4). It is difficult to compare results to
clinical situations because it does not replicate the oral environment. Nevertheless, in vitro
studies still can serve for ranking the materials within the same conditions. Different
test techniques can be used to determine the bond strength of materials. This study’s
findings can be used for screening purposes, but they must be confirmed by additional
research employing the micro-tensile and fracture toughness test. More studies are needed
to evaluate the long-term durability of the new 3D-PR, including the aging process and
thermal cycle, different adhesive systems, and different surface treatment strategies.

5. Conclusions

The following conclusions were reached within the limits of this study:

1. There is no difference in the SBS of the SLC to both printable 3D-PR and machinable
ceramic–glass polymers, VE or CS. SBSs of all tested materials had enough to ensure
good clinical performance.

2. The lowest Weibull modulus was seen for the printable 3D-PR, but both printable and
machinable materials in the present study have shown a homogenous distribution.

3. In the failure modes of both printable and machinable materials in the present study,
there is no difference, and the predominant failure mode was mixed mode for 3D-PR,
VE, and CS.
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Abstract: This study aimed to assess the suitability of printed zirconia (ZrO2) for adhesive cemen-
tation compared to milled ZrO2. Surface conditioning protocols and disinfection effects on bond
strength were also investigated. ZrO2 discs (n = 14/group) underwent either alumina (Al2O3) air-
borne particle abrasion (APA; 50 µm, 0.10 MPa) or tribochemical silicatisation (TSC; 110 µm Al2O3,
0.28 MPa and 110 µm silica-modified Al2O3, 0.28 MPa), followed by disinfection (1 min immersion in
70% isopropanol, 15 s water spray, 10 s drying with oil-free air) for half of the discs. A resin cement
containing 10-methacryloyloxydecyl dihydrogen phosphate (10-MDP) was used for bonding (for
TSC specimens after application of a primer containing silane and 10-MDP). Tensile bond strength
was measured after storage for 24 h at 100% relative humidity or after 30 days in water, including
7500 thermocycles. Surface conditioning significantly affected bond strength, with higher values for
TSC specimens. Ageing and the interaction of conditioning, disinfection and ageing also impacted
bond strength. Disinfection combined with APA mitigated ageing-related bond strength decrease
but exacerbated it for TSC specimens. Despite these effects, high bond strengths were maintained
even after disinfection and ageing. Adhesive cementation of printed ZrO2 restorations exhibited
comparable bond strengths to milled ZrO2, highlighting its feasibility in clinical applications.

Keywords: lithography-based ceramic manufacturing; tribochemical silicatisation; additive manufactur-
ing; adhesive cementation; zirconium dioxide

1. Introduction

Biological, economic, and esthetic considerations have led to the increasing replace-
ment of traditional metal-ceramics by all-ceramic materials in the fabrication of (in particu-
lar fixed) dental prostheses [1,2]. Zirconia (ZrO2) is playing a leading role in this trend. The
reasons for this include the high load-bearing capacity of the material due to its excellent
strength [1], superior marginal adaption [3] and the possibility of monolithic processing
in reduced thicknesses, which has been made practical by developments in colouring
technique and the availability of pre-coloured blanks. All this has led to an expansion of
the range of applications of the material to include the realisation of complex restoration
geometries and minimally invasive restorations [4].

For ZrO2 single crowns and fixed partial dentures (FPDs), a recent review of the effect
of the luting agent used to seat the restorations concluded that high survival rates can
be achieved when conventional cements are used for luting [5]. However, the selected
studies suggested even greater success with composite or self-adhesive resin cements [5].
In contrast, adhesive cementation is essential for minimally invasive restorations such as
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vestibular and occlusal veneers (tabletops) and resin-bonded FPDs, as the aim is to achieve
a defect-adapted preparation rather than to generate axially parallel surfaces that create
a wedging effect during cementation and thus hold the restoration in place. Instead, the
long-term retention of these restorations is based on adhesion, making the quality of the
adhesive bond a primary prognostic criterion [6].

In the case of ZrO2 restorations, there were initial concerns about whether they could
be effectively adhesively bonded because the material lacks a glass phase and cannot be
etched with hydrofluoric acid, so there was no established method of creating a retentive
micro-relief to prepare for a micromechanical bond. Silanisation to create a chemical bond
was also ineffective. Today, we have advanced to the point where a permanent bond
between a composite cement and ZrO2 is possible. The prerequisites are (1) an Al2O3
airborne particle abrasion process that cleans, roughens and simultaneously enlarges the
surface to prepare it for micromechanical bonding and (2) the use of a composite resin or
primer containing a functional monomer that enables chemical coupling of the adhesive
to the ZrO2 substrate [7]. The functional phosphate monomer 10-methacryloyloxydecyl
dihydrogen phosphate (10-MDP) has been used successfully in this context [7,8]. As an
alternative to a pure Al2O3 blasting process, tribochemical silicatisation can be used as a
surface pretreatment for ZrO2 bonding [9]. The combination of tribochemical silicatisation
of the ZrO2 surface with a silane and 10-MDP-containing primer and 10-MDP-containing
cement proved to be effective in achieving a sufficiently strong long-term bond [10]. There
is clinical data to support both approaches [4,7,11]. However, Al2O3 blasting is supported
by a larger number of cases and a longer observation period.

More recently, ZrO2 has become available as a material for additive manufacturing
of dental restorations using the printing process [12,13]. Compared to subtractive milling,
ZrO2 printing offers material savings/increased cost effectiveness [14] and the ability
to create complex geometries with greater accuracy of fit [15] and allows for thinner
restorations by eliminating the risk of material damage from the milling process [16].
Overall, these fabrication characteristics support a minimally invasive approach with
printed ZrO2 restorations but only if a bond strength similar to that of milled material
can be achieved. However, while more and more studies are focusing on the mechanical
strength [17–22], fit [15,23–25] and biocompatibility [26–28] of the printed material, there
has been little research into the adhesion of resins with printed ZrO2 [29–31].

In the meantime, studies have shown very well which cleaning methods work on
contaminated ZrO2 surfaces [32]. However, little is known about the disinfection of
uncontaminated but mechanically conditioned surfaces, although this is inevitable under
hygienic conditions, so that disinfection is also of interest as a factor possibly influencing
bond strength.

Therefore, the aim of the present study was to determine the influence of the ZrO2 type
(milled, printed), ceramic conditioning method (Al2O3 blasting, tribochemical silicatisation),
disinfection and artificial ageing on the strength of the ZrO2–resin cement bond. The
null hypothesis was that none of these variables would affect the resin bond strength to
the ZrO2.

2. Materials and Methods

The materials used in the study and their specifications are listed in Table 1. All
materials were used in accordance with the manufacturer’s instructions for use. Test
specimen preparation, including all bonding procedures and tensile testing, was performed
by one trained person in the position of a physical-technical assistant.
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A total of 224 ZrO2 discs (diameter 8.4 mm, thickness 3.4 mm) were fabricated, 112
from milled ZrO2 (MZ, IPS e. max ZirCAD LT, Ivoclar Vivadent, Schaan, Liechtenstein)
and 112 from printed ZrO2 (PZ, LithaCon 3Y 230, Lithoz, Vienna, Austria), and ground to
a uniform surface finish using 220-grit diamond discs in a semi-automatic grinding and
polishing machine (Tegramin-25, Struers, Willich, Germany).

Half of the discs were subjected to airborne particle abrasion (APA) with 50 µm Al2O3
particles (Alustrahl, Omnident, Rodgau Nieder-Roden, Germany) at 0.10 MPa, while the
other half were tribochemically silicatised (TSC) in a two-step blasting process (1. Rocatec
Pre: 110 µm Al2O3 particles, 0.28 MPa, 2. Rocatec Plus: 110 µm silica modified Al2O3
particles, 0.28 MPa, 3M Oral Care, Seefeld, Germany). All blasting was performed at 10 mm
distance from the surface at a 90-degree angle. The discs were blackened in advance with a
felt-tip pen to ensure that the surface treatment was complete. Blasting agent residue was
removed with a strong stream of oil-free air.

Half of the ZrO2 discs were then disinfected (D), while the other half were not disin-
fected (ND). Disinfection consisted of immersion in 70% isopropanol (Carl Roth, Karlsruhe,
Germany) for 1 min, followed by a 15 s water spray and drying with a strong stream of
oil-free air for 10 s.

Before adhesive cementation, a primer containing silane and 10-MDP (Clearfil Ceramic
Primer Plus, Kuraray Europe, Hattersheim, Germany) was applied to the TSC discs.

Autopolymerising 10-MDP-based resin cement (Panavia 21, Kuraray Europe) was
used to adhesively cement acrylic tubes filled with dual polymerising core build-up resin
(Rebilda DC, VOCO, Cuxhaven, Germany) to the ZrO2 discs. The tubes were filled just prior
to adhesive cementation and the core build-up resin light polymerised from four orthogonal
positions from the tube surface (40 s per position) using a 1000 mW/cm2 cordless pen-
style, LED light polymerisation device (SmartLite Focus LED, Dentsply Sirona, Bensheim,
Germany). The bonding area was defined by the 3.3 mm internal diameter of the tubes.
Adhesive cementation was performed under a constant load of 7.5 N in a special cementing
device that ensured perpendicular alignment of the acrylic tube with the ZrO2 disc. After
10 min, the test specimens were transferred to an incubator and stored at 37 ◦C under 100%
humidity for 24 h.

Half of the specimens were then subjected to a tensile test to determine the bond
strength (initial bond strength). The other half of the specimens were artificially aged prior
to the bond strength test. The ageing protocol consisted of water storage at a constant
temperature of 37 ◦C interrupted by 7500 thermocycles at 6.5 ◦C and 60 ◦C with a dwell
time at each temperature of 45 s and a total transfer time of 7.5 s (Thermocycler TC 1, SD
Mechatronik, Feldkirchen-Westerham, Germany). The periods of water storage at 37 ◦C
and the period of thermocycling of the test specimens added up to a total of 30 days of
storage of the test specimens in water, and the specimens were alternated between the
storage conditions according to the following scheme: 4 days of 37 ◦C water storage, 9 days
of thermocycling, 17 days of 37 ◦C water storage.

The tensile test was performed in a universal testing machine (Z005, Zwick/Roell, Ulm,
Germany) at a crosshead speed of 1 mm/min using a moment-free pull-off device. The
bond strength (MPa) was calculated by dividing the force (N) applied when the specimen
debonded by the bonding area (8.55 mm2). It was defined that test specimens which
debonded spontaneously prior to tensile testing (pre-test failures) would be included in the
statistics at 0 MPa.

Debonded specimens were optically evaluated with a digital microscope (ZEISS
Smartzoom 5, Carl Zeiss, Oberkochen, Germany) at 75× magnification for relative adhe-
sive failure (%) in the bonding area using special measurement software (ZEN core 3.2,
Carl Zeiss).

Additional ZrO2 discs (not used for bond strength testing) were prepared to evaluate
the surface morphology produced by the different ceramic conditioning methods (APA,
TSC) qualitatively by scanning electron microscopy (SEM) and quantitatively by surface
roughness measurement. SEM (JSM-6510, JEOL, Eching, Germany) was performed with
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magnifications of 500×, 1000× and 5000× and an acceleration voltage of 5 kV. Average
surface roughness Ra and ten-point height Rz (Rz(iso) [33]) were measured using a tactile
profilometer (MarSurf GD 140, Mahr, Göttingen, Germany). The roughness of the discs
was evaluated along 6 measuring tracks for 2 discs of each surface treatment (including
the 220-grit diamond polished baseline surface) and ZrO2 type. Each track had a length
of 5.6 mm and was measured 3 times. For two perpendicular directions, each 3 tracks
were arranged parallel to each other (1 mm distance). Each track was divided into seven
intervals and evaluation of roughness parameters took place on a 4 mm long track without
the first and last interval. Gauss-filtering took place for wave lengths above λc = 0.25 mm.

Bond strength data were verified for normal distribution (Shapiro–Wilk test) and
homoscedasticity (Levene test). The influence of ZrO2 type, ceramic conditioning method,
disinfection, and ageing on bond strength was analysed by multifactorial analysis of
variance (ANOVA). A one-way ANOVA with test group as the independent variable,
followed by a post hoc Tukey test, was used to pairwise compare test groups for bond
strength. For all tests, a p < 0.05 was considered statistically significant.

3. Results
3.1. Bond Strength

All specimens could be tested for tensile bond strength (no pre-test failures occurred).
The bond strengths measured in the study groups are shown graphically in Figure 1 and
listed in Table 2.
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Figure 1. Whisker and box plots of bond strengths in study groups (n = 14 per ageing subgroup).
Dotted line marks empirical 10 MPa threshold for clinical recommendation. MZ: milled zirconia,
PZ: printed zirconia, APA: airborne particle abrasion, TSC: tribochemical silicatisation, ND: not
disinfected, D: disinfected.
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A statistically significant effect on bond strength was found for ceramic condition-
ing method (p = 0.007) and ageing (p < 0.001) as well es for the interaction of ceramic
conditioning method, disinfection and ageing (p = 0.006) (Table 3).

Table 3. Multifactorial analysis of variance for effect of zirconia type, ceramic conditioning method,
disinfection and ageing on bond strength.

Source Typ III Sum
of Squares df Mean Square F p

Corrected model 4904.915 a 15 326.994 4.359 <0.001
Intercept 172,656.653 1 172,656.653 2301.463 <0.001

Zirconia type 12.946 1 12.946 0.173 0.678
Ceramic conditioning method 549.472 1 549.472 7.324 0.007

Disinfection 118.306 1 118.306 1.577 0.211
Ageing 2859.215 1 2859.215 38.112 <0.001

Zirconia type * ceramic conditioning method 140.891 1 140.891 1.878 0.172
Zirconia type * disinfection 11.653 1 11.653 0.155 0.694

Zirconia type * ageing 76.928 1 76.928 1.025 0.312
Ceramic conditioning method * disinfection 80.197 1 80.197 1.069 0.302

Ceramic conditioning method * ageing 134.556 1 134.556 1.794 0.182
Disinfection * ageing 7.011 1 7.011 0.093 0.760

Zirconia type * ceramic conditioning method * disinfection 116.540 1 116.540 1.553 0.214
Zirconia type * ceramic conditioning method * ageing 96.534 1 96.534 1.287 0.258

Zirconia type * disinfection * ageing 1.948 1 1.948 0.026 0.872
Ceramic conditioning method * disinfection * ageing 588.806 1 588.806 7.849 0.006

Zirconia type * ceramic conditioning method * disinfection *
ageing 109.914 1 109.914 1.465 0.227

Error 15,604.245 208 75.020
Total 193,165.813 224

Corrected total 20,509.159 223
a R-Squared = 0.239 (Adjusted R-Squared = 0.184).

Mean initial bond strengths ranged from 29.2 MPa to 36.2 MPa for MZ and from
28.7 MPa to 32.1 MPa for PZ. There was no statistically significant difference among the
subgroups without ageing (p ≥ 0.643). Aged specimens had lower mean bond strengths of
16.6 MPa to 28.8 MPa for MZ and 21.6 MPa to 27.6 MPa for PZ. Among the aged subgroups,
a statistically significant lower mean bond strength was found for MZ-APA-ND compared
to MZ-TSC-ND specimens (p = 0.021). The greatest reduction in bond strength due to
ageing was observed in APA-ND and TSC-D specimens. This was found to be statistically
significant for MZ (MZ-APA-ND: p = 0.014, MZ-TSC-D: p = 0.007).

3.2. Failure Mode

The failure mode of the specimens was mainly cohesive in all study groups. The
proportion of adhesive failure generally increased with ageing and reached a maximum
value of a mean of 13.3% for MZ-APA-ND (Figure 2).
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3.3. Surface Morphology and Roughness 
The SEM analysis showed that the blasting methods used in the study resulted in a 

comparable surface morphology. The TSC surfaces exhibited a slightly coarser structure 
compared to the APA surfaces. No differences were observed between milled and printed 
ZrO2 at any chosen magnification. Figure 3 shows the different surfaces at 1000X magni-
fication. 
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Figure 2. Bar plots of mean relative adhesive failure in study groups (n = 14 per ageing subgroup).
Error bars: +/− standard deviation. MZ: milled zirconia, PZ: printed zirconia, APA: airborne particle
abrasion, TSC: tribochemical silicatisation, ND: not disinfected, D: disinfected.

3.3. Surface Morphology and Roughness

The SEM analysis showed that the blasting methods used in the study resulted in
a comparable surface morphology. The TSC surfaces exhibited a slightly coarser struc-
ture compared to the APA surfaces. No differences were observed between milled and
printed ZrO2 at any chosen magnification. Figure 3 shows the different surfaces at
1000X magnification.

APA approximately doubled the roughness of a 220-grit diamond-polished ZrO2
surface and TSC quadrupled it (Table 4). Comparable values were found for milled and
printed ZrO2 (Table 4).
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Figure 3. Scanning electron microscopic images of surfaces generated on different zirconia types 
(milled zirconia, MZ/printed zirconia, PZ) by different conditioning methods (airborne particle 
abrasion, APA/tribochemical silicatisation, TSC) at 1000× magnification: (a) MZ-APA; (b), MZ-TSC; 
(c), PZ-APA; (d), PZ-TSC. 

APA approximately doubled the roughness of a 220-grit diamond-polished ZrO2 sur-
face and TSC quadrupled it (Table 4). Comparable values were found for milled and 
printed ZrO2 (Table 4). 

Table 4. Mean values [µm] of zirconia surface roughness measurements for different ceramic con-
ditioning methods. 

Ceramic Surface Conditioning Method 
MZ PZ 

Ra Rz Ra Rz 
220-grit diamond disc polishing (starting surface) 0.4763 3.0689 0.4420 2.9333 

APA 0.9348 6.2130 0.8377 5.4151 
TSC 1.9214 11.0322 1.8998 11.0238 

MZ: milled zirconia, PZ: printed zirconia, APA: airborne particle abrasion, TSC: tribochemical sili-
catization. 

4. Discussion 
The objective of this study was to investigate the impact of ZrO2 type, ceramic con-

ditioning method, disinfection and ageing on the bond strength between ZrO2 and resin. 
The null hypothesis was that none of these variables would affect the resin bond strength 
to ZrO2. Based on the measured data, the hypothesis was partially rejected. Specifically, 
there was a statistically significant impact on bond strength for different ceramic condi-
tioning methods, ageing and the combined effect of ceramic conditioning method, disin-
fection and ageing. Within aged subgroups, a statistically significant difference in mean 
bond strength was observed, with MZ-APA-ND showing lower bond strength compared 
to MZ-TSC-ND specimens. Finally ageing led to a statistically significant reduction for 
MZ-APA-ND and MZ-TSC-D specimens. 

In this study, APA and TSC were chosen as the ceramic conditioning methods be-
cause they could be considered established for preparing the resin bond to ZrO2, not least 
because they have the most evidence in the literature [34,35]. They also appeared to be 
particularly suitable because they are easy to apply under practical conditions [10]. A con-
trol group without mechanical surface conditioning was not used in this study because it 
is well known that omitting mechanical roughening of the ceramic substrate results in 
significantly lower bond strength [35,36]. Recent reviews have shown TSC to outperform 
APA in achieving stronger bonds with ZrO2 [9,34,37,38]. One of these reviews specified, 
however, that in combination with an MDP resin cement, APA and TSC may be equiva-
lent in terms of achievable bond strength [38]. This well aligns with the present study’s 
findings. However, it is important to consider the entire bonding process, not just the 

Figure 3. Scanning electron microscopic images of surfaces generated on different zirconia types
(milled zirconia, MZ/printed zirconia, PZ) by different conditioning methods (airborne particle
abrasion, APA/tribochemical silicatisation, TSC) at 1000× magnification: (a) MZ-APA; (b) MZ-TSC;
(c) PZ-APA; (d) PZ-TSC.

Table 4. Mean values [µm] of zirconia surface roughness measurements for different ceramic condi-
tioning methods.

Ceramic Surface Conditioning Method
MZ PZ

Ra Rz Ra Rz

220-grit diamond disc polishing (starting surface) 0.4763 3.0689 0.4420 2.9333
APA 0.9348 6.2130 0.8377 5.4151
TSC 1.9214 11.0322 1.8998 11.0238

MZ: milled zirconia, PZ: printed zirconia, APA: airborne particle abrasion, TSC: tribochemical silicatization.

4. Discussion

The objective of this study was to investigate the impact of ZrO2 type, ceramic condi-
tioning method, disinfection and ageing on the bond strength between ZrO2 and resin. The
null hypothesis was that none of these variables would affect the resin bond strength to
ZrO2. Based on the measured data, the hypothesis was partially rejected. Specifically, there
was a statistically significant impact on bond strength for different ceramic conditioning
methods, ageing and the combined effect of ceramic conditioning method, disinfection and
ageing. Within aged subgroups, a statistically significant difference in mean bond strength
was observed, with MZ-APA-ND showing lower bond strength compared to MZ-TSC-ND
specimens. Finally ageing led to a statistically significant reduction for MZ-APA-ND and
MZ-TSC-D specimens.

In this study, APA and TSC were chosen as the ceramic conditioning methods because
they could be considered established for preparing the resin bond to ZrO2, not least because
they have the most evidence in the literature [34,35]. They also appeared to be particularly
suitable because they are easy to apply under practical conditions [10]. A control group
without mechanical surface conditioning was not used in this study because it is well
known that omitting mechanical roughening of the ceramic substrate results in significantly
lower bond strength [35,36]. Recent reviews have shown TSC to outperform APA in
achieving stronger bonds with ZrO2 [9,34,37,38]. One of these reviews specified, however,
that in combination with an MDP resin cement, APA and TSC may be equivalent in terms of
achievable bond strength [38]. This well aligns with the present study’s findings. However,
it is important to consider the entire bonding process, not just the physical conditioning
step, including the adhesive used [35,38]. Using TSC without a proper silane afterward
may be ineffective [39]. At the same time, primers/adhesives containing 10-MDP can create
strong chemical bonds with ZrO2 [37]. Accordingly, a primer containing both a silane and
10-MDP was used in this study on TSC test specimens. In addition, it has already been
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shown that such a combination of silane and 10-MDP on TSC ZrO2 surfaces did result in
stable bond strengths [10,40,41].

Irrespective of any possible chemical processes, the higher bond strength of the TSC
specimens could have simply been related to the surface morphologies produced by the
different blasting processes. In terms of SEM morphology, these were comparable for the
printed and milled samples and differed only with respect to the ceramic conditioning
method chosen, with the TSC samples having a coarser surface. In the roughness evaluation,
the values obtained for Ra and Rz were approximately twice as high for the TSC samples
compared to the APA samples. However, there are no studies that could readily substantiate
this assumption, as the effects that can be attributed to surface roughness are generally
overlaid by other influencing factors, particularly the choice of cement [38]. Studies in
which neither increasing Al2O3 particle size [42] nor increasing air abrasion pressure [10,36]
resulted in increased bond strength when used with an MDP-containing cement or primer
provide evidence that absolute roughness might be of minor importance. This assumption
is also supported by the results of a recently published study, which showed that not Ra
but the presence (area %) of nanoscale surface irregularities was the most predominant
factor for the strength of the resin-zirconia bond [43].

Another difference between the APA and TSC specimens was the use of a primer
containing silane and MDP in the TSC specimens. As mentioned above, this is necessary for
the chemical coupling of the resin cement to the applied silicate layer, but it also increases
the wettability of the surface of the coated ZrO2 substrate [44,45], which in turn may have
resulted in improved cement flow onto the ZrO2 surface and better mechanical interlocking,
and thus increased bond strength in the TSC groups.

The chosen combinations of ceramic conditioning methods (APA or TSC) and 10-MDP-
based resin cement, as used in this study, are bonding protocols for which data are available
from clinical trials [4,7,11]. Therefore, it was considered particularly useful to validate them
for printed ZrO2. In the current study, 10 MPa was used as the threshold for clinically
acceptable bond strength. It is assumed that bond strength values above this threshold are
sufficient to ensure that, for example, a single-retainer resin-bonded fixed partial denture
in the anterior region, for which a minimum bonding area of approximately 30 mm2 is
recommended [46], will not detach under the occlusal forces that may be exerted on it in
this position [47]. Overall, it was found that even after ageing, only very few test specimens
were below this threshold, and these were almost exclusively APA test specimens of MZ or
PZ without disinfection, which in principle qualifies all bonding protocols tested here for
clinical use.

Ageing reduced the bond strength of the test specimens; however, a statistically
significant reduction was only found for MZ-APA-ND and MZ-TSC-D test specimens. For
artificial ageing, a combination of 30 days of water storage including 7500 thermocycles was
used, which in accordance with “ISO/TS 4640:2023, Dentistry, Test methods for tensile bond
strength to tooth structure” might be considered as medium-term ageing. It should be noted
that bond strength tests comparing this ageing protocol with 6 months of water storage
or 150 days of water storage including 37500 thermocycles suggest that, with extended
ageing, statistically significant effects could also occur in other test groups, which is why
conclusive statements on long-term bond strength cannot be made based on this study.
On the other hand, with a maximum decrease in bond strength of approximately 37% and
43% (measured for MZ-TSC-D and MZ-APA-ND specimens, respectively), the protocols
tested proved to be effective in terms of bond durability [38] and, in view of the clinical
threshold defined above, the absolute bond strengths found still contain significant ageing
reserves. The ageing resistance of TSC specimens has been attributed to the hydrolytic
stability of the siloxane bonds formed between the silanol groups of the silane and the silica
layer deposited on the ZrO2 surface [48]. However, ageing effects must also be expected
for TSC ZrO2 [49]. For 10-MDP, it was shown that it bonds directly to ZrO2 not only via
ionic bonding but also hydrogen bonding [50]. However, it has also been shown that this
bond is subject to hydrolytic degradation over longer periods of time [51]. This, in turn,
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is relativised by the finding that MDP-containing primers, universal adhesives and resin
cements create bonds to ZrO2 with acceptable strength after long-term aging, regardless of
such hydrolytic processes [52].

In addition to the effects of surface conditioning and ageing, the influence of disinfec-
tion was of interest. This had derived from the fact that, in general, the bonding surface has
the highest surface energy after conditioning and any contamination should be avoided to
achieve the best possible bond quality with the subsequently applied adhesives [32]. For
TSC samples, it was found that the silane should be applied to the freshly silicatised ZrO2
and that cleaning with water (spray or ultrasonic bath) prior to primer application is not
advisable [53]. However, as noted in a recent systematic review, ultrasonic cleaning prior
to resin cement application is widely used [37]. Similarly, distilled water, alcohol, acetone,
ethanol and isopropanol have been used for 1 to 10 min without consideration of the effect
of such cleaning steps on adhesion to ZrO2, although all were considered beneficial [37]. As
the physical conditioning of the ceramic surface often takes place in the dental laboratory,
disinfection is essential for further hygienic processing of the restoration. The only way
to avoid this is to carry out all ceramic conditioning steps chairside. Technically, this is
possible with the appropriate blasting equipment, but the time required, and the increased
cleaning requirements of the treatment room associated with the blasting process argue
against this procedure. A statistically significant effect of disinfection was found in this
study only in the interaction with ageing and conditioning method, which was expressed
as a lower sensitivity to ageing of the adhesive bond for APA samples and, in contrast, an
increased sensitivity to ageing for TSC samples. The mechanisms underlying this observa-
tion cannot be determined at this time. In principle, it is conceivable that disinfection may
have interfered with silane coupling, as has already been shown for the effect of water on a
silicatised surface [53], and that hydrolytic processes were able to take place to a greater
extent, whereas 10-MDP was less affected. The positive effect of disinfection on the APA
specimens could be based on a cleaning effect by removing loose abrasive from the surface
and increasing the bond quality accordingly.

In the current study, no effect of the ceramic substrate on bond strength was observed.
To the best of the authors’ knowledge, only three other studies have evaluated resin
bond strength to printed ZrO2 [29–31]. Control groups from milled ZrO2 were used in
two of these studies [29,31]. Zandinejad et al. compared milled ZrO2 specimens with
printed ZrO2 specimens of increasing porosity (0%, 20%, 40%) [29]. The ZrO2 specimens
were bonded after being wet-polished with 600 grit silicon carbide paper and air-abraded
with 50 µm Al2O3 particles at 0.2 MPa. Contrary to the results of the present study, a
statistically significant higher bond strength was found for the unaged group of milled
ZrO2, whereas for aged (5000 thermocycles) specimens, the bond strength of milled and
additive manufactured ZrO2 with 0% porosity was at the same level. In addition, it
was found that increasing porosity was associated with decreasing bond strength for
additively manufactured ZrO2. With reference to Branco et al. [54], the authors attributed
the initially higher bond strength of milled zirconia to a lower wettability of additively
manufactured nanostructured ZrO2. Overall, there was a high number of pre-test failures
and a predominance of adhesive failure in the specimens, which appears to severely limit
the ability to draw conclusions in relation to the ZrO2 substrate, rather suggesting that
an adhesive system was used that appears unsuitable for ZrO2 bonding. Zhang et al.
compared the initial bond strength of milled and printed ZrO2 with or without airborne
particle abrasion using 110 µm Al2O3 particles at 0.2 MPa [31]. Additionally, a group of
printed ZrO2 with hexagonal surface microstructures was tested [31]. As expected, APA
statistically significantly increased the bond strength of milled and printed specimens, with
the printed specimens lagging slightly (but statistically significantly) behind the milled
specimens. Interestingly, the establishment of hexagonal microstructures had the same
effect on bond strength as APA and ensured that there was no statistically significant
difference between APA and microstructured printed ZrO2. Dai et al. focused exclusively
on the possibilities offered by the introduction of microstructures on the surface of printed
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ZrO2 in terms of the bond strength achievable with a resin cement [30]. There was no milled
control. Surfaces that were exclusively microstructured (using grooves or a hexagonal grid)
did not reach the bond strength that could be achieved as a result of 0.2 MPa 50 µm Al2O3
APA after aging with 10,000 thermocycles but exceeded it in the case of the grooved surface
when it was additionally subjected to an APA process.

As mentioned above, the study is limited in terms of its predictive value for long-term
bond strength. Other limitations include the method of artificial ageing used in this study
and the selection of adhesives tested. In terms of simulating the clinical situation, the
ageing protocol differed from a clinical application in that, in addition to storage in a humid
environment and thermal and mechanical stress on the bond due to thermocycling, direct
mechanical forces would act on the bond in the oral cavity, which was not represented
in the study and for which anatomical specimens would typically be used. With regard
to the adhesive used, the results are only valid for this adhesive. This is a limitation as
there are now many adhesives being promoted for bonding ZrO2, which vary greatly in
composition, mode of application, and sensitivity to ageing.

The results of this study, in conjunction with the last two studies discussed, are very
useful in formulating the need for further research. In principle, the adhesive bond to
printed ZrO2 seems to be subject to the same factors (in terms of the adhesive used, the
influence of surface conditioning and ageing) as to milled ZrO2. In the future, however, the
possibility of microstructuring printed ZrO2 surfaces may reduce or eliminate the need for
separate surface conditioning. However, this is dependent on finding a microstructure that
allows bond strengths comparable to those achieved using the current standard, i.e., APA
or TSC. The importance of chemical bonding should also be re-evaluated in the context of
microstructured surfaces.

5. Conclusions

High bond strengths were achieved with the surface modifications tested, even after
disinfection and ageing. While disinfection in combination with Al2O3 airborne particle
abrasion resulted in a lower loss of bond strength due to ageing, it increased the negative
ageing effect for the tribochemically silicatised specimens. Adhesive cementation of printed
ZrO2 resulted in bond strengths that were comparable to those of milled ZrO2.
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Abstract: The marginal accuracy of fit between prosthetic restorations and abutment teeth represents
an essential aspect with regard to long-term clinical success. Since the final gap is also influenced by
the luting techniques and materials applied, this study analyzed the accuracy of the fit of single-tooth
zirconia copings before and after cementation using different luting materials. Forty plaster dies with
a corresponding zirconia coping were manufactured based on a single tooth chamfer preparation.
The copings were luted on the plaster dies (n = 10 per luting material) with a zinc phosphate (A),
glass–ionomer (B), self-adhesive resin (C), or resin-modified glass–ionomer cement (D). The accuracy
of fit for each coping was assessed using a non-destructive digital method. Intragroup statistical
analysis was conducted using Wilcoxon signed rank tests and intergroup analysis by Kruskal–Wallis
and Mann–Whitney U tests (α = 0.05). Accuracy of fit was significantly different before/after
cementation within A (0.033/0.110 µm) and B (0.035/0.118 µm; p = 0.002). A had a significantly
increased marginal gap compared to C and D, and B compared to C and D (p ≤ 0.001). Significantly
increased vertical discrepancies between A and B versus C and D (p < 0.001) were assessed. Of
the materials under investigation, the zinc phosphate cement led to increased vertical marginal
discrepancies, whereas the self-adhesive resin cement did not influence the restoration fit.

Keywords: marginal fit; zirconia; self-adhesive resin cement; glass–ionomer cement; resin-modified
glass–ionomer cement; zinc phosphate cement; CAD–CAM technology; ceramics; dental materials;
prosthodontics

1. Introduction

Indirect all-ceramic restorations can realistically imitate natural human teeth, and
therefore enjoy a very high popularity among dentists as they satisfy the increasing aesthetic
demands of patients nowadays [1,2]. In this context, the spectrum of treatment methods
and processing technologies must be continuously improved in order to optimally combine
optimized functionality, biocompatibility, and the aesthetics of these ceramic materials [3,4].

There is a general digital transformation occurring within everyday dental practice,
accompanied by an increasing interest in computer-assisted processes for the fabrication of
dental prostheses in order to offer a standardized manufacturing chain with improved tech-
nical and biological properties of the component [5]. Considering this, the Computer-Aided
Design (CAD)/Computer-Aided Manufacturing (CAM) fabrication of ceramic restora-
tions is usually carried out by subtractive processes in which the workpiece is milled
out of an industrially prefabricated blank [3]. The subtractive milling process is an ad-
vanced technique for the fabrication of ceramic restorations that has been proven over
more than two decades [3,6,7]. CAD/CAM technology was pioneered and introduced to
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dentistry by François Duret in 1971 with his theoretical and experimental research on the
computer-assisted manufacturing crowns. In 1980, Mörmann and Brandestini started with
the development of a CAD/CAM system with an intraoral camera, a design computer and
a milling unit using a ceramic block for manufacturing inlays at chair-side. Their research
led in 1985 to the CEREC system (Dentsply Sirona, Bensheim, Germany). Based on these
technologies, further chair- and lab-side dental CAD/CAM systems were developed [8].
The manufacturing of dental prostheses can also be performed using additive processes.
In the field of dentistry, there are two main technologies that are widely used. One of
them is stereolithography (SLA), which is typically utilized to create models, aligners, and
provisional structures. The other is direct metal laser sintering (DMLS), which has the
capability to produce metal dental crowns and appliance frames [9].

In contemporary dental practices, silicate and oxide ceramics are the preferred mate-
rials for the subtractive milling of crowns and bridges. Due to their superior mechanical
stability, oxide ceramics are frequently selected as the material of choice for a wide range of
dental applications [10]. Oxide ceramics consist of a pure polycrystalline phase without
any glass phase. Today, zirconium oxide (ZrO2) is predominantly used, to which 3 mol%
yttria (Y2O3) is added in order to stabilize the crystals in the tetragonal crystal phase at
room temperature (yttria-stabilized tetragonal zirconia polycrystals, Y-TZP) [10]. At 3 mol%
yttria, dental zirconium oxide ceramics (3Y-TZP) exhibit the highest fracture toughness.
However, these ceramics are almost opaque due to the birefringence of the tetragonal
crystals and the numerous grain boundaries [10]. They are suitable only as framework
structures for single crowns or multi-unit veneered bridges, which must be veneered with
silicate ceramics. The aesthetics of these veneered restorations are unrivaled. However,
chipping of the veneer often occurs. An alternative to minimize fracture risk is to fabricate
the restoration monolithically. Adding 4 and 5 mol% of yttrium oxide (4Y- and 5Y-TZP)
decreases the proportion of zirconium oxide crystals in the tetragonal phase, and the pro-
portion of cubic crystals and grain sizes increases. Zirconium oxide becomes translucent
and more aesthetic, but fracture toughness decreases [11]. These modern 4Y and 5Y-TZP
zirconium oxide ceramics with color gradients in combination with coloring techniques
and dental expertise allow for monolithic restorations that are aesthetically more than
satisfactory [12].

In this regard, the marginal accuracy of fit between crowns or fixed partial dentures
and abutment teeth, which was defined by Holmes et al. [13] as the linear distance from
the edge of the restoration to the preparation margin of the die, has been well-known for a
long time, and represents an essential aspect with regard to the long-term clinical success
of prosthetic restorations. The marginal measuring distance extends 1 mm in the direction
of the lumen from the edge of the preparation and restoration, respectively [14,15]. The
authors also determined the absolute marginal discrepancy (xyz), which results from the
angular combination of the vertical and horizontal marginal discrepancy as the hypotenuse
of a right-angled triangle, as the margins of fixed restorations often exhibit over- or under-
extension [13]. For milled restorations, the vertical fit is influenced by the number of axes
of the milling machine [16]. Inadequate crown margins can lead to gingival inflammation,
which results in periodontal disease or secondary caries of the abutment tooth due to the
washout of the luting material [1,17–20]. In addition, deviations in fit can cause increased
stress within the restorative material, which can reduce the strength of the material and
cause failure by fracture [1,21]. In the literature, previously non-evidence-based recommen-
dations of a clinically acceptable marginal gap vary from 50 to maximum tolerance values
of 120 µm under clinical conditions [22]. However, a certain amount of space is required
during insertion for cementation of the restoration, and this is unavoidable [23]. At the
same time, the applied luting technique and the properties of the corresponding luting
materials, as well as their flow behavior during the cementation process, can influence the
final size of the marginal gap [24–26].

Basically, a distinction can be made between luting cements and composites for the
final cementation of restorations; the former can be further divided into conventional
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and modified luting materials. Common conventional luting materials include phos-
phate and glass–ionomer cements based on an acid-base reaction in which the bond is
reinforced by the retention and resistance of the restorative abutment teeth by means of
microretentions [27–30]. As this class of materials has evolved to expand the range of
applications and improve properties, modifications have been made, resulting in the in-
troduction of resin-modified, metal-reinforced, and high-viscosity materials. In particular,
resin-modified glass–ionomer cements have entered the market as luting cements. The
polymerization of these two-component materials, consisting of a photopolymerizable
monomer, ionizable glasses, and water, is also based on an acid-base reaction [31–35]. In
contrast, composites are used for the adhesive cementation of indirect restorations via both
microretentions and chemical bonding. The classic representatives require conditioning of
the tooth, whereas the newer, self-adhesive composites interact chemically and physically
with the tooth surface [36]. Preheating composite resin for luting procedures is used to
reduce material viscosity and improve restoration setting [37].

The final film thickness of the luting material is important, as failure to meet this
required standard would result in poor seating of the restoration, disrupting both functional
and occlusal relationships [38]. Ideally, the material that is used should be able to flow out
to a low film thickness, which is influenced by various factors, such as the size and shape
of the filler particles, the viscosity in the uncured state, and the setting rate [39,40]. The
International Organization for Standardization (ISO) defines various standards for dental
luting materials, such as requirements and test methods for powder/liquid acid-base dental
cements [41], water-based resin-modified cements [42], and polymer-based materials with
adhesive components [43,44]. The mentioned norms require a maximal film thickness of
25 µm for acid-base dental cements and 50 µm for resin-based luting materials [45].

However, film thickness measurements set up following the aforementioned ISO
norms do not consider the effects of the geometry of the abutment and the crown on the
material flow. Different studies regarding the internal fit of luted restorations can be found
in the literature, but none of them have used non-destructive methods and different classes
of luting materials.

Therefore, the present study investigated the extent to which different luting cements
and materials influence the resulting marginal accuracies of CAD/CAM-milled zirco-
nia single-tooth restorations after subtractive fabrication using a digital non-destructive
method. The first hypothesis was that there is no difference in the fit of a particular zirconia
single-tooth restoration before and after cementation. The second hypothesis was that there
is no difference in the fit of the different zirconia single-tooth restorations after cementation.

2. Materials and Methods

The measurements carried out in this in vitro investigation were based on a metal
master model, which corresponded to an in vivo chamfer preparation of a single tooth to
derive an all-ceramic single crown.

Consequently, a total of 40 individual double mix impressions were taken from this
master model using an addition-cured polyvinyl siloxane (AFFINIS PRECIOUS light und
regular body, Coltène/Whaledent AG, Altstaetten, Switzerland), which were then poured
with Class IV super hard stone (GC Fujirock EP Classic, GC, Tokyo, Japan). The individual
plaster dies were digitized with a dental model scanner (Dental Wings 3SERIES, Dental
Wings Inc., Montréal, QC, Canada) and DWOS 5.0.1.3084 Software (Dental Wings Inc.)
used for the further CAD design of anatomically reduced zirconium oxide crown copings.
During the manufacturing process, the marginal gap parameter of all crown copings was
set to 20 µm, whereas the basic parameters amounted to a minimum layer thickness of
0.5 mm, a margin thickness of 0.25 mm, and vertical and horizontal placeholders for the
cement of 40 µm each for all crown copings.

To three-dimensionally (3D) measure the fit between the crown copings and the plaster
dies, optical object registration was performed using an ATOS Triple Scan (GOM GmbH,
Braunschweig, Germany) non-contact blue-light industrial scanner. For this purpose, the
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plaster dies were equipped in advance with high-contrast reference points with a diameter
of 0.4 mm (GOM GmbH) to enhance the precision of the subsequent scanning process. All
scanning procedures were conducted by the same experienced clinician.

In accordance with the triple scan protocol of Holst et al. and Matta et al. [46,47], for
each case, four single scans were taken of the corresponding dies and crown copings so that
the copings could be positioned correctly on a virtual plane before and after cementation.
First, all of the plaster dies and crown copings were optically scanned separately; the crown
copings were coated in advance with a thin layer of a mixture of 90% ethanol and pure
titanium dioxide powder using an airbrush to reduce possible light reflection, and then
fixed in a specially calibrated measuring frame (Reference frame, GOM GmbH).

Subsequently, the copings on the plaster dies, which were fixed in the adapted position
with adhesive wax (Supradent-Wax, Anton Gerl GmbH, Munich, Germany) before cemen-
tation, were scanned together before and after definitive cementation. The cementation
procedures were performed under a constant punch pressure of 10 N in a standardized
manner using a rondel construction [48,49]. All cementation procedures were performed
by the same experienced clinician who had previously performed the scanning procedures.

As the dependence of the selected luting material on the fit of the crown copings
was also investigated in this study, four different luting materials were selected, each
cementing 10 crown copings in self-cure mode: a zinc phosphate cement (HOFFMANN’S
READY2MIX ZINC PHOSPHATECEMENT NORMAL, Hoffmann Dental Manufaktur,
Berlin, Germany—Group A), a glass–ionomer cement (Ketac Cem Aplicap, 3M, St. Paul,
MN, USA—Group B), a self-adhesive resin cement (RelyX Unicem 2 Automix, 3M, St. Paul,
MN, USA—Group C), and a resin-modified glass–ionomer luting cement (GC FujiCem
2 Automix, GC, Tokyo, Japan—Group D). The luting materials under investigation, batch
numbers, composition, filler sizes, and film thickness as disclosed by the manufacturers are
listed in Table 1.

Surface Triangulation Language (STL) file formats were generated from the obtained
data, which generally exhibited an average measurement error of 3 µm due to the scanning
method and virtual object registration [46]. With the aid of the GOM “Inspect Professional”
software 2017 (GOM GmbH), a virtual surface and section analysis could be performed.
Therefore, the individual scans of the plaster dies and crown copings were virtually super-
imposed on the jointly digitized dies and copings before and after cementation (“matching”)
and finally aligned with high precision for data comparisons using the local best-fit func-
tion. In the following step, a marginal surface of the copings was defined, which extended
1 mm parallel to the crown margin in the direction of the lumen, so that a 3D surface
analysis of the marginal fit accuracies could be performed. Subsequently, discrepancies in
this area from the virtual plaster dies as reference models could be calculated by an area
comparison and visualized using a color plot. Following this procedure, a surface analysis
was performed for the condition before and after cementation so that the respective fits
could be compared (Figure 1).

In addition, a two-dimensional (2D) examination of the margin fit of the crown copings
was performed, so the matched files before and after cementation were virtually split into
20 sectional images at 18◦ intervals. By creating a coordinate system, it was possible to
calculate the vertical, horizontal, and absolute marginal discrepancies (Figure 2).

In the statistical analysis, the measurements before and after cementation of the crown
copings were compared using Wilcoxon signed rank tests. The differences in the situations
before and after cementation were calculated and compared between the four groups. For
this purpose, a global Kruskal–Wallis test was performed and pairwise group comparisons
carried out with Mann–Whitney U tests. The mean values of the 20 repeated measurements
were used for the statistical tests of the 2D measurements. The statistical analysis was
performed using statistical software R 4.0.3 [50] with a significance level of 0.05.
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Figure 1. (1) Analytical protocol consisting of four scans in each case: single scan of the plaster die,
single scan of the ceramic crown coping, scan of the adapted coping on the die in its final position
before cementation, and scan of definitively cemented coping on the die. (2) Virtual superimposition
of the individual scans (plaster dies, crown copings) with the situations before and after cementation.
(3) Surface analysis of the entire and the marginal gap between the crown coping and the plaster die
before and after cementation. (4) False color scale to visualize the discrepancies (mm) as color-coded
distance maps. Green areas indicate deviations between 0 and 50 µm, yellow areas show deviations
from 50 to 100 µm, and red areas highlight deviations of more than 100 µm.
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Table 1. Manufacturer’s specifications of the luting materials investigated.

Luting
Material

HOFFMANN’S
READY2MIX
NORMAL

Ketac Cem
Aplicap

RelyX
Unicem 2 Automix GC Fuji-Cem 2

Material type Zinc phosphate Glass-
ionomer Self-adhesive resin Resin-modified

glass–ionomer

Manufacturer
Hoffmann Dental
Manufaktur GmbH,
Berlin, Germany

3M,
St. Paul, MN, USA

3M,
St. Paul, MN, USA

GC,
Tokyo, Japan

Shade Yellow Yellow A2 Light Yellow

Lot number N.A. 529059 574731 141211A

Composition

Powder:
Zinc oxide,
magnesium oxide

Liquid:
Ortho-phosphoric acid

Powder:
Glass powder,
pigments

Liquid:
Water,
Acrylic acid/Maleic
acid
copolymer, tartaric
acid, preservative

Base paste:
Phosphorylated
methacrylate monomers,
methacrylate monomers,
silanized fillers,
initiators, stabilizers,
rheology additive

Catalyst paste:
Methacrylate monomers,
basic and silanized
fillers, initiators,
stabilizers, pigments,
rheology additive

Paste A:
Fluoroalumino-
silicate glass,
initiator, UDMA,
dimethacrylate,
pigments, silicon
dioxide, inhibitor
Paste B:
Silicon dioxide, UDMA,
dimethacrylate,
initiator, inhibitor

Filler particle size N.A. ≤12 µm <9.5 µm N.A.

Film thickness N.A. 16 ± 1 µm 13 µm N.A.
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Figure 2. Visualization of the 2D sectional examination through the die with the 20 virtually posi-
tioned sections (a,d) and representation of the constructed coordinate system between coping and
preparation margin of the plaster die (b,e). z = vertical marginal discrepancy from the most inferior
edge of the coping to the outermost edge of the die, n = horizontal marginal discrepancy from the
determined perpendiculars of the most inferior edge of the coping as well as the outermost edge
of the die, xyz = absolute marginal discrepancy as a 2D vector of the vertical (z) and horizontal (n)
discrepancy. An illustration of the 2D marginal deviations (c,f) of the coping before (d–f) and after
cementation (a–c) is also provided.
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3. Results

The 3D measurements of the crown copings before and after cementation (Table 2),
compared by Wilcoxon signed rank tests, illustrate significant differences within Group
A (deviation in µm: 0.033 ± 0.004 before vs. 0.110 ± 0.049 after cementation, p = 0.002)
and Group B (deviation in µm: 0.035 ± 0.005 before vs. 0.118 ± 0.048 after cementation,
p = 0.002). To determine the influence of the selected luting material on the resulting fit, and
thus the discrepancies between the four groups, the differences in the respective situations
were calculated and compared between the groups using the global Kruskal–Wallis test
and pairwise group comparisons with Mann–Whitney U tests. Group A (difference in
µm: 0.077 ± 0.049) exhibited a significantly larger marginal gap (p < 0.001) than Group C
(difference in µm: 0.001 ± 0.008), and Group D (difference in µm: 0.001 ± 0.012). In addition,
a significantly larger deviation was observed in Group B (difference in µm: 0.083 ± 0.046)
compared to Group C (p < 0.001) and Group D (p = 0.001; Figure 3).

Table 2. Descriptive statistics of the 3D measured values of the marginal fit in µm, the corresponding
standard deviations (SD), the maximum and minimum values (Max, Min) and the p-values when
comparing the two time points before and after cementation for all groups (Group A–D).

3D Analysis of the Marginal Fit (µm) before and after Cementation
Group Mean SD Min Max p-Value

G
ro

up
A

before cem 0.033 0.004 0.028 0.038
0.002

after cem 0.110 0.049 0.059 0.210

G
ro

up
B

before cem 0.035 0.005 0.031 0.043
0.002

after cem 0.118 0.048 0.039 0.188

G
ro

up
C

before cem 0.042 0.005 0.035 0.053
1.0

after cem 0.042 0.007 0.033 0.058

G
ro

up
D

before cem 0.038 0.003 0.035 0.042
0.722

after cem 0.040 0.012 0.027 0.067
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Figure 3. Comparison of marginal 3D differences between the four study groups (A–D) using
boxplot diagrams.

In the course of the 2D examinations (Table 3) of the marginal fit at the two time
points before and after cementation of the copings, significant differences were elicited
in the vertical dimensions within Group A (deviation in µm: 0.030 ± 0.015 before vs.
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0.193 ± 0.146 after cementation, p = 0.002) and Group B (deviation in µm: −0.004 ± 0.015
before vs. 0.164 ± 0.092 after cementation, p = 0.002). In contrast, the horizontal marginal
discrepancies differed significantly only within Group B (discrepancy in µm: 0.010 ± 0.006
before vs. 0.020 ± 0.009 after cementation, p = 0.002).

Table 3. Mean values of the data of the 2D virtual analysis of the vertical, horizontal and absolute
marginal discrepancy in µm before and after cementation for all groups (Group A–D). Furthermore,
representation of the calculated standard deviations (SD), the maximum and minimum values (Max,
Min) and the p-values when comparing the respective data series.

2D Analysis of the Marginal Fit (µm) before and after Cementation
Parameter Group Mean SD Min Max p-Value

Ve
rt

ic
al

m
ar

gi
na

l
di

sc
re

pa
nc

y

A
before cem 0.030 0.015 −0.002 0.052

0.002after cem 0.193 0.146 0.051 0.551

B
before cem −0.004 0.015 −0.025 0.017

0.002after cem 0.164 0.092 0.011 0.291

C
before cem 0.018 0.007 0.008 0.031

0.322after cem 0.026 0.020 −0.003 0.064

D
before cem 0.011 0.002 0.007 0.014

0.846after cem 0.013 0.025 −0.014 0.057

H
or

iz
on

ta
lm

ar
gi

na
l

di
sc

re
pa

nc
y

A
before cem −0.021 0.014 −0.049 0.002

0.232after cem −0.017 0.019 −0.046 0.015

B
before cem 0.010 0.006 0.003 0.024

0.002after cem 0.020 0.009 0.006 0.038

C
before cem 0.018 0.005 0.009 0.026

0.126after cem 0.014 0.006 0.008 0.026

D
before cem 0.012 0.003 0.009 0.017

0.922after cem 0.013 0.006 0.006 0.023

A
bs

ol
ut

e
m

ar
gi

na
l

di
sc

re
pa

nc
y

A
before cem 0.045 0.014 0.031 0.076

0.002after cem 0.207 0.148 0.076 0.570

B
before cem 0.031 0.005 0.026 0.042

0.002after cem 0.187 0.094 0.048 0.319

C
before cem 0.028 0.009 0.014 0.041

0.131after cem 0.037 0.016 0.021 0.070

D
before cem 0.017 0.003 0.012 0.023

0.002after cem 0.038 0.016 0.021 0.075

Regarding the absolute marginal discrepancy, significant differences were established
not only within Group A (deviation in µm: 0.045 ± 0.014 before vs. 0.207 ± 0.148 after
cementation, p = 0.002) and B (deviation in µm: 0.031 ± 0. 005 before vs. 0.187 ± 0.094 after
cementation, p = 0.002), but also within Group D (deviation in µm: 0.017 ± 0.003 before vs.
0.038 ± 0.016 after cementation, p = 0.002).

For the statistical comparison of the 2D measurements between the respective groups,
the differences in the averaged values were used. Groups A (difference in µm: 0.164 ± 0.146)
and B (difference in µm: 0.169 ± 0.087) showed significantly larger vertical marginal de-
viations (p < 0.001) than Groups C (difference in µm: 0.009 ± 0.018) and D (difference in
µm: 0.002 ± 0.025). Concerning the horizontal deviations, significant differences (p = 0.038)
were observed when comparing Groups A (difference in µm: 0.004 ± 0.008) and C (dif-
ference in µm: −0.004 ± 0.007). In addition, Group B (difference in µm: 0.009 ± 0.006)
exhibited significantly larger horizontal discrepancies than Groups C (p < 0.001) and D
(difference in µm: 0.001 ± 0.006, p = 0.004). With regard to the comparison of absolute
marginal discrepancies between all groups, significantly larger discrepancies were found
for Groups A (difference in µm: 0.162 ± 0.150) and B (difference in µm: 0.155 ± 0.095)
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compared to Groups C (difference in µm: 0.009 ± 0.017, p < 0.001) and D (difference in µm:
0.022 ± 0.017, p < 0.001 and p = 0.002, Figure 4).
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4. Discussion

This study aimed to identify the most commonly used materials for luting macroreten-
tive zirconia restorations in dental practice. It selected different representative materials
and mixing modes for the applications. Group A involved hand-mixing zinc phosphate
cement, which is widely used in dental practices due to its cost-effectiveness and long shelf
life. Group B included glass–ionomer as a capsule mix material. Group C investigated the
effectiveness of a gold standard self-adhesive automix resin cement, and Group D evaluated
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a representative resin-modified glass–ionomer cement (RMGIC). A laboratory scanner was
employed to standardize the models’ digitization and produce the crowns. Using natural
teeth as die material would have complicated the repeatability of preparing the same die.
Therefore, gypsum replicas were manufactured instead. The laboratory scanner yielded
more reproducible scan results compared to an intraoral scanner due to standardized scan
paths. Conversely, the paths with the intraoral scanner can exhibit greater variability from
one scan to another.

The measurement technology applied in this study was based on the virtual superim-
position of STL data sets for the corresponding crown copings with the plaster dies before
and after cementation as a result of optical data generation, and this enabled quantitative,
non-destructive marginal 3D fitting, as well as 2D section analysis. The triple scan protocol
described by Holst et al. [46] enabled a large number of measurement points to be gener-
ated, and the marginal fit could also be evaluated based on the horizontal marginal, vertical
marginal, and absolute marginal fit discrepancies, ensuring reliable results of increased
significance. Nevertheless, optical scanning and evaluation systems may be influenced
by system-related or external aspects, such as the surface quality or the scan depth of the
objects, and no absolute accuracy of the measurements can be achieved [46].

The first hypothesis was that there is no difference in the fit of a zirconia single-tooth
restoration from before to after cementation within the same luting material. This hy-
pothesis has to be partially rejected, as Group A (zinc phosphate cement) and Group B
(glass–ionomer cement) had significantly increased 2D and 3D marginal fit discrepancies
after cementation. As stated by Jorgensen, the thickness of zinc phosphate cement between
restoration and tooth and, thus, the marginal fit of crowns is influenced by cementation
pressure and duration, cement viscosity, temperature, and preparation taper influence [51].
Among all of the materials under investigation, the luting material of Group A was mixed
by hand. Following the manufacturer’s recommendations, a determined powder-to-liquid
ratio was mixed to obtain the cement. Despite the use of measuring aids such as scoops
and dropper bottles, hand mixing has been repeatedly reported to lead to improper mix-
ing ratios, which influences different material properties, including cement viscosity and
working time [52,53]. Walton reported that significantly different film thicknesses were
measured, even by experienced clinicians under standardized ambient conditions and
mixing instruments, and pre-weighted liquid and powder [54]. For Group A, the mea-
sured vertical marginal discrepancy increased by 0.163 µm after cementation. Considering
that the actual minimum thickness detected between teeth during occlusion (minimal
interdental threshold) is 17 µm, the increase in vertical marginal discrepancy for Group
A would represent significant occlusal interference [55]. Under clinical circumstances, a
time-consuming occlusal adjustment would be necessary. Furthermore, a marginal gap
wider than 120 µm is not recommended [22]. It is very likely that, in Group A, the problems
resulting from suboptimal mixing combined with the relatively low cement gap of the
restorations (40 µm) led to increased 3D, 2D vertical (z), and absolute margin discrepancies
(xyz). This lack of marginal fit calls into question the suitability of zinc phosphate cement
with modern high-fit CAD/CAM restorations when other luting materials are easier to
apply, and achieve a better fit after cementation under the same conditions. However,
in contrast to Group A, this is a glass–ionomer cement in capsule mix form. In this case,
mixing-induced problems in viscosity and setting properties cannot be responsible for the
increased marginal discrepancies. The restorations in the present study have a relatively
narrow cement gap, resulting in a tight fit (between 0.033 and 0.042 µm 3D marginal
fit). The literature shows that tighter-fitting restorations will have increased vertical lift;
in the present case, there was an increased vertical marginal discrepancy (0.160 µm for
Group B) [56]. The tighter fit, in combination with the probably too-high viscosity of the
glass–ionomer, may have reduced the material’s outflow and led to the restoration tilting,
resulting in the significantly increased horizontal marginal discrepancy.

Only Group C (self-adhesive resin cement) and Group D (resin-modified glass–ionomer
cement, except for the absolute marginal discrepancy) had any influence on the marginal
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fit. Both materials are delivered in automix canulae, where the catalyst and base paste
are mixed. Mixing the pastes in an automix syringe requires optimized rheology, which
results in cementation without affecting the marginal fit [57]. The self-adhesive resin luting
material can be recommended for clinical use in terms of marginal fit. In addition, the
self-adhesive cement generated the most robust adhesion to zirconia among all of the luting
materials under investigation due to chemical bonds between its phosphomethacrylates and
the zirconia and tooth substrates [58–60]. The investigated resin-modified glass–ionomer
was superior to the zinc phosphate and glass–ionomer cement in regard to marginal fit.
However, some older resin-modified glass–ionomers were prone to swelling and hydrolytic
degradation due to their hydrophilic monomer content [61,62]. Whether this applies to the
modern representatives of this material class needs to be investigated.

Despite the productive and interesting findings, it is imperative to acknowledge
the limitations of the current study. Although a representative selection of fastening
materials was made, incorporating a substantial portion of those currently available, it only
encompasses a fraction of the variety accessible today. Additionally, factors such as the
geometry of the tooth die, i.e., the convergence angle, the inner transitions, and the design
of the preparation margin, may influence cement flow behavior. Consequently, while the
study’s results remain valid, they should be interpreted in light of these considerations.

The results of the present study suggest that the influence of luting materials on
the fit of restorations is a complex issue. All investigated materials meet their respective
ISO norms, especially for film thickness. However, the ISO method does not seem to
be able to offer absolute conclusions about how the fit of the restoration is ultimately
influenced. As can be seen from the literature, a large number of factors, in addition to
the film layer thickness, are involved. Investigating and standardizing these influencing
factors (convergence angle, preparation margin, cement, and margin gap) should be the
subject of further investigations to precisely match the properties of the luting materials
and thus achieve a perfect fit. The method used here may be helpful for this purpose.

5. Conclusions

Within the limitations of the present study, the authors drew the following conclusions:

- The digital non-destructive method was able to detect the influence of the luting
material on the fit of a zirconia single-tooth restoration before and after cementation;

- The zinc phosphate cement led to increased vertical marginal discrepancies;
- Only the self-adhesive luting resin did not influence the fit of the restoration after

cementation, and can be clinically recommended.
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Abstract: (1) Background: Digital technologies are available for denture base fabrication, but there
is a lack of scientific data on the mechanical and chemical properties of the materials produced in
this way. Therefore, the aim of this study was to investigate the residual monomer content, flexural
strength and microhardness of denture base materials as well as correlations between investigated
parameters. (2) Methods: Seven denture base materials were used: one conventional heat cured
polymethyl methacrylate, one polyamide, three subtractive manufactured materials and two additive
manufactured materials. High-performance liquid chromatography was used to determine residual
monomer content and the test was carried out in accordance with the specification ISO No. 20795-
1:2013. Flexural strength was also determined according to the specification ISO No. 20795-1:2013.
The Vickers method was used to investigate microhardness. A one-way ANOVA with a Bonferroni
post-hoc test was used for the statistical analysis. The Pearson correlation test was used for the
correlation analysis. (3) Results: There was a statistically significant difference between the values
of residual monomer content of the different denture base materials (p < 0.05). Anaxdent pink
blank showed the highest value of 3.2% mass fraction, while Polident pink CAD-CAM showed
the lowest value of 0.05% mass fraction. The difference between the flexural strength values of the
different denture base materials was statistically significant (p < 0.05), with values ranging from
62.57 megapascals (MPa) to 103.33 MPa. The difference between the microhardness values for the
different denture base materials was statistically significant (p < 0.05), and the values obtained ranged
from 10.61 to 22.86 Vickers hardness number (VHN). A correlation was found between some results
for the material properties investigated (p < 0.05). (4) Conclusions: The selection of contemporary
digital denture base manufacturing techniques may affect residual monomer content, flexural strength
and microhardness but is not the only criterion for achieving favourable properties.

Keywords: denture bases; hardness; flexural strength; computer-aided design; computer-aided
manufacturing

1. Introduction

Rehabilitation of edentulous patients with conventional removable dentures is a
standard treatment protocol [1,2], and polymethyl methacrylate (PMMA) remains the
most commonly used material for the fabrication of denture bases [3–7]. In addition to
the well-known analogue techniques for the fabrication of denture bases, contemporary
digital technologies are also available today and are used in everyday dental practise. The

Materials 2024, 17, 1052. https://doi.org/10.3390/ma17051052 https://www.mdpi.com/journal/materials43



Materials 2024, 17, 1052

application of computer-aided design-computer-aided manufacturing technology (CAD-
CAM) for complete dentures holds significant potential for patient care, public health,
education and research [8]. CAD-CAM technologies include subtractive and additive
manufacturing. Digital technologies have been introduced in the manufacture of prosthetic
base parts to overcome shortcomings in the properties of prosthetic base materials and
to enable faster, more accurate and more cost-effective manufacturing processes. CAD-
CAM technology simplifies the laboratory effort [9] and allows for greater automation of
procedures, which could result in better denture quality when compared with standard
heat-cured PMMA materials [10], less technician time, shorter clinical protocols [8,11,12]
and fewer patient visits [9,10].

In addition to procedural advantages [9], it has been hypothesised that CAD-CAM
procedures could provide better material properties [10]. The industrial preparation of pre-
polymerised discs for subtractive manufacturing is intended to improve material quality
by reducing operator dependency [13]. In the industrial polymerisation of pre-polymerised
discs for the production of denture bases, polymerisation shrinkage is also no longer an
issue [4,12–14].

Three-dimensional printing technology is also becoming popular in denture base fab-
rication and brings additional advantages: it is more economical, there is no wear of rotary
instruments, there is less waste of raw materials and it enables the simultaneous manufac-
ture of several products [5,6,15–19]. However, evidence on biocompatibility, mechanical
properties, clinical performance and long-term patient follow-up is still lacking [9].

Higher residual monomer concentrations in the denture base material have both
mechanical and biological consequences [20]. Residual monomer has a negative effect
on the mechanical properties of the denture base material [20–27]. In addition, residual
monomer that is leaking in the oral cavity can cause biological reactions in the form of
inflammation, irritation and allergic reactions [21,22,24,25,27–29]. Residual monomers
not only pose a potential risk to the patient but can also pose an occupational risk to the
clinician and technician [30]. For this reason, the concentration of residual monomer in the
denture base material is one of the most important properties that should be considered.

High flexural strength is required to prevent catastrophic failure of the denture under
load [31]. The three-point bending test used to investigate flexural strength simulates the
type of load applied to the denture during mastication [26,31,32]. It has been reported
that the flexural strength of the denture base material is related to the residual monomer
content [10,32].

Microhardness is an important property that is related to the material’s resistance to sur-
face abrasion caused by occlusion and mechanical denture cleaning [23] and to the longevity
of the denture [26]. Microhardness is thought to be sensitive to residual monomer content
and is a simple way to assess the degree of conversion of the monomer [21,23,33]. There is
some evidence of a correlation between microhardness testing and flexural properties [34].

The aim of this study was to investigate the residual monomer content, flexural
strength and microhardness of denture base materials fabricated using different manufac-
turing methods, with a focus on CAD-CAM technology. The aim was also to investigate
whether correlations exist between the investigated material properties.

The null hypothesis was that there is no difference in residual monomer content,
flexural strength and microhardness between different denture base materials and that
there are no correlations between the investigated properties.

2. Materials and Methods

The residual monomer content, flexural strength and microhardness of denture base
materials were investigated. Seven different denture base materials were used (Table 1).
All specimens were prepared according to the manufacturer’s instructions.
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Table 1. List of the materials used in the study.

Name of the Material Manufacturer Description and Purpose of
the Material

Meliodent heat cure Kulzer, Hanau, Germany Denture base material, PMMA,
heat cured

Vertex Thermosens Vetex Dental, Soesterberg, The
Netherlands

Denture base material, polyamide,
injection technique

Ivobase CAD pink V Ivoclar Vivadent, Schaan,
Liechtenstein

CAD-CAM denture base material,
subtractive manufacturing

Polident pink CAD-CAM
disc basic

Polident d.o.o., Volčja
draga, Slovenia

CAD-CAM denture base material,
subtractive manufacturing

Anaxdent pink blank U
medium pink

Anaxdent GmbH,
Stuttgart, Germany

CAD-CAM denture base material,
subtractive manufacturing

Freeprint denture Detax, Ettlingen, Germany CAD-CAM denture base material,
additive manufacturing

Imprimo LC denture Scheu, Iserlohn, Germany CAD-CAM denture base material,
additive manufacturing

CAD-CAM: computer-aided design-computer-aided manufacturing, PMMA: polymethyl methacrylate.

Residual monomer
All materials from Table 1 were used in the analysis of residual monomers, with

the exception of polyamide, which does not contain methyl methacrylate (MMA) due
to its different chemical composition. In accordance with ISO 20795-1:2013 [35], high-
performance liquid chromatography (HPLC) was used for the analysis. The specimens
were discs with a diameter of 50 mm and a thickness of 3 ± 0.1 mm. All specimens were
slightly oversized and were wet-ground with metallographic grinding papers with a grain
size of approximately 30 µm (P 500) and 15 µm (P 1200) until the final dimensions were
reached. Water was used during the grinding process to avoid any frictional heat that could
lead to monomer loss or depolymerisation. To keep the monomer content constant, the
specimens were stored in the freezer after preparation until HPLC. For each denture base
material, three specimens were prepared and three measurements were performed for each
specimen, totalling 54 measurements. The sample size was determined according to ISO
20795-1:2013 [35].

The list of chemicals used in HPLC are shown in Table 2.

Table 2. List of chemicals used in residual monomer investigation.

Chemical Name Manufacturer Purity

Acetone Acros Organics, Geel, Belgium 99.8%
Diclofenac sodium Sigma Aldrich, St. Louis, MO, USA ≥98%
Hydroquinone Fluka, Gillingham, UK ≥99%
Methanol J.T. Baker, Phillipsburg, NJ, USA ≥99.9%
Methil methacrylate, stabilized Acros Organics, Geel, Belgium ≥99%
Formic acid Fischer Scientific, Waltham, MA, USA ≥99%

Three solutions were prepared with the aforementioned chemicals: solution A, B and
C. Solution A was 20 mg L−1 mass concentration of hydroquinone in acetone. Solution B
was 20 mg L−1 mass concentration of hydroquinone in methanol. Solution C was a mixture
of one part of solution A and four parts by volume of solution B.

Prior to chromatography, extraction of the monomer was performed (Figure 1). First,
each specimen disc was broken into small pieces, which were additionally ground using a
universal laboratory mill with water cooling (M 20, IKA, Aachen, Germany). Grinding was
carried out in 3 s pulses with 20 s pauses to avoid frictional heat and monomer losses.
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Figure 1. Sample placed in solution A (A), after 72 h of dissolving in solution A (B), and sample in
solution B (C).

A sample of approximately 650 mg was placed in a 25 mL glass volumetric flask and
10 mL of solution A was added. Each sample was weighed using an analytical balance
and the mass was recorded. Acetone in solution A was used to dissolve the sample and
hydroquinone in the same solution to avoid the polymerisation of the dissolved residual
methyl methacrylate. After 72 h, 2 mL of the sample solution was transferred to a one-mark
10 mL volumetric glass flask, 10 µL of the internal standard was added and solution B
was added to a total volume of 10 mL. Solution B consisted of methanol to precipitate the
dissolved polymer and hydroquinone to prevent polymerisation of the dissolved methyl
methacrylate. To enhance the precipitation of the polymer, the solution was centrifuged
for 15 min (EBA-21, Hettich Zentrifugen, Tuttlingen, Germany). The sample solution was
additionally filtered through a syringe filter with a pore size of 0.45 µm (Acrodisc, Pall, Ann
Arbor, MI, USA) to remove the remaining dissolved macromolecules that could degrade
and clog the HPLC columns.

Immediately after extraction of the monomer, HPLC was performed.
Solution C was used to prepare the calibration diagram. It was additionally diluted

with ultrapure water prepared with the Direct-Q 3 UV water purification system (Millipore
SAS, Molsheim, France). The mixing ratio was solution C/ultrapure water = 66:34. The
dilution of solution C was used to improve the separation of the analytes on the chromato-
graph. Four different concentrations of MMA were used to generate the calibration curve:
0.5, 1, 1.5 and 3 mg/L (Figure 2). Diclofenac at a concentration of 3 mg/L was used for the
internal standard.
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Figure 2. Calibration curve.

The concentration of the residual monomer was determined by HPLC with an internal
standard. The Shimadzu LC-10 chromatographic system was used (Shimadzu, Kyoto,
Japan), which consisted of an SCL-10AVP controller, two LC-10ADvp pumps, a DGU-20AR
degasser and an SPD-M10ADvp UV/DAD detector. A Nucleosil C18 RP column (Macherey
Nagel, Dueren, Germany) with a length of 250 mm, an inner diameter of 4.6 mm and a
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pore size of 5 µm was used for the chromatographic separation of the analytes. The mobile
phase consisted of two components: the organic component was methanol and the aqueous
component was 0.2% formic acid. Each component was pumped individually, and the
components were mixed at a ratio of 0.66 parts organic component and 0.34 parts aqueous
component with isocratic elution. The total flow rate was 1.0 mL min−1 and the volume
of the sample solution was 20 µL. Methyl methacrylate was detected at a wavelength of
235 nm and the internal standard at 276 nm.

The concentration of methyl methacrylate was determined using Class VP v6.14
software (Shimadzu, Kyoto, Japan). The mass of MMA in the sample solution, mMMA, was
calculated using the following Equation:

mMMA = γMMA × Ve ×
Vp

Va

where γMMA [mg L−1] represented MMA concentration, Ve [mL] was solution A volume,
Va [mL] was a part of the sample solution transferred after dissolving of the sample, and
Vp [mL] was total volume of the sample solution mixed with solution B and the internal
standard. Since Ve (10 mL), Vp (10 mL) and Va (2 mL) were constant, the Equation was
simplified as follows:

mMMA = γMMA × 0.05

The results of the analysis were calculated according to the following Equation:

w =
mMMA

mSAMPLE
× 100

where w [%] represented the mass fraction of MMA in the sample, mMMA [mg] was the
mass of MMA in the sample solution and mSAMPLE [mg] was the mass of the sample.

Flexural strength
The flexural strength analysis was performed according to the specifications of ISO

20795-1:2013 [35] and all seven denture base materials from Table 1 were analysed. Five
specimen strips were prepared for each denture base material, totalling 35 specimens.
They were 64 mm long, 10.0 ± 0.2 mm wide and 3.3 ± 0.2 mm high. All specimen strips
were slightly oversized and were wet-ground with metallographic grinding paper with
a grain size of approximately 30 µm (P500), 18 µm (P1000) and 15 µm (P1200) until the
final dimensions were reached. The prepared specimens were stored in a water bath at a
temperature of 37 ± 1 ◦C for 50 ± 2 h. After removing the specimens from the water bath,
flexural testing was immediately performed.

Flexural testing was conducted with a universal testing machine (Autograph AGS-X,
Shimadzu, Kyoto, Japan). A metal flexural test rig was prepared, consisting of a central
loading plunger and two polished cylindrical supports with a diameter of 3.2 mm and
a length of 10.5 mm. The supports were arranged parallel and perpendicular to the
longitudinal centreline. The distance between the centres of the supports was 50 ± 0.1 mm
and the loading plunger was located in the centre between the supports. The displacement
rate was 5 mm/min and the test was performed until the specimen broke. The maximum
load during the test was recorded (Figure 3).

Flexural strength σ [MPa] was calculated using the following Equation:

σ =
3 ∗ F ∗ l

2 ∗ b ∗ h ∗ h

where F [N] was the recorded maximum load, l [mm] was the distance between the
supports, b [mm] was the width of the specimen strip and h [mm] was the height of the
specimen strip.
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Figure 3. Flexural strength testing: specimen placed in the universal testing machine (A), and during
the testing (B).

Microhardness
Microhardness analysis was performed using the Vickers method and all materials

from Table 1 were analysed. The specimens were 25 × 25 mm plates with a thickness of
3 mm. The specimen plates were wet-ground with P500, P1000 or P4000 metallographic
grinding paper and polished with a 0.05 µm aluminium oxide suspension and polishing
cloth. The Vickers CSV-10 hardness testing machine (ESI Pruftechnik GmbH, Wendlingen,
Germany) was used. The load was 100 g with a dwell time of 15 s. For each denture base
material, eight specimens were prepared. Five measurements were performed on each
specimen, the Vickers hardness value obtained was recorded and the mean value was
calculated for each specimen (Figure 4).
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Figure 4. Microhardness testing: specimen placed in the testing machine (A), indentation visible on
the screen (B).

The IBM SPSS software for Windows, version 29.0.1, was used for the statistical
analysis. The one-way ANOVA test with a Bonferroni post-hoc test was used for the
analysis. Pearson’s correlation coefficient r was used to analyse the correlation between the
examined properties. p values < 0.05 were considered statistically significant.

3. Results

The results of residual monomer content, flexural strength and microhardness are
shown in Table 3. A graph presenting flexural stress as a function of strain for flexural
strength testing is shown in Figure 5.
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Table 3. Residual monomer, flexural strength and microhardness results.

Residual Monomer
[% Mass Fraction] Flexural Strength [MPa] Microhardness

[VHN]

Mean SD Mean SD Mean SD

1. Meliodent Heat Cure 0.53 3,5 0.07 97.06 2,3,7 6.25 20.58 2,3,4,5,7 0.52

2. Vertex Thermosens 62.57 1,4,5,6 5.69 10.61 1,3,4,5,6,7 0.24

3. Ivobase CAD Pink 3.05 1,4,6,7 0.58 79.06 1,6 4.65 17.23 1,2,4,5,6 0.99

4. Polident Pink CAD-CAM 0.05 3,5 0.03 96.27 2,7 5.81 22.86 1,2,3,4,6,7 0.72

5. Anaxdent Pink Blank 3.20 1,4,6,7 1.14 83.31 2,6 3.21 18.83 1,2,3,4,6,7 0.48

6. Freeprint Denture 0.36 3,5 0.16 103.33 2,3,5,7 16.71 21.30 2,3,4,5,7 0.45

7. Imprimo LC Denture 0.34 3,5 0.13 69.75 1,4,6 7.63 16.55 1,2,4,5,6 0.81

Mpa = megapascal, VHN = Vickers hardness number, SD = standard deviation. Superscripted numbers indicate a
statistically significant difference between materials, p < 0.05.

Materials 2024, 17, x FOR PEER REVIEW 7 of 15 

analysis. Pearson’s correlation coefficient r was used to analyse the correlation between 
the examined properties. p values < 0.05 were considered statistically significant. 

3. Results
The results of residual monomer content, flexural strength and microhardness are 

shown in Table 3. A graph presenting flexural stress as a function of strain for flexural 
strength testing is shown in Figure 5. 

Table 3. Residual monomer, flexural strength and microhardness results. 

Residual Monomer 
[% Mass Fraction] 

Flexural Strength [MPa] Microhardness 
[VHN] 

Mean SD Mean SD Mean SD
1. Meliodent Heat Cure 0.53 3,5  0.07 97.06 2,3,7 6.25 20.58 2,3,4,5,7 0.52 
2. Vertex Thermosens 62.57 1,4,5,6 5.69 10.61 1,3,4,5,6,7 0.24 
3. Ivobase CAD Pink 3.05 1,4,6,7 0.58 79.06 1,6 4.65 17.23 1,2,4,5,6 0.99 
4. Polident Pink CAD-CAM 0.05 3,5 0.03 96.27 2,7 5.81 22.86 1,2,3,4,6,7 0.72 
5. Anaxdent Pink Blank 3.20 1,4,6,7 1.14 83.31 2,6 3.21 18.83 1,2,3,4,6,7 0.48 
6. Freeprint Denture 0.36 3,5 0.16 103.33 2,3,5,7 16.71 21.30 2,3,4,5,7 0.45 
7. Imprimo LC Denture 0.34 3,5 0.13 69.75 1,4,6 7.63 16.55 1,2,4,5,6 0.81 

Mpa = megapascal, VHN = Vickers hardness number, SD = standard deviation. Superscripted 
numbers indicate a statistically significant difference between materials, p < 0.05. 

Figure 5. Graph showing flexural stress as a function of strain with average values obtained for each 
material. 

The highest value for residual monomer content was obtained for the denture base 
material Anaxdent pink blank (3.2% mass fraction), while the lowest value was obtained 
for Polident pink CAD-CAM (0.05% mass fraction). Anaxdent pink blank and Ivobase 
CAD pink showed statistically significantly higher values for residual monomer than 
Meliodent heat cure (p < 0.001). Polident pink CAD-CAM showed lower values for 
residual monomer than Meliodent heat cure, but this was not statistically significant (p = 
0.624). There was no statistically significant difference in the residual monomer content 
between Meliodent heat cure and additive manufactured materials (Freeprint denture and 
Imprimo LC denture) (p = 1). 
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each material.

The highest value for residual monomer content was obtained for the denture base
material Anaxdent pink blank (3.2% mass fraction), while the lowest value was obtained for
Polident pink CAD-CAM (0.05% mass fraction). Anaxdent pink blank and Ivobase CAD
pink showed statistically significantly higher values for residual monomer than Meliodent
heat cure (p < 0.001). Polident pink CAD-CAM showed lower values for residual monomer
than Meliodent heat cure, but this was not statistically significant (p = 0.624). There was no
statistically significant difference in the residual monomer content between Meliodent heat
cure and additive manufactured materials (Freeprint denture and Imprimo LC denture) (p = 1).

For flexural strength, the highest value was obtained for Freeprint denture (103.33 MPa)
and the lowest value for Vertex Thermosens (62.57 MPa). Ivobase CAD pink (p = 0.037),
Imprimo LC denture (p < 0.001) and Vertex Thermosens (p < 0.001) showed statistically
significantly lower values for flexural strength than Meliodent heat cure, while the highest
value for Freeprint denture was not statistically significantly different compared to Melio-
dent heat cure (p = 1). There was no statistically significant difference in flexural strength
values between three denture base materials for subtractive manufacturing (p from 0.055 to
1), while there was a statistically significant difference between two denture base materials
for additive manufacturing in terms of flexural strength values (p < 0.001).
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In terms of microhardness, the highest value was obtained for Polident pink CAD-CAM
(22.86 VHN) and the lowest value for Vertex Thermosens (10.61 VHN). Polident pink CAD-
CAM showed statistically significantly different results compared to all other materials (p <
0.001). Vertex Thermosens also showed statistically significantly different results compared to
all other materials (p < 0.001). All materials examined, with the exception of Freeprint denture,
showed statistically significantly different results for microhardness compared to Meliodent
heat cure (p < 0.001). When comparing the microhardness values of all three denture base
materials for subtractive manufacturing, there was a statistically significant difference between
all materials (p < 0.001), and there was a statistically significant difference in microhardness
between two denture base materials for additive manufacturing (p < 0.001).

The analysis of the correlation is shown in Table 4. When analysing the correlation, a
statistically significant negative correlation was found between residual monomer content
and the flexural strength value for conventional heat-cured PMMA material (p = 0.004).
For polyamide denture base material, no statistically significant correlation was found
between the investigated properties (p = 0.878). For subtractive manufactured materials,
a statistically significant negative correlation was found between the residual monomer
content and flexural strength (p < 0.001) and between the residual monomer content and
microhardness (p < 0.001). A statistically significant positive correlation between flexural
strength and microhardness was also found in the group of subtractive manufactured
materials (p = 0.001). A statistically significant positive correlation between flexural strength
and microhardness was found for additive manufactured materials (p = 0.01).

Table 4. The results for correlation analysis.

Microhardness
(VHN)

Residual Monomer
(% Mass Fraction)

Flexural Strength
(Mpa)

MELIODENT

MICROHARDNESS (VHN)
Pearson Correlation 1.000 0.655 −0.822

P 0.078 0.088

RESIDUAL MONOMER (% mass fraction)
Pearson Correlation 0.655 1.000 −0.976

P 0.078 0.004 *

FLEXURAL STRENGTH (MPa)
Pearson Correlation −0.822 −0.976 1.000

P 0.088 0.004 *

VERTEX THERMOSENS

MICROHARDNESS (VHN)
Pearson Correlation 1.000 / −0.096

P / 0.878

RESIDUAL MONOMER (% mass fraction)
Pearson Correlation / / /

P / / /

FLEXURAL STRENGTH (MPa)
Pearson Correlation −0.096 / 1.000

P 0.878 /

SUBTRACTIVE MANUFACTURED MATERIALS

MICROHARDNESS (VHN)
Pearson Correlation 1 −0.815 0.826

P 0.000 * 0.000 *

RESIDUAL MONOMER (% mass fraction)
Pearson Correlation −0.815 1 −0.756

P 0.000 * 0.001 *

FLEXURAL STRENGTH (MPa)
Pearson Correlation 0.826 −0.756 1

P 0.000 * 0.001 *

ADDITIVE MANUFACTURED MATERIALS

MICROHARDNESS (VHN) Pearson Correlation 1 0.074 0.765

P 0.786 0.010 *

RESIDUAL MONOMER (% mass fraction)
Pearson Correlation 0.074 1 0.215

P 0.786 0.551

FLEXURAL STRENGTH (MPa)
Pearson Correlation 0.765 0.215 1

P 0.010 * 0.551

* indicates statistically significant correlation between investigated properties (p < 0.05). Mpa = megapascal,
VHN = Vickers hardness number.
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4. Discussion

Residual monomer
Since the conventional heat-curing method for MMA polymerisation is widely known,

it represents the best reference system for comparison purposes [36], which is why a
conventional heat-cured PMMA material (Meliodent heat cure) was included in this study
as a control group. The polymerisation reaction and the conversion of MMA is never
complete [37], it is unavoidable and zero content cannot be achieved [20,30].

Higher concentrations of residual monomer in denture base materials have both
mechanical and biological consequences [20]. Residual monomer acts as a plasticiser by
reducing the forces between the chains, so that it negatively influences the mechanical
properties of the denture base material [10,20–27,38,39]. Residual monomer that is leaking
in the oral cavity can also cause biological reactions in the form of inflammation, irritation
and allergic reactions [21,22,24,25,27–29]. Various signs and symptoms have been reported
in patients as a result of exposure to residual monomer: local chemical irritation, hyper-
sensitivity, mucosal inflammation and ulceration, a burning sensation in the mouth, pain,
oedema, swelling and respiratory tract irritation [3,30,40–43]. Residual monomer is not
only a potential risk for the patient but could also represent an occupational risk for the
doctor and the technician [30].

To increase the biocompatibility of the denture base material and to achieve optimal
material properties, maximum reduction of residual monomer content is desirable [10].
There are a number of factors that can influence the residual monomer content: the mixing
ratio of powder and liquid, polymerisation method [30,38], thickness of the denture [44,45],
polishing of the surface [3], alternative methods of polymerisation using autoclaves [21], high
pressure [32,46] or prolonged curing time [20], post-polymerisation treatments [21,23,40],
storage time and storage conditions after fabrication [25,41,45]. It was found that the residual
monomer content tends to be lower in dentures that have been used for a longer period of
time, but small amounts could still be found in dentures older than 15 years [28].

High pressure and high temperatures are used in the production of pre-polymerised
PMMA blocks for subtractive manufacturing, and the process is strictly controlled in the
factory [37]. This process promotes the formation of longer polymer chains and should favour a
higher degree of monomer conversion and a lower residual monomer content [2,10,14,24,25,46].
As the residual monomer acts as a plasticiser in PMMA material, it is expected that its lower
concentration will also improve the mechanical properties [32].

According to ISO 20795-1 [35], various methods can be used to determine the residual
monomer content in denture base materials: gas chromatography, high-performance liquid
chromatography or any other chromatographic method that gives the same results as the
aforementioned methods. Various laboratory techniques for determining residual monomer
content can be found in the literature, including UV spectrophotometry [3]. Two different
types of residual monomer investigations can also be found in the literature, one is the
determination of the amount of residual monomer in the denture base material sample and
the other is the determination of the amount of residual monomer released in the water in
which the denture base material samples were stored. ISO 20795-1 only proposes analysis
of the residual monomer content in the denture base material sample. The requirement
of ISO 20795-1 that the upper limit for residual monomer should be 2.2% mass fraction
addresses residual monomer content and not residual monomer elution. In our study, we
used HPLC to determine the residual monomer content in samples of denture base material
as described in ISO 20795-1.

Kedjarune et al. [43] investigated both residual monomer content and residual monomer
release in saliva and found that the material with the lowest content has the lowest release,
but a higher content does not necessarily mean a higher release.

Ayman et al. [24] showed lower values of residual monomer content in denture base
materials for subtractive manufacturing compared to conventional heat-cured PMMA. On
the other hand, Steinmassl et al. [10] found no statistical difference in residual monomer
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release between denture base materials for subtractive manufacturing and conventional
PMMA material.

In our study, the results showed that two materials for subtractive manufacturing
(Ivobase CAD pink and Anaxdent pink blank) had a statistically significantly higher
residual monomer content compared to Meliodent, the standard material for heat-curing
PMMA dentures. In addition, the results for Ivobase CAD pink and Anaxdent pink blank
did not meet the requirements for residual monomer content specified in ISO 20795-1
(upper limit of 2.2% mass fraction). Ivoclar CAD pink showed the highest value, while the
third material for subtractive manufacturing, Polident pink CAD-CAM, showed the lowest
value. These differences in the results for the three materials for subtractive manufacturing
could indicate that the technology for the production of denture bases is not the only factor
relevant for achieving the expected residual monomer content, but that there are also some
differences in the composition of the material and probably different industrial procedures
for the production of pre-polymerised discs.

The two materials for additive manufacturing showed lower values compared to
Meliodent heat cure, but these were not statistically significantly lower. These results
were also well below the upper limit specified in ISO 20795-1. The materials for additive
manufacturing differ greatly in composition compared to the heat-cured PMMA materials
(the manufacturer stated for Imprimo LC denture that the main component, more than
95%, is bisphenol A polyethylene glycol diether dimethacrylate, and another manufacturer
stated for Freeprint denture that the material is MMA-free). There are several explanations
for the presence of residual monomer in additive manufactured materials: some amount of
MMA could be present in the resin, or it could be a by-product of the photopolymerisation
process. It is also possible that a component is present in the material that causes the same
reaction as MMA in HPLC on the detector.

Flexural strength
High flexural strength is required to prevent catastrophic failure of the denture under

load [4,31]. The three-point bending test used to investigate flexural strength simulates the
type of load applied to the denture during mastication [26,31,32,37,47]. Flexural strength
is the most commonly used test for dental materials, along with impact strength and
microhardness [4,47].

When comparing denture base materials for subtractive manufacturing with conventional
PMMA material, recent studies have shown that denture base materials for subtractive manufac-
turing have statistically significantly higher values for flexural strength [4,12,13,24,31,32,48–51],
while some authors showed similar results for milled denture base materials and conventional
PMMA materials [2,4,51]. The results of other authors showed statistically significantly lower
measured values for subtractive manufactured denture bases [13,51].

When comparing the flexural strength of additive manufactured materials with con-
ventional heat-cured PMMA material, additive manufactured materials showed statistically
significantly lower flexural strength values [4,15,47,51,52], while some authors showed
similar results for heat-cured PMMA material [4,53] or even statistically significantly higher
values [4].

When comparing subtractive with additive manufactured materials, subtractive man-
ufactured materials showed better results [1,6].

In our study, both subtractive and additive manufactured materials showed statis-
tically significantly lower or similar flexural strength values compared to conventional
heat-cured PMMA material. When comparing subtractive manufactured materials with
additive manufactured materials, the subtractive manufactured materials showed statisti-
cally significantly lower, similar or even higher values. All materials, with the exception of
Vertex thermosens, met the criterion of a minimum value of 65 MPa for flexural strength
proposed by ISO 20795-1 [35]. It can be concluded that the flexural strength value depends
on the specific choice of material and not on the choice of manufacturing process.

The chemical composition of additive manufactured materials is not yet fully provided
by the manufacturers, and it seems that the chemical composition of resins for additive
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manufacturing differs significantly [11,18], so the comparison of different studies could be
considered difficult [54].

In the production of pre-polymerised blocks for subtractive manufacturing, the details
of the production process are trade secrets [38], but the observed differences in the mechan-
ical properties of the milled denture base materials could also indicate different industrial
procedures [32,55].

In order to take full advantage of digital denture manufacturing, it is recommended to
further improve resins for additive manufacturing by changing the composition and rein-
forcement and to optimise processing techniques [2,17,37]. The addition of nanoparticles
and nanocomposites [11,18,56,57], build-up orientation, polymerisation technique of the 3D
printer, post-curing process, and the number and thickness of the layers can influence the
mechanical properties of additive manufactured denture base materials [1,17,47,52,58,59].

Microhardness
Microhardness is an important property of denture base materials that indicates the

resistance of the material to surface wear [5,21], which means that loss of smoothness
is avoided, and plaque retention and pigmentation are reduced, resulting in a longer
useful life of the denture [23]. Microhardness is a measure of resistance to local plastic
deformation caused by mechanical indentation or abrasion [1,51]. It is one of the most
frequently performed tests on materials. Several different methods are used: Vickers,
Brinell and Knoop. The Vickers method is considered a valid tool for microhardness
testing [21,23] and is most commonly used for microhardness testing of denture base
materials. However, the Vickers method also has some limitations: measurements can be
limited by the resolution of the optical system, the operator’s perception and the elastic
recovery of the material [23].

Regarding microhardness, recent studies for subtractive manufactured denture base
materials found results similar to conventional PMMA materials [2,13], while several
authors reported higher [24,32,60] or even lower values of microhardness [12]. For additive
manufactured materials, data from recent studies generally showed the lowest values for
microhardness compared to conventional PMMA materials [5,18,47,51,57].

In this study, when comparing three subtractive manufactured materials with con-
ventional heat-cured PMMA, one material showed statistically significantly higher values,
while the other two materials showed statistically significantly lower values. For the
additive manufactured materials, one material showed a statistically significantly lower
value, while the other material showed similar values when compared to the conventional
heat-cured PMMA material. All of these results are consistent with the findings of previous
studies and may indicate that the choice of manufacturing process alone is not the only
criterion for achieving the expected microhardness values.

It is assumed that microhardness is sensitive to residual monomer content and is a
simple way to evaluate the degree of conversion of the monomer [21,23,26,32–34]. The
hardness values are directly proportional to the amount of residual monomer [23]. Similarly,
flexural strength is also proposed as a simple way to indicate the conversion of the monomer,
as it is also sensitive to residual monomer content [32,37,55]. Lee et al. [34] investigated
the correlation between the different mechanical properties and showed a high positive
correlation between the microhardness test and flexural properties.

Our study also investigated the correlation between the properties of the materials.
Our results are partly consistent with previous studies [23,34]. A statistically significant
positive correlation between microhardness and flexural strength was found for additive
and subtractive manufactured materials, but no statistically significant correlation was
found for conventionally heat-cured and polyamide materials. As there is no statistically
significant correlation between residual monomer content and other properties investigated
for additively manufactured materials, the above suggestions (by other authors) for using
microhardness and flexural strength values to determine the monomer are not considered.
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5. Conclusions

The choice of manufacturing process is not a suitable criterion for achieving desirable
values of residual monomer content, flexural strength and microhardness. According to
results from this study, it can be concluded that differences between investigated parameters
exist, and therefore the null hypothesis is rejected.

The values for residual monomer content are different for the materials tested. The
highest values are found in the group of subtractive manufactured materials, but at the same
time, the lowest value was also found in the same group of materials (Polident pink material).

The highest value of flexural strength was found in the group of additive manufactured
materials, followed by heat-cured PMMA material and a material from the subtractive
manufactured group of materials.

The microhardness values differed between the materials tested, even between materi-
als in the same material group (additive and subtractive manufactured materials).

The lowest values for flexural strength and microhardness are obtained for the material
Vertex thermosens.

The values of residual monomer influence flexural strength in a group of subtractive
manufactured materials (higher residual monomer with lower values for microhardness
and flexural strength) and for conventionally heat-cured PMMA (higher residual monomer
with lower values for flexural strength).
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Abstract: (1) Background: Various materials are available for CAD-CAM denture base fabrication,
for both additive and subtractive manufacturing. However, little has been reported on bond strength
to soft denture liners. Therefore, the aim of this study was to investigate tensile bond strength, com-
paring between different denture base materials and soft denture liners. (2) Methods: Seven different
materials were used for denture base fabrication: one heat-polymerized polymethyl methacrylate,
three materials for subtractive manufacturing, two materials for additive manufacturing and one
polyamide. Two materials were used for soft denture lining: one silicone-based and one acrylate-
based. The study was conducted according to the specification ISO No. 10139-2:2016, and the type
of failure was determined. The Kruskal–Wallis test with Dunn’s post hoc test was used to analyse
the values of tensile bond strength, and Fisher’s exact test was used to analyse the type of failure.
p Values < 0.05 were considered statistically significant. (3) Results: The tensile bond strength values
were not statistically significantly different combining all the materials used for denture base fabrica-
tion with the acrylate-based soft denture liner (p > 0.05), and the average values ranged between 0.19
and 0.25 Mpa. The tensile bond strength values of the different denture base materials and silicone-
based denture liner were statistically significantly different (p < 0.05), and the average values ranged
between 1.49 and 3.07 Mpa. The type of failure was predominantly adhesive between polyamide
and both additive-manufactured denture base materials in combination with the acrylate-based soft
liner (p < 0.05). (4) Conclusions: The use of digital technologies in denture base fabrication can have
an influence on different tensile bond strength values for soft denture liners, with different types of
failure when compared with heat-cured PMMA. Similar tensile bond strength values were found
between the acrylate-based soft denture liner and denture base materials. Significant differences in
tensile bond strength values were found between the silicone-based soft denture liner and denture
base materials, where the additive-manufactured and polyamide denture base materials showed
lower values than heat-cured PMMA and subtractive-manufactured denture base materials.

Keywords: denture liners; CAD-CAM; denture base

1. Introduction

Among the various materials used for denture base fabrication, polymethyl methacry-
late (PMMA) became the gold standard soon after its introduction into clinical use [1,2]. It
has many advantageous properties, including a low cost, ease of handling, a light weight,
low water solubility and water sorption, stability in oral environments and high aesthetic
results, but also has some shortcomings, including a residual monomer, brittleness, poor
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mechanical properties, high polymerization shrinkage and a lack of radiopacity [1,3–5]. For
this reason, there is an ongoing search for a better material. One direction is to chemically
modify PMMA using monomers, oligomers, copolymers and cross-linking agents [6–9].
Investigations were also performed with the incorporation of filler particles and fibres
into the PMMA, with recent trends towards nanoparticle incorporation (zirconium diox-
ide nanoparticles, silicone dioxide nanoparticles, diamond nanoparticles) [5,9]. Different
processing techniques were also proposed (injection moulding, microwave, heat polymer-
ization under high pressure, autoclave) [9]. The other direction is the use of materials with a
completely different chemical formula from PMMA, such as polyamide, polycarbonate and
polyester [10,11]. When compared with PMMA, these materials have a lower elastic modu-
lus, lower surface roughness, lower allergenic risk and higher resistance to acids, but also
have some other disadvantages, including complicated manipulation and different process-
ing and polishing methods, the fact that special and more expensive equipment is required,
higher water sorption, a higher risk of fracture and lower colour stability [10,11]. Recently,
polyetheretherketone (PEEK) and a high-performance polymer based on polyether ketone
(BioHPP) were also proposed for denture base fabrication [9].

Recently, new digital technologies have increasingly been used in dentistry and are
also available for denture base fabrication, both subtractive and additive [3,6,12–15]. When
compared with heat-cured PMMA, digital technologies can theoretically accelerate the
fabrication of the denture, reduce the possibility of errors, improve precision and achieve
better material properties. It is also possible to reduce the number of patient visits to
the dental office and reduce the dental technician’s working time [1,16–18]. With stored
computer data, it is easy to reproduce the same denture if necessary [19,20]. However, there
is a lack of scientific data for these types of materials, especially for additive technologies.

The denture base should be meticulously fitted to the residual ridge after its fabrication.
Due to the resorption of the alveolar bone, which is a chronic, progressive and irreversible
process, the shape of the residual ridge changes. Denture relining, as a common clinical
procedure in dentistry, can prolong the use of the existing denture by adapting the denture
base to the changes in soft and hard tissues. This procedure is much faster and less
expensive than fabricating a new denture. Hard and soft denture liners can be used. Soft
denture liners can be used for both short- and long-term use, and they can be silicone- and
acrylate-based [21,22].

Soft denture liners have a cushioning effect and can contribute to an even distribution
of functional loads on the denture-bearing area and improve patient comfort, especially in
cases of undercuts, sensitive mucosa, and bruxomania [22–24]. They may also be helpful
after surgical procedures and for immediate dentures. It is proven that soft denture lining
can improve oral-health-related quality of life, masticatory function, and overall patient
satisfaction with the denture [25–27].

Bond strength between the denture base material and soft denture liner is considered
as one of the key factors for the long-term success of the relining procedure [23,28–33].
However, the bond strength values between denture base materials (especially in additive
and subtractive manufacturing) and soft denture liners are poorly studied, and standard-
ised tests are rarely used. Therefore, the aim of this study was to investigate the tensile
bond strength values between denture base materials and soft denture liners using the
method described in specification ISO No. 10139-2:2016 [34], with an emphasis on denture
base materials for computer-aided design–computer-aided manufacturing (CAD-CAM)
technology. Additionally, the type of failure was investigated. The null hypothesis was
stated: There is no difference in tensile bond strength between the different denture base
materials and soft denture liners, and there is no difference in the type of failure between
the different denture base materials and soft denture liners.

2. Materials and Methods

Seven different denture base materials and two different soft denture liners were used
in this study. The materials used are shown in Table 1.
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Table 1. Materials used in this study.

Name of the Material Manufacturer Description and Purpose
of the Material

Meliodent heat cure Kulzer, Hanau, Germany Denture base material, PMMA,
heat-cured

Vertex Thermosens Vetex Dental, Soesterberg, Netherlands Denture base material, polyamide,
injection technique

Ivobase CAD pink V Ivoclar Vivadent, Schaan, Liechtenstein CAD CAM denture base material,
subtractive manufacturing

Polident pink CAD/CAM disc basic Polident d.o.o., Volčja draga, Slovenia CAD CAM denture base material,
subtractive manufacturing

Anaxdent pink blank U medium pink Anaxdent GmbH, Stuttgart, Germany CAD CAM denture base material,
subtractive manufacturing

Freeprint denture Detax, Ettlingen, Germany CAD CAM denture base material,
additive manufacturing

Imprimo LC denture Scheu, Iserlohn, Germany CAD CAM denture base material,
additive manufacturing

Soft liner GC Europe, Leuven, Belgium Soft denture liner, acrylate-based,
direct relining method

Reline II soft GC Europe, Leuven, Belgium Soft denture liner, silicone-based,
direct relining method

This study was performed according to the specification ISO No. 10139-2:2016 [34].
Plates with dimensions of 25 ± 3 mm × 25 ± 3 mm and a thickness of 3 ± 0.5 mm, composed
of denture base material, were the basis for specimen preparation. The flat surfaces of
the plates were kept plane-parallel and wet-ground with standard P500 metallographic
grinding paper. After the preparation of the plates, they were stored in a water bath at
37 ± 1 ◦C for 30 ± 2 days.

Two plates, a polytetrafluoroethylene (PTFE) collar and a PMMA rod, were needed
for one specimen. The PTFE collar had an inner diameter of 10 ± 0.5 mm and a height of
3 ± 0.25 mm. The PMMA rod had an outer diameter of 10 mm and a height of 20 mm.

After the plates were removed from the water bath, they were dried, and for the
silicone-based liner, adhesive was applied to the adhesive surface of the plate. The PTFE
collar was placed in the centre of the plate, and the prepared soft liner material was applied
with slight excess while being confined within the PTFE collar and closed with the second
plate. The specimen was clamped for 1 h. Then, the PMMA rod was attached to the top
of the second plate using cyanoacrylate cement. A custom-made template was used to
assemble the specimen and to maintain the vertical alignment of the specimen.

The specimens were again stored in a water bath at 37 ± 1 ◦C for 23 ± 1 h. Immediately
after removal from the water bath, the specimens were placed in the universal testing machine
(Autograph AGS-X, Shimadzu, Kyoto, Japan). To ensure the vertical alignment of the specimen
in the testing machine, a custom-made loading assembly was used. The tensile test was
performed at a displacement rate of 10 mm/min (Figure 1). The maximum load (F) during
debonding was recorded. The sample size was determined using the specification ISO
No. 10139-2:2016 [34]. For each denture base material in combination with one soft liner,
10 specimens were prepared, and 140 measurements were performed in total.

The tensile bond strength B (MPa) was calculated according to the formula B = F/A,
where F (N) is the maximum load recorded and A (mm2) is the adhesive area. The adhesive
area was defined according to the inner diameter of the PTFE collar.

The type of failure was determined visually according to the instructions of spec-
ification ISO 10365:2022 [35]. High-resolution photographs were taken using a digital
single-lens reflex camera EOS 250D (Canon, Ota City, Tokio, Japan) with a macro-objective
at a 10× magnification. A distinction was made between adhesive, cohesive and mixed
types of failure.
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MedCalc® Statistical Software v20.010 was used for the statistical analysis. The
Kruskal–Wallis test with Dunn’s post hoc test was used to analyse the values of tensile bond
strength, and Fisher’s exact test was used to analyse the type of failure. p Values < 0.05
were considered statistically significant.
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during testing (b).

3. Results

The results of tensile bond strength for both soft denture liners are shown in Table 2
and in Figures 2 and 3. Two graphs presenting tensile stress as a function of strain for both
soft denture liners used in this study are shown in Figures 4 and 5.

Table 2. Tensile bond strength between denture base materials and soft liners.

GC Soft Liner GC Reline II Soft

Mean (MPa) SD Mean (MPa) SD

1. meliodent heat cure 0.23 0.07 2.84 2, 6, 7 0.33

2. vertex thermosens 0.23 0.06 1.49 1, 3, 4, 5 0.47

3. ivobase cad pink 0.24 0.08 2.85 2, 6, 7 0.23

4. polident pink cad/cam 0.25 0.08 3.07 2, 5, 6, 7 0.23

5. anaxdent pink blank 0.24 0.08 2.74 2, 4, 6, 7 0.27

6. freeprint denture 0.20 0.07 1.89 1, 3, 4, 5 0.47

7. imprimo lc denture 0.19 0.09 1.80 1, 3, 4, 5 0.50

MPa = megapascal, SD = standard deviation. Superscripted numbers indicate a statistical difference between the
groups of denture base materials, p < 0.05.
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There was no statistically significant difference in the tensile bond strength values
between the GC Soft Liner and different denture base materials (p > 0.05) (Table 2).

Statistically significantly different values of tensile bond strength were found between
the GC Reline II Soft and different denture base materials (p < 0.05) (Table 2).
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The tensile bond strength value between the heat-cured PMMA denture base material
and GC Reline II Soft was statistically significantly higher (p < 0.05) than the bond strength
values between the GC Reline II Soft and both additive-manufactured materials (Table 2).

The bond strength value between the poliamide denture base material and GC Reline
II Soft was statistically significantly lower (p < 0.05) than the bond strength values measured
between the GC Reline II Soft and all three materials used for subtractive denture fabrication
and between the GC Reline II Soft and heat-cured PMMA material (Table 2).

The tensile bond strength values between all three subtractive-manufactured denture
base materials and the GC Reline II Soft were statistically significantly higher (p < 0.05)
than the tensile bond strength values between the GC Reline II Soft and poliamide, as well
as both additive-manufactured denture base materials (Table 2).

In addition, a statistically significantly higher tensile bond strength value was found
between the Polident pink CAD-CAM and GC Reline II Soft compared to the tensile bond
strength value between the Anaxdent pink blank and GC Reline II Soft (p < 0.05) (Table 2).

Both additive-manufactured denture base materials showed statistically significantly
lower tensile bond strength values (p < 0.05) in combination with GC Reline II Soft compared
to the combination of GC Reline II Soft with all three subtractive-manufactured denture
base materials and with heat-cured PMMA (Table 2).

The results for the type of failure for both soft denture liners are shown in Table 3.
Representative photographs of the fracture modes are shown in Figure 6.

Table 3. Type of failure.

Soft Liner GC Reline II Soft

Type of Failure Type of Failure

Adhesive Cohesive Mixed Adhesive Cohesive Mixed

meliodent 1 9 0 4 6 0

vertex thermosens 7 * 3 * 0 * 6 1 3

ivobase cad pink 0 9 1 8 * 2 * 0 *

polident pink cad/cam 0 10 0 3 6 1

anaxdent pink blank 0 10 0 6 4 0

freeprint denture 7 * 3 * 1 * 0 * 5 * 5 *

imprimo lc denture 9 * 1 * 0 * 0 8 2

* indicates statistical difference between groups (p < 0.05).

Materials 2023, 16, x FOR PEER REVIEW 7 of 13 
 

 

The bond strength value between the poliamide denture base material and GC Reline 
II Soft was statistically significantly lower (p ˂ 0.05) than the bond strength values meas-
ured between the GC Reline II Soft and all three materials used for subtractive denture 
fabrication and between the GC Reline II Soft and heat-cured PMMA material (Table 2). 

The tensile bond strength values between all three subtractive-manufactured denture 
base materials and the GC Reline II Soft were statistically significantly higher (p ˂ 0.05) 
than the tensile bond strength values between the GC Reline II Soft and poliamide, as well 
as both additive-manufactured denture base materials (Table 2). 

In addition, a statistically significantly higher tensile bond strength value was found 
between the Polident pink CAD-CAM and GC Reline II Soft compared to the tensile bond 
strength value between the Anaxdent pink blank and GC Reline II Soft (p ˂ 0.05) (Table 2). 

Both additive-manufactured denture base materials showed statistically significantly 
lower tensile bond strength values (p ˂ 0.05) in combination with GC Reline II Soft com-
pared to the combination of GC Reline II Soft with all three subtractive-manufactured 
denture base materials and with heat-cured PMMA (Table 2). 

The results for the type of failure for both soft denture liners are shown in Table 3. 
Representative photographs of the fracture modes are shown in Figure 6. 

Table 3. Type of failure. 

 
Soft Liner GC Reline II Soft 
Type of Failure Type of Failure 
Adhesive Cohesive Mixed Adhesive Cohesive Mixed 

meliodent 1 9 0 4 6 0 
vertex thermosens 7 * 3 * 0 * 6 1 3 
ivobase cad pink 0 9 1 8 * 2 * 0 * 
polident pink cad/cam 0 10 0 3 6 1 
anaxdent pink blank 0 10 0 6 4 0 
freeprint denture 7 * 3 * 1 * 0 * 5 * 5 * 
imprimo lc denture 9 * 1 * 0 * 0 8 2 

* indicates statistical difference between groups (p < 0.05). 

 
Figure 6. Representative photographs of failure types: adhesive type of failure (a), mixed type of 
failure (b) and cohesive type of failure (c). 

For the GC Soft Liner, there was a statistically significant difference in the results for 
the type of failure between different denture base materials (p ˂ 0.05). When the GC Soft 
Liner was combined with polyamide and both additive denture base materials, the type 
of failure was predominantly adhesive, whereas when the GC Soft Liner was combined 
with all other denture base materials, the type of failure was predominantly or exclusively 
cohesive (Table 3). 

For the GC Reline II Soft, there was also a statistically significant difference between 
the results for the type of failure for different denture base materials (p ˂ 0.05). For the 

Figure 6. Representative photographs of failure types: adhesive type of failure (a), mixed type of
failure (b) and cohesive type of failure (c).

For the GC Soft Liner, there was a statistically significant difference in the results for
the type of failure between different denture base materials (p < 0.05). When the GC Soft
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Liner was combined with polyamide and both additive denture base materials, the type
of failure was predominantly adhesive, whereas when the GC Soft Liner was combined
with all other denture base materials, the type of failure was predominantly or exclusively
cohesive (Table 3).

For the GC Reline II Soft, there was also a statistically significant difference between
the results for the type of failure for different denture base materials (p < 0.05). For the
combination of GC Reline II Soft and Ivobase CAD pink, the type of failure was dominantly
adhesive, and for the combination of GC Reline II Soft and the Imprimo LC denture, the
type of failure was predominantly cohesive (Table 3).

4. Discussion

Denture relining is a clinical procedure used to adjust the denture base to soft and
hard tissue changes. It extends the use of the existing denture, is less expensive and faster
than fabricating a new denture and improves the patient’s oral-health-related quality of
life, masticatory function and overall satisfaction with their denture. The bond strength
values between denture base materials manufactured with digital technologies (especially
additive manufacturing) and denture liners are poorly studied.

Therefore, the aim of this study was to investigate tensile bond strength values between
denture base materials and soft denture liners, with an emphasis on denture base materials
for CAD-CAM technology. Three different materials for subtractive manufacturing and two
for additive manufacturing were included in our study. In addition, a polyamide denture
base material was included, because it is used as an alternative to PMMA in standard
analogue processes for denture base fabrication. Heat-cured PMMA was included as the
gold standard among the materials used for denture base fabrication.

According to the results, there was no statistically significant difference in the tensile
bond strength values between the different denture base materials and soft liner, but there
was a statistically significant difference in the tensile bond strength values between the
different denture base materials and Reline II Soft. The polyamide and both additive-
manufactured denture base materials showed statistically lower tensile bond strength
values when combined with the GC Reline II Soft compared to the heat-cured PMMA
and all three subtractive-manufactured denture base materials. There was also a statisti-
cally significant difference in the tensile bond strength values between the Polident pink
CAD/CAM and Anaxdent pink blank in combination with the Reline II Soft. Therefore, for
the results of tensile bond strength between the GC Soft Liner and different denture base
materials, the null hypothesis was accepted. For the tensile bond strength results between
the Reline II Soft and different denture base materials, the null hypothesis was rejected.

In terms of the type of failure, both the additive-manufactured and polyamide denture
base materials showed statistically significantly different values for the GC Soft Liner, with
the adhesive type dominating. Therefore, the null hypothesis for the results regarding the
type of failure between the GC Soft Liner and different denture base materials was rejected.
The GC Soft Liner is acrylate-based and used without adhesive, because it is considered
that the monomer of the liner causes the swelling of the surface of the denture base material
and the chemical bond between the two materials. Polyamide materials have a different
chemical composition from PMMA, also being additive-manufactured materials that are
not pure PMMA materials in terms of composition, and they have many other additives.
Therefore, it can be concluded that there was no chemical bonding, which was the cause of
the predominantly adhesive type of failure [33].

In our study, a statistically significant difference in the type of failure was found
between the GC Reline II Soft and the different denture base materials. For the combination
of GC Reline II Soft and Ivobase CAD pink, the type of failure was predominantly adhesive,
and for the combination of GC Reline II Soft and the Imprimo LC denture, the type of
failure was predominantly cohesive. No dominant or exclusive type of failure was observed
for the combination of GC Reline II Soft and all other denture base materials. The null

65



Materials 2023, 16, 4615

hypothesis for the failure type between GC Reline II Soft and the different denture base
materials was rejected.

In the study conducted by Awad et al. [36], the tensile bond strength between denture
base materials and denture liners was investigated. The tensile bond strength values varied
between different material combinations, and the type of failure between the denture
base materials and soft liners was predominantly adhesive. Wemken et al. [37] found no
statistically significant difference in the tensile bond strength values between different
denture base materials (heat-cured PMMA, subtractive and additive manufacturing) and
a soft liner, while the type of failure was exclusively adhesive. Azpiazu-Flores et al. [38]
described the lowest tensile bond strength values between additive-manufactured denture
base materials and long-term soft liners. In contrast, Choi et al. [31] described the lowest
tensile bond strength values between subtractive-manufactured denture base materials and
a soft liner, with most cases showing the adhesive type of failure.

Our results for the type of failure are partially in accordance with the results obtained
by Awad et al. [36]. In their study, they included two soft denture liners, both acrylate-based.
For one, the results were similar, while for the other, the results differed. Wemken et al. [37]
included just one soft denture liner, which was silicone-based, in their study and observed
an exclusively adhesive type of failure for all the denture base materials, in contrast with
our results. Choi et al. [31] included one acrylate-based and two silicone-based soft denture
liners in their study and observed an exclusively or predominantly adhesive type of failure
in all combinations of the materials, again in contrast with our results. When comparing
our study with the aforementioned studies, it can be noted that the materials used were
from the same groups of materials but not from the same manufacturers. Additionally, the
preparation of the samples and testing methods differed greatly, which could be the reason
for such a discrepancy in the results for the type of failure. No firm conclusions can be
drawn at this point, and further investigations are required considering the type of failure.

A polyamide denture base material was included in this study because it is used as
an alternative to PMMA in the standard fabrication of analogue denture bases. It has a
crystalline structure, making it a more chemical-resistant material that does not react with
adhesives and monomers, in contrast to PMMA [39,40]. Therefore, it is more difficult to
achieve a satisfactory bond strength with soft denture liners, and it is recommended that
one uses additional surface preparation methods for polyamide materials [41,42].

In ISO 10139-2:2016 [34], it is stated that it is important to achieve a vertical alignment
of the specimen in the testing machine to avoid torsional forces acting on the specimen. For
this reason, we used a custom-made loading assembly with a flexible connection in the
upper part of the assembly. Another way to achieve vertical alignment was demonstrated
by Kim et al. [21], using a ball-and-socket joint in the lower part of the assembly.

ISO 10139-2:2016 [34] also states that the minimum bond strength required for soft
long-term denture liners should be at least 1.0 MPa for soft materials and at least 0.5 MPa
for extra-soft materials for at least 8 of the 10 specimens tested. The GC Reline II Soft,
which we used in our study, met the minimum requirements for all denture base materials.
The GC Soft Liner, on the other hand, had results all below 0.3 MPa, but according to the
manufacturer, it is a short-term soft liner; thus, it does not need to meet the minimum
requirement of 1.0 MPa. For short-term soft liners, ISO 10139-2:2016 does not specify
minimum bond strength requirements. It should also be mentioned that some authors have
cited 0.44 MPa as a minimum requirement for soft liners in previous studies [23,31,43,44].

It is stated in the literature that acrylate-based soft liners have a higher bond strength
than silicone-based materials. This is due to the similar chemical compositions of the
denture base material and the soft liner, which allow for a chemical bond between the two
materials and better adhesion. When using silicone-based soft liners, it is important to
use a suitable adhesive; otherwise, no chemical bond between the two materials will be
established [28]. In our study, the silicone-based soft liner showed statistically significantly
higher values for tensile bond strength than the acrylate-based one, but since the acrylate-
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based material in our study is intended for short-term use and the silicone-based one is
intended for long-term use, they cannot be directly compared.

It was observed that during the mixing of the GC Soft Liner, there were many air
inclusions inside the material, and these inclusions were also observed on the contact
surface of the denture base material and soft liner. This material is mixed by hand, and
these air inclusions reduce the contact area between the two materials and decrease the
bond strength. The GC Reline II Soft is mixed using mixing tips, so that there are no visible
air inclusions inside the mixed material, and with careful application, air inclusion on the
contact surface of the two materials can be avoided. Kim et al. [21] pointed out this problem
in their study.

In previous studies [31,45], micropores and air inclusions were found on the contact
surface of a denture base material and silicone-based soft liner using a scanning electron
microscope (SEM), which were not visible to the naked eye. Since the primer is used to
ensure the adhesion of the silicone-based material, it is assumed that either the chemical
reaction between the solvent in the primer (ethyl acetate) and the denture base material or
the evaporation of the solvent is the cause of these air inclusions, and they may act as the
fracture initiation site and reduce the contact area and the bond strength.

According to data from the available literature, it can be observed that in previous
studies, different investigation methods were used for bond strength tests, including shear
bond, peel bond and tensile bond strength tests, while the tensile bond strength test was
most commonly used [37]. Tensile strength testing was also performed in different ways,
with different specimen preparation methods, different specimen surface preparation
techniques and different displacement rates. It can be concluded that the main problem in
tensile bond strength testing was the control of the adhesive surface. Therefore, different
specimen preparation methods were used. Some authors used the method with a metal
flask and specimen invested in putty silicone impression material. The specimens were
usually rod-shaped, with free space for the soft liner between two parts. The vertical
orientation of the specimen was also controlled in this way. After the soft liner hardened,
the specimens could be easily removed from the dental flask. Other authors used the
method described in ISO 10139-2:2016 [34], but it was usually modified. In this method,
the bonding surface is controlled with a PTFE or PE collar between the two plates of the
denture base material. Since different examination methods were used in previous studies,
it is difficult or not possible to compare different studies. It is only possible to draw certain
conclusions within a single investigation. Therefore, in our investigation, we aimed to
follow the instructions of the specification ISO 10139-2:2016 in full [34].

A general statement about the bond strength between additive and subtractive den-
ture base materials, on the one hand, and soft denture liners, on the other, is currently not
possible for several reasons. First, there are only a few studies that have been conducted
on this topic. Second, different test methods were used in these studies. Third, different
materials were used as a control group (heat-cured, injection-moulded PMMA from differ-
ent manufacturers). Fourth, the research results vary between different studies; thus, the
results cannot be summarised, and no clear conclusions can be drawn.

The limitation of this study is the fact that only one acrylate-based and one silicone-
based soft denture liner were used, and for more firm conclusions to be obtained, more soft
lining materials should be included in future investigations.

Our proposition for future investigations is to include more different soft denture
lining materials from all categories, including those for short-term and long-term use,
both acrylate-based and silicone-based, so that more firm conclusions could be obtained.
Additionally, it should be investigated whether different types of surface pretreatments for
additive-manufactured dentures could improve the tensile bond strength values when soft
denture liners are used.
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5. Conclusions

The use of digital technologies in denture base fabrication may influence the tensile
bond strength values between denture base materials and soft denture liners (with different
types of failure) when compared with heat-cured PMMA denture base materials.

There is no significant difference in tensile bond strength between the acrylate-based
soft denture liner and denture base materials, which is not the case for the silicone-based
soft denture liner. For the silicone-based soft denture liner used in combination with both
additive-manufactured denture base materials, the values of tensile bond strength were
statistically significantly lower than those for the same material used in combination with
heat-cured PMMA and all three subtractive-manufactured denture base materials. The
basic Polident pink CAD-CAM disc showed the highest tensile bond strength value in
combination with the silicone-based soft liner.

Based on the higher values of tensile bond strength between subtractive-manufactured
denture bases and PMMA denture bases with silicone-based soft liners, it can be suggested
that practitioners use this combination of materials more frequently. All the investigated
denture base materials can be combined well with acrylate soft denture liners.
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Abstract: Background: The creation of the denture base material with bioactive properties that
releases ions and produces hydroxyapatite. Methods: Acrylic resins were modified by the addition of
20% of four types of bioactive glasses by mixing with powders. Samples were subjected to flexural
strength (1, 60 days), sorption and solubility (7 days), and ion release at pH 4 and pH 7 for 42 days.
Hydroxyapatite layer formation was measured using infrared. Results: Biomin F glass-containing
samples release fluoride ions for a period of 42 days (pH = 4; Ca = 0.62 ± 0.09; P = 30.47 ± 4.35;
Si = 22.9 ± 3.44; F = 3.1 ± 0.47 [mg/L]). The Biomin C (contained in the acrylic resin releases
(pH = 4; Ca = 41.23 ± 6.19; P = 26.43 ± 3.96; Si = 33.63 ± 5.04 [mg/L]) ions for the same period of time.
All samples have a flexural strength greater than 65 MPa after 60 days. Conclusion: The addition of
partially silanized bioactive glasses allows for obtaining a material that releases ions over a longer
period of time. Clinical significance: This type of material could be used as a denture base material,
helping to preserve oral health by preventing the demineralization of the residual dentition through
the release of appropriate ions that serve as substrates for hydroxyapatite formation.

Keywords: acrylic resin; mechanical properties; bioactive glass; ions releasing; hydroxyapatite

1. Introduction

The first stage of colonization by microorganisms is the adsorption of salivary mem-
brane proteins by all accessible surfaces of the oral cavity and the acrylic surface of the
prosthesis. On this surface, adhesion and growth of microorganisms occur. When mi-
croorganisms are appropriately accumulated, they form structures known as biofilms,
which are highly organized microbial communities entangled in a three-dimensional ma-
trix. This structure confers many benefits to colonizing species, such as antimicrobial and
host defense, increased coaggregation and interaction properties [1]. However, biofilms
formed on dentures are different in terms of bacterial colonization have higher content of
Streptococcus mutans, Streptococcus mitis, and Streptococcus oralis compared to dental plaque.
This can be observed as early as 24 h after placing the restorations in the oral cavity, and
a mature biofilm forms after 72 h [2,3]. S. aureus and C. albicans, which are often found
on the surface of dentures, can cause the transformation of homeostatic biofilm into a
dysbiosis biofilm, which is already directly responsible for various types of diseases [4].
The literature states that more than 70% of difficult-to-treat and persistent infections are
caused by microorganisms growing in biofilms [5].

Biofilm often accumulates on the surface of acrylic dentures during use (due to the
absence of ionic charge), which leads to the formation of calculus over time. This problem
may occur both in prostheses made using the traditional method, CAD CAM technology,
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or 3D printing [6]. It becomes an area where pathogenic bacteria multiply, which can cause
various types of diseases within the body including demineralization of teeth, dental caries,
gingivitis, periodontitis, periapical periodontitis, and peri-implantitis [7]. The process
of colonization of acrylic restorations that are fixed on implants may lead to changes in
the surface of the implant and the host tissues [8]. That is why it is desirable to create a
material that will prevent the formation of biofilm on the surface of acrylic dentures. This
is possible in three directions: antimicrobial agent release, contact-dependent strategies,
and multifunctional strategies.

Application of an antimicrobial agent polyhexamethylene guanidine hydrochloride
(PHMGH) inhibits biofilm formation on resinous materials against S. mutans [9]. Another
way to obtain antibacterial properties is to use cationic resins at a concentration of 2.5–10%
mass fraction of dimethylamino dodecyl methacrylate (DMADDM) which improves the
antibacterial effect expressed in S. mutans and limits demineralization of the tested resin [9].
Greater effectiveness can be achieved when DMAHDM reacts with 2-methacryloyloxyethyl
phosphorylcholine [10]. The same compound has also been shown to be effective as a
reaction product with glass ionomer cement.

Another approach, known as contact-dependent strategies, involves creating a ma-
terial with bactericidal properties by incorporating nanoparticles such as zinc oxide [11],
zirconium dioxide, and silver nanoparticles [12,13], or silver vanadate (AgVO3) [14]. Nano-
materials, graphene oxide nanosheets, and carbon nanotubes were also successfully used,
in which the mechanism of action is direct contact bacteria killing properties. This effect
was achieved by applying a 2% supplement for 28 days [15]. The expansion of the con-
cept of metals and the surface of acrylic plastic can also be modified by the addition of
various types of metal salts with acrylic acid, zirconium methacrylate, tin methacrylate,
and di-n-butyl methacrylate-tin [16]. The texture of the surface, as a result of material
polishing, can reduce the adhesion of the microorganism and the formation of biofilm.
This is due to changes in the surface of the denture and leads to an increase in the sili-
con atom concentration and a decrease in surface carbon [17]. Further modification of
the surface can be achieved by interaction of plasma. Plasma-modified PMMA samples
have 1.5–2.5 times lower microbial adhesion compared to unmodified samples, while their
surface free energy increases up to 1.5 times due to the formation of additional polar
oxygen-containing chemical groups induced by the plasma. The surface of the prosthesis
subjected to plasma treatment showed good biocompatibility and less irritating effect
compared to unmodified surfaces [18].

Another approach to modify the surface is use of different types of coatings (Shibata).
studied the use of poly (2-methacryloyloxyethyl phosphorylcholine-co-n-butyl methacrylate),
which drastically reduced the ability of cariogenic bacteria, such as S. mutans and S. sobrinus,
to develop biofilms [19]. Finally, a further approach is to modify the surface to have a negative
charge, which can be achieved with polyacrylic acid and poly itaconic acid, which have been
tested as surface treatments on conventional denture base materials. Both acids demonstrated
significant inhibition of C. albicans growth. The use of carboxyl groups by applying their
coatings reduced the adhesion of C. albicans by 90%, which was tested by Acosta et al. [20].
However, using coatings has certain limitations, as the active layer can be removed under the
influence of food or hygiene procedures (denture disinfectants, toothpaste, and toothbrush).
Therefore, modifications of the entire material seem to be more promising. In the case of our
team, bioactive glasses were added to traditional thermally polymerized PMMA resin [21,22].
We managed to obtain a material that was capable of releasing calcium, phosphorus, silicon,
and ions for a period of 42 days. However, the amount of these ions was significantly reduced
with time. The second problem was the reduction of mechanical properties (glasses were
not chemically bonded with PMMA) [22]. To solve this problem, it was decided to use two
variants of the same glass like in the previous study. One part has been silanized and the
other has not been modified (50/50). The mixture of glasses improved in this way was added
at a concentration of 20% to the heat curing denture base material. The thesis put forward
at the beginning of this study is that by using modified glasses, the material will be able to
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release ions over a longer period of time in a more even manner. In addition, the use of the
silanization process will improve the mechanical properties of the obtained material.

The paper’s findings hold significant clinical implications, as the development of such
denture base materials could improve patient outcomes by maintaining oral health and
preserving residual dentition. The incorporation of partially silanized bioactive glasses
may pave the way for further innovations in dental prosthetics and set the stage for future
research aimed at optimizing and customizing these materials for individual patient needs.

2. Materials and Methods

Samples of acrylic resin polymerized hot curing method by the addition of bioactive
glasses (totally 104 samples) were used for the tests. The same resin for making denture
base (totally 30th sample) polymerized according to the manufacturer’s recommendations
was used as a reference sample. A detailed description of the sample’s preparation is given
below, and all performed tests are summarized in Figure 1.
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2.1. Silanization of Bioactive Glasses

Glasses used in our previous work (Biomin F, Biomin C, 53P4, and 45S5 (all samples were
delivered by Cera Dynamic England, raw composition is presented in Table 1. For the silaniza-
tion process, powder in the amount of 20 g was mixed with a solution of 90% ethyl alcohol
containing 1% gamma trimethoxysil propyl methacrylate and 0.5% concentrated acetic acid
(all raw materials from Sigma Aldrich, Praha, Czech Republic). The entire suspension was
stirred with a magnetic stirrer for 60 min (Fisher Scientific, Praha, Czech Republic, 400 rpm).
Then, it was washed with alcohol and water 3 times. The samples were dried at 105 ◦C for
24 h to complete the silanization process. The acrylic powders are then ground in a laboratory
mortar and sieved through a 100-mesh sieve (Merck, Gernsheim, Germany).

Table 1. Raw composition of bioactive glasses, according to the bioactive glass manufacture
Cera Dynamic.

SiO2 P2O5 CaO Na2O CaF2 CaCl2

S53P4 53.8% 1.7% 21.8% 22.7% 0 0

Biomin F 36.0–40.0% 4–6% 28.0–30.0% 22.0–24.0% 1.5–3.0% 0

45S5 46.1% 2.6% 26.9% 24.4% 0 0

Biomin C 30.3–31.8% 5.0–5.3% 44.1–46.3% 0 0 16.7–20.6%

2.2. Preparation of a Sample of Resin Modified with Bioactive Glass

The acrylic powder Superacryl Plus (SpofaDental, Jicin, Czech Republic,
batch number 567,823) in an amount of 80 g was mixed with 10 g of the appropriate
nonsilanized glass and 10 g of silanized glass. To obtain a homogeneous mixture, the whole
was placed in a porcelain ball mill (Izerska Porcelanka, Praha, Czech Republic), rotational
speed 40 rpm. Number of balls 200 g, diameter 5 mm. The powders were then mixed with
the Superacryl Plus liquid at a ratio of 2.4 g of powder to 1 g of monomer. The samples
were placed in vessels for 10 min—dough time. When the dough was not sticky to the
hand, it was placed in metal molds. For the determination of flexural strength, the samples
had a length of 50 × 3 × 10 mm. For the testing of sorption, solubility and ion release, the
material was placed in a mold with a diameter of 15 mm and a thickness of 2 mm.

The molds were placed in a manual laboratory press, under a load of 2000 kg, for a
period of 10 min to press out excess dough. Resin samples were thermally polymerized in
water, initially for 30 min at 60 ◦C and then for 60 min at 100 ◦C. After the curing process
was completed, the polymerization frame was opened, and the samples were removed.
Then, their edges were smoothed with sandpaper (120, Saint Gobain, Kolo, Poland).

2.3. Flexural Strength

Samples to test this parameter were placed in distilled water in sealed PE con-
tainers in a dryer at a temperature of 37 ◦C. The first six samples were subjected to a
three-point fracture test after 24 h using a Shimadzu compressive strength instrument
(AGS 10 kNG, Shimadzu, Kyoto, Japan), the width of the supports was 50 mm and the
speed of the breaking head was 5 mm/min. The test ended with the fracture of the sample.
For the first series of tests, 6 samples were used, and the next 6 samples were stored for
60 days in the same conditions. Distilled water was changed every 4 days. A second batch
of samples was subjected to the same test after a period of 60 days. In total, 60 samples
were made for the entire study. Pure polymethyl methacrylate (PMMA Superacryl Plus,
SpofaDental, Jicin, Czech Republic batch 567,823) polymerized under the same condi-
tions was used as reference material, and according to user instruction [20]. A detailed
description of the tests and the amount of sample needed for testing are provided in
ISO 20795-1: 2013 (EN) [23].

74



Materials 2023, 16, 4363

2.4. Sorption and Solubility

Sorption and solubility were analyzed according to ISO 20795-1: 2013 (EN),
Dentistry—Denture base polymers [23]. Samples of the polymerized material
(15X 2 mm, six of each composition, 30 totally) were placed in a desiccator and weighed ev-
ery other day until a constant weight was obtained (M1). Then, they were placed in distilled
water for 7 days. Once removed from the water, the discs were dried with a paper towel and
reweighed on an analytical balance with an accuracy of 0.0001 g (Precioza 256, Turin, Italy),
(M2). The samples were once again placed in a desiccator filled with molecular sieves
(Sigma Aldrich, Poznan, Poland) and weighed until a constant mass of M3 was reached.
Pure acrylic resin was used as a reference sample. The solubility and solubility of the
materials were determined according to the following equations.

A—sorption, B—solubility.
These two parameters were calculated from the following Equations (1) and (2):

A =
M2 − M1

S
(1)

B =
M1 − M3

S
(2)

where M2 is the mass of the sample after 7 days in distillate water, M1 is the mass before im-
mersion in water, and M3 is the mass drying of the material in the exicator after immersion
in water. The S is the surface of the disc, measured by calibrated caliper [21].

2.5. Assessment of Ion Release of Glass and Acrylic Resins in Artificial Saliva

To assess the bioactive properties of the samples, we tested ions released into artificial
saliva at pH 4 and 7 for 1, 28, and 42 days. The artificial saliva solution was prepared
by dissolving sodium chloride (0.4 g) (NaCl, Sigma Aldrich, Poland), potassium chloride
(1.21 g) (KCl, Sigma Aldrich, Poland), hydrated potassium dihydrogen phosphate (0.78 g)
(NaH2PO4* 2H2O, Sigma Aldrich, Poland), hydrated sodium sulfide (0.12 g) (Na2S* 9H2O,
Sigma Aldrich, Poland), and urea (1.0 g) (Sigma Aldrich, Poznan, Poland) in ultrapure
water (1000.0 g) (Merck, Gernsheim, Germany). The prepared solution was transferred
to two vessels and adjusted to pH 4 and 7 using hydrochloric acid (0.1 Mol) and sodium
hydroxide (0.1 Mol), respectively (both from Merck, Gernsheim, Germany), as in previous
of our study [22]. Fifteen samples were tested, including three of each type of glass and
acrylic resin, as reference materials. The disks, 15 mm in diameter and 2 mm thick, were
prepared according to a previously described method.

Sample extracts from artificial saliva were analyzed by inductively coupled plasma
atomic emission spectrometry (ICP-AES) using an iCAP 6500 Duo optical spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). The extraction process was completed after
1, 28, and 42 days, respectively. After the extraction process, the samples were acidified
with trace pure nitric acid and made up to 20 mL. The blank and extraction samples were
then used for multielement analysis.

To determine the fluoride ion concentration, the extract from the dental material was
directly injected through a sterile 0.2-µm syringe filter before entering the chromatography
column. The concentration of fluoride ions was measured using a Dionex ICS 1100 ion
chromatograph (Thermo Fisher Scientific, Waltham, MA, USA). One-way ANOVA and
the Tukey HSD test calculator on Astasta.com were used for statistical analysis, with a
confidence level of p < 0.05.

2.6. Hydroxyapatite (HA) Formation

Pure acrylic resin samples and samples containing bioactive glasses, which were used
for solubility and solubility tests, were subsequently used for surface testing using an IR
spectrophotometer. The samples were placed on the window of this instrument, Nicolet I5S
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(Thermoscientific, Prague, Czech Republic) and measured in the IR range of 4000–500 cm−1.
For each of the 5 sample groups, 3 measurements were made.

The scheme of the tests performed in this research is presented in Figure 1 in the form
of a graphic abstract.

2.7. Vickers Hardness Measurement

To test the hardness of the material, 20 samples were used, which were obtained from
the bending resistance test after 60 days of storage in distilled water. This parameter was
assessed with a digital microhardness tester (FM-700, Future Tech Corp., Kawasaki, Japan).
An indenter point in the form of a square-based pyramid was applied at a load of 300 g for
15 s at room temperature at 37 ◦C. Five indentations were made at different points along
each specimen on the same surface side, with a minimum distance of 1 mm between any
two indentations. The mean hardness value of each specimen group was then calculated.
The Vickers microhardness (HVN) value was calculated using Equation (3)

HV = 1.854
(

F
D2

)
(3)

with F being the applied load (measured in kilograms-force) and D2 the area of the inden-
tation (measured in square millimeters).

2.8. Statistical Analysis

The results were statistically analyzed using a one-way analysis of variance at a
significance level of 0.05, as a reference using a sample of PMMA resin not modified
with fillers. In addition, a post hoc analysis was performed by using Tukey’s HSD test
(using a free test calculator provided by Astatsa, San Jose, CA, USA).

3. Results
3.1. Flexural Strength

The results of flexural strength samples stored in distilled water for 24 h and 60 days
are shown in Table 2.

Table 2. Flexural strength after storage in distilled water for 24 h and 60 Days Biomin F.

Biomin F
[MPa]

Biomin C
[MPa]

53P4
[MPa]

45S5
[MPa]

Resin
[MPa]

Flexural strength 24 h 78.13 ± 3.27 * 78.69 ± 5.72 * 80.75 ± 2.41 79.32 ± 2.24 86.5 ± 1.98
Flexural strength 60 days 70.74 ± 1.39 ® 69.88 ± 1.73 ® 69.88 ± 1.73 ® 69.2 ± 2.10 ® 79.30 ± 2.55 ®

* Statistically significant values at confidence level p < 0.05. For samples modified with glass versus resin.
® Statistically significant values at confidence level p < 0.01. For samples modified with glass versus resin.

It should be noted, however, that all samples after storage in distilled water, both after 24 h
and 60 days, have a flexural strength greater than 65 MPa. This means they meet the ISO 20795
Denture Base Polymers standard [22]. After storage in distilled water for 2 months, a decrease
in flexural strength was observed from 11% (for Biomin C and Biomin F) to 18% (45S5, 53P4).

3.2. Sorption and Solublity

Another important material property is solubility and sorption, which indicate whether
the material can extract ions from its composition (solubility) and to what extent water
will penetrate into it (sorption). The results of this study after 7 days of storage in distilled
water are presented in Table 3.
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Table 3. Sorption and solubility of acrylic samples in distilled water for 7 days at 37 ◦C.

Biomin F
[µg/mm3]

Biomin C
[µg/mm3]

53P4
[µg/mm3]

45S5
[µg/mm3]

Resin
[µg/mm3]

Sorption 16.10 ± 2.23 1.49 ± 3.06 19.15 ± 2.37 * 16.85 ± 3.04 14.05 ± 1.08
Solubility 0.85 ± 0.29 2.60 ± 0.88 1.20 ± 0.24 1.00 ± 0.18 1.10 ± 0.34

* Statistically significant at p < 0.05 for sample 53P4 vs. pure PMMA.

The highest solubility value was found for Biomin C—2.6 ± 0.88 µm/mm3. For others,
the solubility values were similar to that of pure PMMA (reference sample). The higher
sorption was obtained for samples containing 20% 53P4 glass (19.15 ± 2.37 µg/mm3).

3.3. Ions Releasing

Samples containing Biomin F after modification of half of the glass with silanes can
release fluoride ions for a longer period of time (60 days). In a previous study, the secretion
of this ion proceeded very rapidly during the first 24 h and then decreased to zero [22]. A
gradual release was obtained for these two glasses also in the case of the release of calcium,
phosphorus, and silicon ions over time, regardless of pH = 4 and pH = 7. Results from
these tests are presented in Table 4.

Table 4. Ion release by samples of resins modified with bioactive glasses during 1, 28, and 42 days in
acidic environment, pH = 4 and neutral pH = 7.

Ca P Si F

[mg/L] [mg/L] [mg/L] [mg/L]

Blank

pH 4 0 0 8.218 ± 1.23 0.00 0.00
pH 7 0 0 23.18 ± 3.48 0.00 0.00

Biomin F

pH4 1 day 1.97 ± 0.3 33.12 ± 4.97 15.69 ± 2.35 3.0 ± 0.45
pH4 28 days 0.57 ± 0.09 30.91 ± 4.64 27,26 ± 4,09 3.05 ± 0.46
pH4 42 days 0.62 ± 0.09 30.47 ± 4.35 22.9 ± 3.44 3.1 ± 0.47
pH7 1 day 1.24 ± 0.19 35.40 ± 5.31 11.72 ± 1.76 2.93 ± 0.44
pH7 28 days 0.93 ± 0.14 32.56 ± 4.88 19.26 ± 2.89 3.29 ± 0.49
pH7 42 days 0.74 ± 0.11 31.58 ± 4.74 20.85 ± 3.13 3.09 ± 0.42

Biomin C

pH4 1 day 16.49 ± 2.47 32.57 ± 4.88 18.28 ± 2.74 0.00
pH4 28 days 40.39 ± 6.06 20.38 ± 3.06 31.78 ± 4.77 0.00
pH4 42 days 41.23 ± 6.19 26.43 ± 3.96 33.63 ± 5.04 0.00
pH7 1 day 13.84 ± 2.08 33.17 ± 4.98 8.90 ± 1.33 0.00
pH7 28 days 26.90 ± 4.04 15.26 ± 2.29 25.32 ± 3.80 0.00
pH7 42 days 40.16 ± 6.02 17.50 ± 2.62 33.63 ± 5.04 0.00

45S53

pH4 1 day 2.78 ± 0.42 35.44 ± 5.32 19.33 ± 2.9 0.00
pH4 28 days 3.35 ± 0.50 31.21 ± 4.68 74.12 ± 11.12 0.00
pH4 42 days 1.61 ± 0.24 27.24 ± 4.09 65.54 ± 9.83 0.00
pH7 1 day 1.07 ± 0.16 34.61 ± 0,5.19 17.60 ± 2.64 0.00
pH7 28 days 0.27 ± 0.04 30.49 ± 4.57 43.90 ± 6.59 0.00
pH7 42 days 1.04 ± 0.16 29.30 ± 4.40 53.16 ± 7.97 0.00

53P4

pH4 1 day 2.73 ± 0.41 31.61 ± 4.74 23.20 ± 3.48 0.00
pH4 28 days 1.90 ± 0.29 25.83 ± 3.87 46.52 ± 6.99 0.00
pH4 42 days 1.14 ± 0.17 27.32 ± 4.10 49.23 ± 7.38 0.00
pH7 1 day 0.24 ± 0.03 32.72 ± 4.91 22.45 ± 3.37 0.00
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Table 4. Cont.

Ca P Si F

[mg/L] [mg/L] [mg/L] [mg/L]

pH7 28 days 0.29 ± 0.04 28.83 ± 4.32 34.61 ± 5.19 0.00
pH7 42 days 0.28 ± 0.04 24.95 ± 3.72 45.30 ± 6.80 0.00

PMMA

pH4 1 day 0.35 ± 0.05 23.94 ± 3.59 0.00 0.00
pH4 28 days 0.38 ± 0.06 26.22 ± 3.93 0.00 0.00
pH4 42 days 0.53 ± 0.08 22.51 ± 3.38 0.00 0.00
pH7 1 day 0.19 ± 0.03 19.80 ± 2.97 0.00 0.00
pH7 28 days 0.25 ± 0.04 30.95 ± 4.64 0.00 0.00
pH7 42 days 0.71 ± 0.11 29.38 ± 3.64 0.00 0.00

3.4. Vickers Hardness

The surface hardness test of the sample is shown in Table 5.

Table 5. Vickers hardness for a sample with 20% glass content stored for 60 days in distilled water.

Vickers Hardness (HV) SD

Biomin F (A) 13.20 0.74
S53P4 (B) 15.36 BE 0.60
45S5 (C) 14.65 CE 0.55
Biomin C (D) 14.31 DE 0.32
PMMA (E) 12. 87 0.27

BE, CE, DE. Statistically significant values, relative to the pure PMMA (E) sample for the confidence level of
confidence p < 0.01.

The addition of bioactive glasses in the amount of 20% (50/50 silanized/non) causes a
slight 1–2 unit increase in the material’s hardness.

3.5. Hydroxyapatite Formation

The formation of this layer of material on the pores after storage in distilled water at
37 ◦C after 7 days was examined by IR spectra (Figure 2).
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45S5 (green), and Biomin F (red) glasses after 7 days in distilled water.
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High absorption in the range of 3500 cm−1 indicates the presence of OH– groups
from hydroxyapatite. Furthermore, samples with bioactive glasses show absorption at
1460 cm−1 (CO3

2−), 1041 cm−1 (corresponding to the PO4
3− vibration), and 570 cm−1

(indicating the PO4
2− group). Comparing these results with standard spectra from the

library, it is evident that a layer of hydroxyapatite is formed on the surface of the samples
stored in distilled water for 7 days.

4. Discussion

Modification of acrylic materials runs constantly and proceeds basically in two di-
rections. The first is to increase their mechanical properties and the second is to increase
their biological or bactericidal properties. Modifications that improve the mechanical prop-
erties are primarily additions of ZrO2 nanomaterials [24,25], aluminum oxide [26], and
cerium oxide [27].

Antibacterial properties can also be obtained by the addition of, e.g., AgVO3 [14],
mesoporous silica nanoparticles [28], zinc-modified phosphate-based glass microfiller [29],
and ZnO [30].

Bioactive properties in the case of glasses can be classified as the possibility of releasing
calcium, phosphorus, and fluoride ions, which can form a new layer of hydroxyapatite
and have bactericidal properties or reduce adhesion to the surface of the material, e.g., in
relation to Candida albicans (glass 45S5) [12].

The release of ions from various dental materials is a highly desirable property that
can ensure their better biocompatibility. In this context, there are already a number of
products on the market for filling crown and root canals, which release strontium ions and
silicon, prereactive glass ionomer filler [31].

The thesis put forward at the beginning of this investigation has been partially con-
firmed. Materials such as Biomin C and S53P4 and 45S5 release silicon and phosphorus ions
more uniformly, and fluoride ions through Biomin F. Mechanical properties have slightly
deteriorated despite the use of 20% glass in the composition of the PMMA resin.

The release of calcium ions in Biomin F, 53P4, and 45S5 glasses is very fast. Dif-
ferent values are obtained for Biomin C, which releases these ions evenly over a long
period of time, regardless of the pH of the solution. Similar results were obtained in our
previous work [22]. Therefore, silanization does not affect the uniform release of calcium
ions in Biomin F, 45S5, and S53P4 glasses. However, the Biomin C sample releases these
ions in a uniform and more homogeneous manner when half of the silanized glass is inside.

The fluoride ions contained in Biomin F glass are released gradually and uniformly
throughout the test period at pH = 4 and pH = 7. This is a difference from our previous
work in which the same glasses added to acrylic were not silanized. Then, in a solution of
pH = 4, all the fluoride was quickly washed out within 1 day. This is similar to the direct
addition of fluorine compounds, e.g., NaF, to acrylic resin causes a very fast release of this
ion within 1–7 days [32].

The influence of the silanization process (the pH of the solution) on the release
of fluoride ions was described in the paper Nakornchai [33], for glass G018-090 and
Piyananjaratsri [34].

In the case of Biomin F glass, which has been silanized in an acetic acid environment,
after this step, a thin layer of polysalt matrix is formed on the surface of the fluor alumi-
nosilicate glass. The matrix layer, which consisted of calcium and aluminum acetates and
fluoride ions, was easily penetrated by water. Therefore, the leaching of fluoride ions from
the surface of the so-modified matrix into the aqueous solution may be easier than the sur-
face of the glass filler itself [32]. These authors have concluded that acrylic resin can release
fluoride ions for 56 days for glasses [32] or 15 days for dopped ions to acrylic resins [33–35].

Low fluoride concentration ranged from 0.024–0.154 ppm/mL, reduced demineral-
ization of the enamel surface [36]. In the case of Biomin F glass, the amount of fluorine
ions released was 3 ppm/mL and remained at a constant level for a period of 42 days.
Fluoride ions released in such quantities may have a bactericidal effect [36]. Therefore, we
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can assume for more tests in the future that this material will have properties that prevent
demineralization of the enamel of the residual dentition, having direct contact with the
denture base made with the addition of this type of glass.

Phosphorus ions are uniformly extracted in all test glasses at a constant level over
a period of 42 days. Values of 20–30 mg/L are almost twice as high as those obtained in
previous studies [22], which proves that the silanization process prolongs the period of
releasing ions to artificial solutions.

The release of ions from the PMMA/glass material can be explained in three steps.
At the beginning, the ions contained on the surface of the material pass into the solution.
Next is washing out the residual monomer and other components with water from the
resin. Some free spaces begin to form in the structure of the material, through which water
can penetrate. It creates the possibility for ions migration by gradually hydrolyzing the
glasses inside the resin, which explains why the materials are able to release these ions over
a longer period of time. Since silanes are hydrophobic molecules, they significantly slow
down this process [24,37]. This has been confirmed in these studies.

If the amount of unsilanized glass added is increased, a decrease in flexural strength
can be observed [29]. For this reason, the measurable benefit of using half of the glass in
the silanized form is the improvement of the mechanical properties of the new sample
(Agarwal) [35]. They are lower than pure PMMA (reference sample), but at the same level
as in previous studies, when the sample was filled with glass at 10%. At the moment, it is
20% concentration of glass in the acrylic resin [22]. The results of flexural strength of acrylic
resins in the case of bioactive glasses tested in our case are in line with [32]. Silanized
samples have better resistance to breakage even after 2 months of storage in distilled water.
These values in the case of Japanese authors range from 72–76 MPa [32].

The amount of released ions will also be affected by the solubility of the material,
i.e., the penetration of water into the resin. In the case of samples containing Biomin C, the
largest amount of released calcium, phosphorus, and silicon ions was observed, which is
accompanied by the highest solubility of this material among the tested samples.

The silanized glasses used in these studies reduced the solubility of the glasses
in relation to the same PMMA/glass system from our previous work. The sorption
has not changed. What can be concluded is that the process of silanization is an im-
portant process that increases the degree of cross-linking of the sample, which reduces
their solubility (F) [38]. The important thing is that the flexural strength for all samples,
even over a long period of 60 days, is greater than 65MPa. This means that all mate-
rials meet this requirement described in the ISO 20795-1:2013 Dentistry-denture base
polymers standard [23].

Acrylic resins are relatively soft materials, which, under the influence of hygiene
procedures or consumed food, may be subject to local abrasion. The polished surface at the
beginning, after the manufacture of the prosthesis, is roughened, which is the precondition
for colonization by microorganisms and the formation of a biofilm. Therefore, it is important
that the material has the right hardness. In addition, a soft surface makes it easier to
absorb dyes from food, which changes the color of the used restoration. Thus, the Vickers
microhardness test is considered to be a valid method to evaluate rigid polymers [39].

The addition of bioactive glasses slightly increases the Vickers hardness from
12.87 ± 0.27 to 15.36 ± 0.60 HV. These are in line with the results obtained by a Farina [39],
who obtained values of 15–17 HV for thermally polymerized materials. Higher hardness
(18.57 HV) was obtained by Duymus for heat curing resin [40]. The differences may be due
to the fact that other authors tested the material after polymerization. In this study, the
samples were stored in water for 60 days. Water absorption causes a plasticizing effect and
thus a decrease in the hardness of the material.

Immersion of acrylic samples containing bioactive glasses in the water causes that,
under the influence of time, a layer of hydroxyapatite forms on their surface, which has
been proved in these studies using IR spectroscopy. Hydroxyapatite can also form not
only on the surface of the modified denture, but also on the residual dentition, which is
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in direct contact with the prothesis, which prevents demineralization of the enamel. In
addition, the existence of this phenomenon has been confirmed by other authors in the case
of composite materials [41,42].

However, the research conducted above has some limitations. In order for the material
for the denture base to be created, further research on the analysis of the amount of
hydroxyapatite produced, biological tests (cytotoxicity and others) and the study of the
strength of the connection between the teeth and the denture plate and the content of
residual monomers in the polymerized material are necessary, as the use of glasses can
significantly affect all these parameters.

Future Perspectives

The results of this study demonstrate the potential of using partially silanized bioac-
tive glasses in the development of acrylic resin materials for denture base applications.
These materials exhibit promising ion release properties and mechanical strength, which
could contribute to the prevention of demineralization and support the formation of hy-
droxyapatite in residual dentition. To fully comprehend the implications and possibilities
of this technique, several issues need for more study and development. The long-term
repercussions of the release of ions are a crucial factor to consider. Future research should
prolong the observation time to explore the long-term ionization behavior, mechanical prop-
erties, hygiene and any possible effects on oral health. This study examined the ionization
characteristics of materials over a 42-day period. Future research should examine these ma-
terials’ cell toxicity and biocompatibility both in vitro and in vivo in order to confirm their
safety for clinical usage. This will assist in determining whether the substance is safe for
prolonged interaction with oral tissues and whether any negative responses are possible.

Another crucial aspect is the integration with dental prosthetics. Further research
should focus on evaluating the bond strength between the teeth and the denture plate made
from these modified acrylic resin materials. The success of dental prosthetics depends on
the stability and durability of this connection, and it is essential to ensure that the addition
of bioactive glasses does not compromise this aspect.

Future studies should explore the content of residual monomers in the polymerized
material. The presence of residual monomers can affect the mechanical properties and
biocompatibility of the denture base material, making this a crucial parameter to investigate.

The surface characteristics of these modified acrylic resins should also be investigated,
with an emphasis on wettability, roughness, and the impact on the development of biofilms.
This will give important information on how these materials could affect oral hygiene and
the general health of the oral cavity.

Future investigations should also consider exploring the possibility of tailoring the
material properties by adjusting the composition and percentage of bioactive glasses in the
acrylic resin. This would allow for the development of customized denture base materials
that cater to the specific needs of individual patients.

The use of this type of bioactive glass in further research can be extended to materials
used in CAD CAM technology and 3D printing [6].

5. Conclusions

• The addition of bioactive glass Biomin F to the acrylic resin allows for a continuous
release of fluoride ions over a period of 42 days.

• Samples containing Biomin C release a large amount of ion, phosphate, and
silicate anions.

• The mechanical properties of acrylic resins that contain 20% of bioactive glasses
(50/50 silanized or not) meet the flexural strength normative requirements for denture
plate materials.

• On the surface of the sample, using the IR technique, it was possible to identify the for-
mation of hydroxyapatite under the influence of storing the sample in distilled water.
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Abstract: Based on the hypothesis that the fabrication of dental models using fused deposition
modeling and poly-lactic acid (PLA), followed by recycling and reusing, would reduce industrial
waste, we aimed to compare the accuracies of virgin and recycled PLA models. The PLA models were
recycled using a crusher and a filament-manufacturing machine. Virgin PLA was labeled R, and the
first, second, and third recycles were labeled R1, R2, and R3, respectively. To determine the accuracies
of the virgin and reused PLA models, identical provisional crowns were fitted, and marginal fits
were obtained using micro-computed tomography. A marginal fit of 120 µm was deemed acceptable
based on previous literature. The mesial, distal, buccal, and palatal centers were set at M, D, B, and
P, respectively. The mean value of each measurement point was considered as the result. When
comparing the accuracies of R and R1, R2, and R3, significant differences were noted between R and
R3 at B, R and R2, R3 at P, and R and R3 at D (p < 0.05). No significant difference was observed at M.
This study demonstrates that PLA can be recycled only once owing to accuracy limitations.

Keywords: material extrusion; 3D printer; poly-lactic acid; sustainable development goals; dental
model; digital dentistry

1. Introduction

Over the past few years, dental materials and equipment have evolved remarkably,
benefiting both dentists and patients by improving the quality of treatments and reducing
treatment times. When creating prosthetics such as crowns and bridges, professionals
commonly take impressions after the formation of the abutment tooth or after building the
abutment, injecting plaster, and creating a dental model. Impression taking dates back to
the 1800s when wax and plaster were the most commonly used materials. However, non-
reversible hydrocolloid alginate impression materials extracted from seaweed and reacted
with gypsum to form insoluble calcium alginate have been used since the 1900s owing
to their low costs and ease of use. These materials still represent the mainstay of dental
treatments [1–3]. However, the poor dimensional stability of alginate impression materials
when used alone for abutment teeth and the difficulty in reproducing margins have led to
the applications of union impressions using alginate and agar for abutment teeth [4]. In the
late 1900s, a silicone impression material was developed with vinyl polysiloxane as a com-
ponent. In silicone impression materials, vinyl polysiloxane and polysiloxane hydroxide
are additionally polymerized using platinum chloride to create a cross-linked structure and
induce hardening [5]. Basapogu et al. [6] reported that the dimensional accuracy of silicone
impression materials had an error ranging from 0.6% to 0.2%; however, the dimensional
accuracy was better than that of alginate impression materials. Rajendran et al. [7] also
performed silicone impressions on implant abutments. The authors reported on the useful-
ness of silicone impression materials for implant treatments. However, owing to cost and
operability issues, impressions using alginate and agar are more commonly used, whereas
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silicone impression materials are only seldom used [8]. Aroma injection, a paste-type allied
alginate impression material, has been developed recently. Chen et al. [9] reported that this
material was more consistent than silicone impressions, had a lower contact angle than sili-
cone, was more fluid, and allowed for more seamless impression taking than agar. Plaster
models have also been used for dental models since the 1800s. Currently, ordinary gypsum,
primarily composed of beta hemihydrate gypsum; hard plaster, primarily composed of
alpha hemihydrate gypsum; and ultrahard plaster, are used for various purposes [10,11].
It was also used to record intermaxillary relationships and dental models [12]. For pros-
thetic dentistry, Taggart introduced the casting method in 1907, which is considered the
foundation of current prosthetic treatments [13]. Vojdani et al. [14] reported a marginal fit
of 88 ± 11 µm and an internal gap of 77 ± 10 µm for metal crowns cast and fabricated from
wax patterns, demonstrating an excellent fit accuracy. Yang et al. reported a good marginal
fit for a single metal coping produced by lost wax casting: 93 µm for a Ni–Cr alloy and
52 µm for a noble alloy [15]. Reitemeier et al. [16] reported a 20-year survival rate of 79% in
95 patients with 190 cast single crowns. Thus, dentistry has benefited from advances in
materials science. The fabrication of prostheses and models using intraoral scanners (IOSs),
computer-aided design/computer-aided manufacturing (CAD/CAM) systems, and 3D
printers is now feasible [17]. The first IOS is believed to be the one launched by CEREC in
1985. IOSs use confocal, holographic, and shape-from-motion methods to illuminate the
surface of an object with a laser, acquire three-dimensional data, and convert the data into
polygon information, a set of triangular surfaces. This facilitates the reduced use of plaster
casts, less discomfort during impression taking, and digital data storage [18]. It also reduces
the risk of errors owing to the absence of plaster expansion and deformation of impression
materials in conventional workflows [19]. Di Fiore et al. [20] compared eight IOSs, that is,
True Definition, Trios, CEREC Omnicam, 3Dprogress, CS3500, CS3600, Planmeca Emer-
ald, and Dental Wings, with regard to the accuracy of abutments and reported results of
31 ± 8 µm, 32 ± 5 µm, 71 ± 55 µm, 107 ± 28 µm, 61 ± 14 µm, 101 ± 38 µm, 344 ± 121 µm,
and 148 ± 64 µm, respectively. In addition, as dentists primarily provide oral care, they
are at an increased risk of infection from bodily fluids, aerosols, and droplet infections,
such as the currently prevalent COVID-19 [21]. Papi et al. [22] noted that in the traditional
workflow, impression materials with blood or saliva and plaster could be sources of infec-
tions. Therefore, they reported that the digital workflow, which only requires sterilization
of IOS tips, reduces the risk of infection. Furthermore, Joda et al. [23] compared treatment
times between IOSs and conventional silicone-based impression taking. They reported
that the average working time for a student group was 5 ± 2 min using an IOS and
12 ± 2 min using the conventional method, whereas dentists reported a duration of
5 ± 1 min using an IOS and 10 ± 1 min using the conventional method; both groups
had shorter treatment times using IOSs. The widespread use of CAD/CAM has also im-
proved the quality of ceramics and zirconia, allowing for greater precision and a shorter
time for crafting dental prosthetics [24,25]. With the advent of digital technology, dental
treatments are becoming increasingly effective. Albuha Al-Mussawi et al. [26] mentioned
that virtual reality simulators and augmented reality (AR) technology could be applied
to dentistry for dental training, education, and the fabrication of technological objects.
Furthermore, Ariwa et al. [27] evaluated the accuracy of digital dental models, namely
head-mounted displays (HMDs) and spatial reality displays (SRDs), as reflected in AR
devices. They reported that the measurement errors ranged from 0.3 to 2 mm for the HMDs
and from 0.02 to 0.6 mm for the SRDs, indicating that the error was significantly higher for
the SRDs than for the HMDs. Digitalization in dentistry is expected to accelerate further.

From the perspective of environmental issues, sustainable development goals are
attracting attention worldwide. In this study, we focused on one of the targets of Goal
12, “Ensure sustainable consumption and production patterns”, which indicates that “by
2030, significantly reduce waste generation through prevention, reduction, recycling, and
reuse”. Wayman et al. [28] reported that 359 million metric tons (Mt) of plastics were
produced in 2018, of which an estimated 14.5 Mt entered the ocean, causing potential harm
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to host organisms consuming them. Consequently, growing concerns have been raised
regarding environmental issues, and attempts are being made worldwide to reduce plastics,
for instance, by charging for plastic bags and eliminating plastic straws [29,30]. Research is
underway to degrade polyethylene terephthalate and polypropylene food and beverage
packaging waste to address the long-term persistence of plastics in the environment [31]. We
believe that using IOSs will reduce impression material applications in the future. Plaster
models are often replaced by resin models sculpted using stereolithography 3D printers
(SLA) and digital light processing (DLP). This is because they are generally considered
to exhibit reasonable accuracy. Ishida et al. [32] created a cylindrical pattern mimicking a
full crown and compared the material extrusion (MEX) and SLA. They claimed that SLA
was more accurate and that MEX had a high surface roughness. They also mentioned the
importance of 3D printer performance, as dental 3D printers have better accuracy than
private ones. Resin is not recyclable; therefore, resin models can cause industrial waste.
However, thermoplastic materials such as those used in MEX are recyclable. Therefore,
we used one of the MEXs, fused deposition modeling (FDM) and polylactic acid (PLA)
filaments. MEX is applied in medical devices, building structures, automobiles, and
aerospace owing to its high printing strength, a wide range of available materials, and low
cost per part [33]. However, the use of MEX and PLA to create dental models has not yet
been reported in the literature. In a previous study, we reported on the accuracy of fit for
PLA, resin, and plaster models [34]: 118 ± 22 µm, 62 ± 16 µm, 50 ± 27 µm for buccal areas;
64 ± 32 µm, 48 ± 24 µm, 76 ± 11 µm for palatal areas; 62 ± 28 µm, 50 ± 17 µm, 78 ± 20 µm
for mesial areas; and 86 ± 43 µm, 50 ± 12 µm, and 80 ± 39 µm for distal areas, respectively,
suggesting the usefulness of PLA models. PLA is a plant-derived plastic material that is
expected to reduce carbon dioxide emissions. It is biodegradable and can dissociate into
water and carbon dioxide in a compost environment [35]. PLA filaments can be reused
owing to their characteristics [36]. We consider that using MEX and PLA to fabricate dental
models, followed by their reuse, would reduce industrial waste. However, assessing the
corresponding accuracy for applications in clinical practice is essential.

This study aimed to compare the accuracies of recycled PLA and virgin PLA models.

2. Materials and Methods

A left upper first molar model (A55A-262, NISSIN, Tokyo, Japan) was attached to a
jaw model (Prosthetic Restoration Jaw Model D16FE-500A(GSE)-QF, NISSIN, Tokyo, Japan)
as the base model. Impressions of the base models were taken using an IOS (Trios 3®;
3 shape, Copenhagen, Denmark), and resin blocks (ASAHI PMMA DISK TEMP; ASAHI-
ROENTGEN IND. CO., LTD., Kyoto, Japan) were machined using CAD/CAM (Exocad®;
Exocad, Berlin, Germany) (Ceramill motion2®; Amann Girrbach, Wien, Austria) based
on the stereolithography (STL) data recorded to fabricate provisional crowns. Based on
the manufacturer’s recommendations, the cement space was set to 0.11 mm, and the mar-
gin thickness was set to 0.06 mm. For the PLA model, impressions of the base models
were taken using the IOS, and from the data obtained, PLA models were fabricated using
1.75 mm PLA filaments designed for Moment 3D printers (Moment Co., Ltd., Seoul, Re-
public of Korea) and MEX (Moment M350; Moment Co., Ltd., Seoul, Republic of Korea).
Details regarding the filaments and MEX are summarized in Table 1.

In the recycling process, the PLA models were ground using a filament-grinding ma-
chine (SHR3D IT; 3devo B.V., Utrecht, The Netherlands), followed by filament production
in a filament-making machine (COMPOSER; 3devo B.V). The manufactured filaments
were used to fabricate the PLA models (Figure 1). The model made from virgin PLA
was labeled R; PLA was recycled up to three times, and the first, second, and third PLA
recycles were labeled as R1, R2, and R3, respectively. Five models for each type were
fabricated, amounting to 20 in total. Following the manufacturer’s recommendations, the
temperature during MEX was set to 225 ◦C, the lamination pitch was set to 100 µm, and
the temperature of the filament-manufacturing machine was set to 170–190 ◦C. No models
were surface treated, and no other materials were added when the filaments were reused.
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The marginal fits of the provisional crown and PLA model were used as accuracy measures.
A PLA model with a provisional crown was placed perpendicular to the X-ray beam in a
micro-computed tomography (CT) tube, and micro-CT (ScanXmate-L080T; Comscantecno
Co., Ltd., Kanagawa, Japan) was used for imaging. The same provisional crown was placed
on all the models. The occlusal surfaces of the provisional crown and adjacent teeth were
fixed using utility wax (GC, Tokyo, Japan). The imaging conditions were as follows: 50 kV,
145 µA, voxel size of 34.5 µm, and magnification of 2.891×. After the images were recorded,
the digital imaging and communications in medicine (DICOM) data were obtained for
accuracy using a three-dimensional image analysis system volume analyzer (SYNAPSE
VINCENT®, FUJIFILM, Tokyo, Japan). The measurement method included loading the
DICOM data acquired by micro-CT into SYNAPSE VINCENT®, adjusting the contrast in
the 3D viewer, selecting “linear measurement”, and determining the marginal fits of the
provisional crown and PLA model. In total, four measurement points were set as the mesial
center (M), distal center (D), buccal center (B), and palatal center (P) (Figure 2). The average
value of each measurement point was used as the result.

Table 1. Specifications of the filament and 3D printers used in this study.

Specifications

PLA filament designed for Moment
(Moment Co., Ltd., Seoul,

Republic of Korea)

Material PLA: (>98%)
Density: 1.25/cm

Melting Point: 190 ◦C
Recommended Print Temperature: 215–230 ◦C

Thermal Distortion: 58 ◦C
Water Absorption: 0.50%
Molding shrinkage: 0.30

Moment M350
(Moment Co., Ltd., Seoul,

Republic of Korea)

XYZ accuracy:
XY: 12 µm, Z: 0.625 µm

Laminating pitch: 0.05–0.3 mm
Modeling size: 350 mm × 190 mm × 196 mm

Nozzle: 0.4 mmMaterials 2023, 16, 2620 5 of 12 
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in Excel (Social Survey Research Information Co., Ltd., Tokyo, Japan). Continuous data 
were expressed as mean ± standard deviation. Differences with a p-value < 0.05 were con-
sidered statistically significant. 
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and R3 were greater than 120 µm at all measurement points if standard deviations were 
included. 

Figure 1. Process involved in poly-lactic acid (PLA) model recycling. (a) Moment M350 was used
for MEX. (b) PLA models were prepared using 1.75 mm PLA filaments and MEX. (c) PLA models
were ground using a filament-grinding machine (SHR3D IT). (d) After pulverization, filaments were
produced again using a filament-manufacturing machine (COMPOSER).

The accuracy of the model was verified based on Dunnett’s test using the bell curve in
Excel (Social Survey Research Information Co., Ltd., Tokyo, Japan). Continuous data were
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expressed as mean ± standard deviation. Differences with a p-value < 0.05 were considered
statistically significant.
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Figure 2. Provisional crown was placed on each model, and the marginal fit was measured using
micro-computed tomography at the mesial center (M), distal center (D), buccal center (B), and palatal
center (P) of the tooth.

3. Results

The results of this study are summarized in Table 2. For R, the accuracies at positions
B, P, M, and D were 68 ± 16 µm, 66 ± 22 µm, 88 ± 13 µm, and 60 ± 31 µm, respectively.
For R1, the accuracies at positions B, P, M, and D were 76 ± 34 µm, 86 ± 23 µm, 72 ± 27 µm,
and 50 ± 12 µm, respectively. For R2, the accuracies at positions B, P, M, and D were
86 ± 36 µm, 216 ± 99 µm, 78 ± 44 µm, and 78 ± 48 µm, respectively. For R3, the accuracies
at positions B, P, M, and D were 154 ± 94 µm, 336 ± 77 µm, 132 ± 49 µm, and 132 ± 41 µm,
respectively; thus, the accuracies for R and R1 were lower than 120 µm, and those for
R2 and R3 were greater than 120 µm at all measurement points if standard deviations
were included.

Table 2. Marginal fit results for virgin PLA and reused PLA models at each measurement point (µm).

B P M D

R 68 ± 16 66 ± 22 88 ± 13 60 ± 31
R1 76 ± 34 86 ± 23 72 ± 27 50 ± 12
R2 86 ± 36 216 ± 99 78 ± 44 78 ± 48
R3 154 ± 94 336 ± 77 132 ± 49 132 ± 41

B—buccal center; P—palatal center; M—mesial center; D—distal center.

When comparing the accuracies of R with those of R1, R2, and R3, significant differ-
ences were noted between R and R3 at position B (p < 0.05), R and R2, R3 at position P
(p < 0.01), and R and R3 at position D (p < 0.01) (Figure 3). A significant decrease was
observed in the accuracy of R3.
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4. Discussion

With the widespread use of IOSs and CAD/CAM, the fabrication of prostheses without
model creation is now feasible. However, models are still essential for margin, contact,
and occlusal adjustments. Numerous reports indicate that the marginal fit discrepancy of
CAD/CAM crowns should be less than 120 µm [37–39]. However, the results of this study,
including standard deviations, exceed 120 µm at all measurement points for R2 and R3.

In MEX, the thermoplastic material is melted and extruded from a hot end to form a
printed layer to produce the desired object [40,41]. Alsoufi et al. [42] reported that the shape
error of PLA was within 3.00% on each side of a 40 mm (L) × 40 mm (W) × 15 mm (H)
specimen, which is excellent accuracy for PLA fabricated by MEX. Only one PLA filament
was used in this study. Cicala et al. [43] used MEX and three different commercial filaments
to verify the accuracy using the same object. Two filaments that exhibited significant
shear-thinning behavior and were correlated with mineral filler formulations printed
well, but one had poor accuracy. Cicala et al. reported that differences in additives in
the filament manufacturing process led to these accuracies. PLA is hydrolyzed during
molding, which then degrades into low molecular weight oligomers. The oligomers further
decompose into lactide and lactic acid, resulting in the loss of plastic properties. It has
also been reported that when PLA is reused, the mechanical properties deteriorate because
of hydrolysis and breakage of the reinforcing fibers [44,45]. Agüero et al. reported the
following mechanical properties for reused PLA: impact strength (kJ·m−2) of 58 ± 4 for
virgin PLA, 56 ± 4 after one recycle, and 36 ± 5 after four recycles. The elongation at break
(%) was 10 ± 0.04 for virgin PLA, 9 ± 0.3 after two recycles, and 7 ± 0.9 after four recycles.
The authors reported that the material could be recycled up to six times, with a slight
degradation in the mechanical properties after one and two cycles but a marked decrease
from the fourth cycle [46]. Zhao et al. also reused PLA and reported that the viscosity at
160 ◦C was approximately 2000 Pa·s for virgin PLA, approximately 750 Pa·s after the first
cycle, and approximately 100 Pa·s after the second cycle; moreover, they reported that the
viscosity decreased with repeated reuse, and the molecular weight decreased with chain
scission, resulting in the degradation of mechanical properties. Therefore, they reported
that reuse after the second cycle was difficult [47].

Anderson et al. compared the mechanical properties of virgin PLA and one-time
reused PLA. They reported an 11% decrease in the tensile strength, a 7% increase in the
shear strength, and a 2% decrease in the hardness of the reused filament, with no differences
in the average mechanical properties of one-time reused PLA compared to those of the
virgin material. However, they reported an increase in the standard deviation and greater
variability in the results for the recycled material [48]. These reports are similar to our results.
We believe that the mechanical properties of PLA degrade, and their stability is impaired
the more they are reused, resulting in a higher standard deviation. As dental models only
tolerate minimal errors in micrometer units, reusing them after the second cycle may be
difficult. However, research is underway to add other materials to PLA to compensate for
the PLA weaknesses. Beltrán et al. added a chain extender and an organic peroxide to PLA
and evaluated its mechanical properties. They discovered that both additives reacted with
terminal carboxyl groups in the aged polymer, causing cross-linking, branching, and chain
extension reactions. Notably, both additives failed to improve either the viscosity or the
thermal stability of the heavily degraded PLA. However, they reported that they could
improve the microhardness of the recycled material [49]. Patwa et al. reported that adding
1 wt% crystalline silk nanodisks to a PLA matrix increased the toughness by approximately
65%, elongation by approximately 40%, and tensile strength by approximately 10% [50].
López et al. reported that mixing virgin PLA with 30 wt% recycled PLA and adding an
epoxy-based chain extender and microcrystalline cellulose as reinforcements improved the
tensile strength by up to 88%, modulus by 127%, and Izod impact strength by 11% [51].
Other studies have focused on adding materials such as metals, carbon, and fibers to PLA to
maintain and improve its mechanical properties [52,53]. Furthermore, some studies involve
reusing PLA with other materials [54,55]. Thus, research on reusing PLA and adding
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additives to maintain or improve its mechanical properties is progressing worldwide. The
decrease in accuracy after the second recycle in this study could be attributed to the fact
that the mechanical properties of PLA are known to deteriorate when reused.

Although minimal progress has been achieved in maintaining the biodegradability
and mechanical properties of PLA, we believe it is possible to increase the number of
recycling times for PLA, with improvements in the future. To the best of our knowledge,
this study is the first to consider the reuse of PLA in dentistry.

PLA is widely used in the medical field, and numerous reports on its good biocompat-
ibility can be found in the literature [56–58].

Concerning the use of PLA in dentistry, Benli et al. compared the marginal gaps
of PLA, polymethyl methacrylate, and polyetheretherketone as provisional crowns. The
results for PLA, polymethyl methacrylate, and polyetheretherketone were 60.40 ± 2.85 µm,
61 ± 4 µm, and 56 ± 5 µm, respectively, demonstrating the usefulness of PLA crowns [59].
Molinello–Mourelle et al. reported similarly on the usefulness of provisional crowns fabri-
cated using PLA [60]. Crenn et al. examined the mechanical properties of PLA to verify its
feasibility for use as provisional crowns. The elastic modulus of PLA is E = 3784 ± 99 MPa,
that of nanoparticulate bisacryl resin is E = 3977 ± 878 MPa, and that of acrylic resin is
E = 2382 ± 226 MPa. The flexural strength of PLA is Rm = 116 ± 2 MPa, that of nanopar-
ticulate bisacryl resin is Rm = 86 ± 6 MPa, and that of acrylic resin is Rm = 115 ± 21 MPa,
indicating mechanical property problems compared to the other two materials [61]. Rela-
tively fewer reports have been presented on the application of PLA in dentistry, and most
reports focus on its applications in provisional crowns. However, the glass transition tem-
perature of PLA is known to be 50–80 ◦C [62,63]. PLA improves crystallinity and increases
heat resistance. Notably, methods adopted to improve crystallinity include plasticizing
modification and adding nucleating agents [64,65]. Among these, plasticizing modification
is the most effective approach to improve crystallinity. However, the approach is reported
to lower the glass transition temperature [66] simultaneously. Xu et al. reported that adding
ethylene butyl methacrylate glycidyl methacrylate terpolymer and talc as nucleating agents
for PLA increased the heat deformation temperature from 58 ◦C to 139 ◦C. The glass transi-
tion temperature, however, remained almost unchanged [67]. Various other heat resistance
analyses have been conducted. However, no straightforward method has been identified to
improve the definite glass transition temperature [68,69]. Additionally, while improving
heat resistance in the future, impurities added to achieve heat resistance must be ensured
not to impair the biodegradability of PLA [70]. Placing PLA crowns in the oral cavity is
challenging due to heat resistance issues. Instead, we consider them more effective when
used as models.

PLA models are typically created using MEX. However, MEX is known to release
volatile organic compounds (VOCs) during the molding process [71,72]. Ding et al. reported
that the mass yields of VOCs emitted during MEX for PLA, acrylonitrile butadiene styrene,
and polyvinyl alcohol were 0.03%, 0.21%, and 2%, respectively, at 220 ◦C [73]. Wojtyła
et al. reported that the main VOC emitted from PLA was methyl methacrylate, which
accounted for 44% of the total emissions. Thus, it is essential to keep the laboratory rooms
unoccupied and ventilated during molding and restrict the use of several MEX processes
simultaneously [74]. Notably, filaments left in an environment with 60–70% humidity for
two weeks will degrade printing quality. Suharjanto et al. reported that filament storage
using medium-density boards prevents and reduces air absorption of PLA filament and
filament life, leading to the maintenance of the printing system. Note that the accuracy
after modeling varies depending on the storage method [75].

In this study, we measured the marginal fit between the provisional crown and the
model. However, it is necessary to measure the accuracy of the entire model in the future.
Liu et al. examined the geometric accuracy of monkey tooth roots. After scanning the
monkey’s maxilla with cone-beam CT and segmentation of the incisor roots, titanium
implants were fabricated using laser powder bed fusion (PBF), a metal composite fabrication
method. The extracted teeth and 3D-printed implants were scanned with a micro-CT and
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compared with the original segmented STL data. Results were reported as 91 ± 5% for
the segmented versus printed tooth and 67 ± 11% for segmented versus actual. They
found that monkey denticles are small and difficult to segment with high precision and that
irregular shapes, surfaces, and technical challenges make it difficult to delineate regions of
interest and cause deviation errors [76]. In the future, measuring the overall accuracy of
the base model and the PLA model after molding will be necessary. This study has some
limitations: the mechanical properties of PLA could not be verified, and PLA could not be
investigated with additives. They will be the topic of future research.

5. Conclusions

Sustainable development goals are attracting global attention in terms of environmen-
tal issues. Digital technology has led to improved accuracy in prosthetic treatment and
shorter treatment times. However, SLA and DLP are widely employed in dentistry, and
the resulting models are considered industrial waste. Therefore, we used MEX and PLA to
reduce industrial waste in dentistry. Notably, PLA is a plant-derived plastic material that is
expected to reduce carbon dioxide emissions. Further, biodegradable PLA filaments break
down into water and carbon dioxide in a composting environment, and their properties
allow them to be reused. This study examined the accuracy of MEX and PLA models in
dentistry and the system for their reuse. The results show that PLA models made with
MEX are within the acceptable range of 120 µm up to the first cycle and can be reused
for up to one cycle. PLA may be considered the new material of choice in dentistry. The
accuracy of MEX could be improved, and additives could be added to filaments to promote
their reusability. This may reduce the industrial waste generated by dentistry.
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62. Plavec, R.; Horváth, V.; Hlaváčiková, S.; Omaníková, L.; Repiská, M.; Medlenová, E.; Feranc, J.; Kruželák, J.; Přikryl, R.; Figalla,
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Abstract: This study aimed to compare the color changes in two different orthodontic clear aligner
systems after submersion in various beverages for 14 days. The tested aligner systems were Taglus
Premium made of polyethylene terephthalate glycol (the TAG group) and CA® Prodin+ made of
a transparent copolyester and a thermoplastic elastomer (the PRO group). A total of 56 samples
were firstly divided into two groups according to the tested system—TAG and PRO. Each group
was subsequently divided in four subgroups according to immersion solution: A—artificial saliva,
B—cola, C—coffee, D—red wine. Color measurements were performed on Days 1, 7 and 14 using
a portable colorimeter and the CIE L*a*b* system. The obtained results showed significant color
changes in both materials when exposed to coffee and red wine (p > 0.05). Samples in the PRO group
showed a greater susceptibility to discoloration (higher ∆E values) when compared to the TAG group
after submersion in cola (p = 0.025), coffee (p = 0.005) and red wine (p = 0.041) solutions. Statistical
analysis revealed that all of the color parameters ∆L*, ∆a*, ∆b* and ∆E of both tested materials were
affected by submersion in coffee solution for 14 days. In conclusion, the CA® Pro+ aligner system is
more prone to staining compared to the Taglus material after submersion for 14 days in cola, coffee
and red wine solutions. Submersion for 14 days in coffee solution alters all of the color parameters
(∆L, ∆a, ∆b and ∆E) of both tested aligner materials.

Keywords: clear aligner; polyethylene terephthalate glycol; thermoplastic elastomer; color stability;
staining beverages

1. Introduction

Currently, patients seeking orthodontic treatment demand not only high-quality re-
sults, but also a comfortable and aesthetic treatment experience [1]. The patients’ preference
for esthetic dental treatments has led to the development of various orthodontic appliances
that are as inconspicuous as possible and readily accepted by patients due to their clinical,
esthetical and social comfort.

The recent improvements in computer-aided manufacturing/design (CAD/CAM)
and the development of new dental materials have allowed the appearance of revolutionary
orthodontic treatments [2]. These materials are composed of thermoplastic resin polymers
such as polyvinyl chloride, polyethylene terephthalate, polyethylene terephthalate glycol
and thermoplastic polyurethane [1,2].

The ideal orthodontic appliance has been described by Proffit et al.; therefore, it must
be esthetic, lightweight, should not interfere with occlusion or hygiene, should not affect
oral tissues, should be capable of withstanding masticatory forces, allow controlled forces to
be applied between treatment sessions and provide good anchorage control [3]. The concept
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of transparent aligners was first introduced in 1946 as a tooth positioner manufactured by
thermoplastic molding technology and used to generate minor tooth movements during
the final stages of orthodontic treatment [4].

Although the initial main purpose of orthodontic therapy based on clear aligners was
to address low and moderate dento-alveolar incongruence and to close small spaces, the
technique has continuously evolved through the development of new materials used in
the manufacture of aligners, dental attachments and special auxiliary systems, which now
allow the approach of a wide range of malocclusions [1,4].

The color stability of aligners is crucial, as any discoloration may significantly affect
their aesthetic value. Previous studies on thermoformed aligners have examined their
resistance to staining in detail, attributing color stability to both material properties and
manufacturing process [5,6]. Other research has shown that thermoformed aligners main-
tain their color when exposed to staining beverages such as coffee, tea and wine, due to the
surface characteristics and chemical composition of the polyurethane [7].

However, through prolonged contact with acidic beverages, these materials might
undergo surface wear, making them susceptible to discoloration. Also, an important role is
played by the water absorption capacity of the materials, which leads to a hydrolytic degra-
dation of the polymers, affecting the mechanical and aesthetic properties [8]. Moreover, the
beverage temperature may cause the thermal expansion or contraction of these materials,
increasing their susceptibility to deterioration and discoloration over time [9].

The current orthodontic therapy applied to both children and adults benefits from
minimally invasive approaches as well as esthetic appliances, according to patients’ re-
quirements. Patients’ current demands for a healthy smile have led to the development of
new types of orthodontic appliances, such as invisible ones. In the last decade, orthodontic
aligners have become more thin, transparent and comfortable to patients and at the same
time, efficient in the therapy of several dento-maxillary anomalies [10].

In spite of their increasing popularity, investigations to assess the staining susceptibility
of aligner materials are scarce [11]. Through this study, we propose to address this gap by
following the behavior of aligners after a prolonged exposure to different coloring solutions.
The study results will be likely to provide valuable insight on the durability and longevity
of aligner materials under real-life conditions and offer guidance to clinicians and patients
in taking decisions on the material selection and care of aligners.

The aim of this in vitro study was to compare the colorimetric changes in two materials
used as transparent aligners after immersion for 14 days in different staining beverages
(cola, coffee and red wine). Color measurements were performed after Days 1, 7 and 14.
The null hypothesis of the study stated that no differences in the color of each of the two
materials would be observed after submersion for 1, 7 and 14 days in red wine, cola and
coffee solutions.

2. Materials and Methods

The study was conducted in accordance with the Declaration of Helsinki and the
rules imposed by the Ethics Committee of “Grigore T. Popa” University of Medicine and
Pharmacy of Iasi, Romania (Agreement No. 66/2021).

2.1. Sample Preparation

The sample size was calculated using G*Power software version 3.1. developed at the
Heinrich-Heine University of Düsseldorf, Germany. An effect size of 0.5, an alpha value of
0.05 and a power of 0.8 were used. The obtained results indicated a minimum number of
34 samples to be used in the study.

A total of 56 samples were used to perform this study. The samples were divided into
2 groups corresponding to the material from which they were made. Each group was then
divided into 4 subgroups corresponding to the immersion solution. The distribution of the
samples into groups and subgroups is shown in Figure 1.
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The samples in the TAG group (n = 28) made of the Taglus Premium system (Taglus
Company, Mumbai, India) contained polyethylene terephthalate glycol, while samples
in the PRO group (n = 28) made of the CA® Prodin+ system (SCHEU-DENTAL GmbH,
Iserlohn, Germany) contained a transparent copolyester and a thermoplastic elastomer. The
samples were realized by a thermoforming process using BIOSTAR® (SCHEU-DENTAL
GmbH, Iserlohn, Germany) with a 3D-printed mold obtained with a SprintRay 3D printer
(SprintRay GmbH, Weiterstadt, Germany), thus resulting rectangular samples of 10 mm
length/10 mm width/0.75 mm height. The samples were then kept in distilled water at
37 ◦C for 24 h in a Biobase incubator (Biobase BJPXH30II, Biodusty, Jinan, China).

2.2. Submersion in Coloring Solutions

The samples were then submersed in the following coloring solutions: Subgroup
A—AFNOR artificial saliva (Biochemazone™, Leduc, AB, Canada) considered as a control
subgroup; and three study subgroups: Subgroup B—Pepsi Cola, (PepsiCo. Inc., New
York, NY, USA), Subgroup C—coffee Nescafe Brasero (Nestle, Vevey, Switzerland) and
Subgroup D—dry red wine, 13.5% alcohol by volume, Negru de Purcari 2015 (Purcari
Winery, Purcari, Republic of Moldova). AFNOR artificial saliva was composed of NaCI
6.7 g/L, KCl 1.2 g/L, NaHCO3 1.5 g/L, NaH2PO4 H2O 0.26 g/L, KSCN 0.33 g/L and urea
1.35 g/L. Instant coffee was prepared by dissolving 3.6 g of coffee in 300 mL hot distilled
water and filtered after 10 min. Samples were immersed in solution for 14 days and stored
in an incubator at 37 ◦C. The coloring solutions were changed every 24 h. The pH values
of the tested solutions were the following: artificial saliva—7.4; cola solution—2.71; coffee
solution—5.33; red wine solution—3.85. The pH value was evaluated every 24 h using a
portable pH meter (Thermo Scientific Eutech pH 5+, Vernon Hills, IL, USA).

2.3. Color Evaluation

The CIE L*a*b* system was used to determine the color variation in each study sample
using a Precision Colorimeter NR10QC spectrophotometer (3NH Technology Co., Ltd.,
Shenzhen, China) with manual calibration and a 0.3 mm focused light beam.

Measurements were performed after 1, 7 and 14 days of submersion in the staining
solutions. Subsequently, the samples were washed of residual dyes with distilled water
and dried with the water–air spray from the dental unit. For color determination, samples
were placed on a white sheet of paper to avoid color absorption. L*, a* and b* values were
determined by a single operator and repeated three times for each sample. The mean of
the three measurements was the value assigned to the sample. The color variation was
calculated using the following formula:

∆E = [(∆L*)2 + (∆a*)2 + (∆b*)2] 1
2

1
2 (11), where ∆E values represent the total color

deviation, ∆L* is the brightness deviation, ∆a* is the red–green axis deviation and ∆b* is
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the yellow–blue axis deviation. The values were calculated according to the following
formulas [12,13]:

∆a* = a*T − a*R (where T is the test solution; R the control solution—artificial saliva)

∆b* = b*T − b*R

∆L* = L*T − L*R

2.4. Statistical Analysis

The obtained data were statistically analyzed using IBM SPSS software version 29.0.0.
(IBM SPSS Inc., Chicago, IL, USA). The normality of data distribution was assessed using
the Shapiro–Wilk test and the homogeneity of variances was verified with Levene’s test,
while the differences between the groups and subgroups were analyzed using ANOVA
one-way and Tukey post-hoc tests, independent samples t tests and the Kruskal–Wallis test.
The significance level was set at 0.05.

3. Results

In Figure 2, the mean values and standard deviations of the ∆L* parameter within
each study stage for the TAG and PRO groups are presented. It can be observed that in
the TAG group, on Day 1 the highest value was recorded for the samples submersed in
red wine solution (−1.28 ± 0.97), on Day 7 for the samples submersed in coffee solution
(−1.52 ± 0.68) and on Day 14 also for the samples submersed in coffee (−2.73 ± 1.50).
For the PRO group, on Day 1 the highest negative value was recorded for the samples
submersed in red wine solution (−2.71 ± 1.26), on Day 7 for the samples submersed in red
wine (−3.48 ± 1.82) and on Day 14 for the samples submersed in coffee (−4.52 ± 1.37).
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Statistical analysis of the data within the TAG group shows that between the values
obtained on Day 1 of submersion in coffee solution vs. Day 14 of submersion in the same so-
lution, there were statistically significant differences in the parameter L* (p = 0.002). Within
the PRO group, significant differences were recorded between the samples submersed in
coffee solution for Day 1 vs. Day 7 (p = 0.023), Day 1 vs. Day 14 (p = 0.033) and Day 7 vs.
Day 14 (p < 0.00), respectively, and between the samples submersed in red wine solution:
Day 7 vs. Day 14 (p = 0.004).

In Figure 3, the mean values and standard deviations of the ∆a* parameter within
each subgroup of both the TAG and PRO groups are presented. Within the TAG group,
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on Day 1 the highest value was recorded for the samples submersed in red wine solution
(0.21 ± 0.25), on Day 7 for the samples submersed in wine (0.89 ± 0.22) and on Day 14 also
for the samples submersed in red wine (1.54 ± 0.19). As for the PRO group, on Day 1 the
highest value was recorded for the samples submersed in red wine solution (0.61 ± 0.51),
on Day 7 also for the samples submersed in wine (1.67 ± 0.28) and on Day 14 for the
samples submersed in coffee (0.96 ± 0.38).
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Statistical analysis of the data within the TAG group shows that there were significant
differences within the samples submersed in coffee between Day 1 vs. Day 7 (p < 0.001)
and Day 1 vs. Day 14 (p < 0.001), and between the samples submersed in wine: Day 1 vs.
Day 7 (p = 0.029) and Day 1 vs. Day 14 (p < 0.001). In the PRO group, significant differences
were recorded between the values obtained on Day 1 vs. Day 14 for the samples submersed
in coffee solution (p = 0.016).

When analyzing the mean values of the ∆b* parameter (Figure 4) for the TAG group,
it can be observed that on Day 1 the highest mean value was recorded for the samples
submersed in coffee (0.86 ± 0.28), on Day 7 for the samples submersed in coffee (2.38 ± 0.23)
and on Day 14 also for the samples submersed in coffee (4.01 ± 0.34). For the PRO group,
on Day 1 the highest value was recorded for the samples submersed in wine (0.56 ± 0.07),
on Day 7 for the samples submersed in coffee (0.98 ± 0.98) and on Day 14 for the samples
submersed in coffee (0.67 ± 0.41).
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The results of the statistical tests show that within the TAG group there were significant
differences between the samples submersed in coffee on Day 1 vs. Day 7 (p < 0.001) and
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Day 1 vs. Day 14 (p < 0.001). For the PRO group, statistically significant differences were
obtained between Day 1 vs. Day 14 (p = 0.00) for the samples submersed in coffee solution.

In Table 1, the mean values and standard deviations of the ∆E values within each
study stage for TAG group are presented. It can be noted that on Day 1 the highest value
was recorded for the samples submersed in coffee (1.43 ± 0.83), on Day 7 for the samples
submersed in wine (2.96 ± 0.52) and on Day 14 for the samples submersed in coffee
(5.06 ± 0.87).

Table 1. Mean values, standard deviations of ∆E and statistically significant differences between
groups.

Day 1 Day 7 Day 14

Cola Coffee Red Wine Cola Coffee Red Wine Cola Coffee Red Wine

TAG
Group −0.52 ± 1.12 −0.18 ± 1.12 −1.28 ± 0.97 −0.53 ± 1.03 −1.52 ± 0.68 −0.85 ± 1.48 −0.10 ± 0.90 −2.73 ± 1.50 −0.73 ± 0.89

PRO
Group −0.76 ± 0.89 −2.65 ± 0.97 −2.71 ± 1.26 −0.15 ± 0.92 −0.67 ± 1.41 −3.48 ± 1.82 0.15 ± 1.48 −4.52 ± 1.37 −1.03 ± 1.11

p values ** * 0.003 * 0.015 ** ** * 0.004 * 0.025 * 0.005 * 0.041

* Statistically significant differences. ** Statistically non-significant differences.

Within the PRO group, the highest ∆E value on Day 1 was recorded for the samples
submersed in wine (2.91 ± 1.11), on Day 7 for the samples submersed in wine (4.03 ± 1.49)
and on Day 14 for the samples submersed in coffee (6.86 ± 0.66).

In Figure 5, box-plot graph is used to illustrate the distribution of the ∆E values of
each group and subgroup by the end of each test day. The results of the statistical tests
showed significant differences within the TAG group between the samples submersed in
coffee on Day 1 vs. Day 7 (p < 0.001), Day 1 vs. Day 14 (p < 0.001) and Day 7 vs. Day 14
(p < 0.001). For the PRO group, statistically significant differences were obtained between
the samples submersed in coffee solution between the values recorded on Day 1 vs. Day 14
(p < 0.001) and Day 7 vs. Day 14 (p < 0.001), and between the samples submersed in wine
solution: Day 7 vs. Day 14 (p = 0.002).
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Comparative statistical analysis of the ∆E values of the two tested materials showed
differences between the values recorded for the samples submersed for 1 day in coffee
solution (p = 0.003) and in wine (p = 0.015), and for those submersed for 7 days in wine
solution (p = 0.004) and for the samples submersed for 14 days in cola solution (p = 0.025),
coffee (p = 0.005) and wine (p = 0.041).

4. Discussion

This in vitro study is of significant applicability in clinical practice, as orthodon-
tic therapy with aligners is increasingly used due to their esthetic and clinical advan-
tages [14]. Most of the currently used aligners are thermoplastic polymers, polyurethanes
and polyesters, such as those based on polyethylene terephthalate glycol [15].

Aligners are made of amorphous polymers such as polyurethane, polycarbonate and
polyethylene terephthalate glycol that benefit from a highly transparent appearance, all
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three types of materials being widely used in dentistry, especially in orthodontics, due to
their superior mechanical and aesthetic properties [9].

Polyurethane has excellent mechanical properties such as elasticity, flexibility, chemical
resistance and ease of processing. These properties make it ideal for use in various dental
appliances such as bruxism mouth guards, prosthodontic bases and other orthodontic
appliances requiring flexibility and durability [16].

Polycarbonate is widely used in orthodontic appliances such as esthetic brackets
and clear aligners because of its excellent optical, physical and chemical characteristics.
Polycarbonate is preferred in dentistry because of its transparency, making it esthetically
attractive to patients, as well as its impact resistance, thus ensuring durability in use [17].

Polyethylene terephthalate glycol (PET-G) is an amorphous co-polymer of PET that
does not crystallize and is a relatively hard material with good mechanical properties,
wear resistance and dimensional stability. In dentistry, it is commonly used to produce
transparent aligners due to its resistance to deformation and ability to maintain a precise
shape in the long term [16,18]. Although they are biocompatible materials, they still have
some disadvantages related to dimensional instability, low resistance to wear and chewing
forces, but also a change in esthetic properties determined by the absorption of water and
of food colorants [6]. The polyethylene terephthalate glycol aligners are maintained in the
oral cavity for a period of about 14 days, after which the clinical situation is assessed, and
they are replaced with others until the final result is obtained. During this period, the food
and drinks consumed by patients may lead to a loss of transparency. This phenomenon
is explained by an increase in water absorption that may lead to the adsorption of food
pigments [6,16].

In a study conducted in 2016 in which aligners made of different materials were
tested and immersed for 14 days in coffee, black tea and red wine solutions, a higher color
change was obtained in polyurethane aligners compared to polycarbonate or polyethylene
terephthalate glycol. The authors explained the results by stating that the polyurethane
material adsorbs pigments from colored beverages more than the other materials, because
its water absorption capacity is higher and thus entrains the pigments in coffee and tea
in particular. The roughness of the materials submersed in the three tested solutions was
also analyzed in that study, and the authors observed that the same polyurethane material
exhibited a rougher surface; thus, the surface condition of the materials may play an
important role in enhancing the coloration [6].

Also, the pigmentation of the aligners may be influenced by the acidity of the food
or drink ingested by the patients, the frequency of their consumption and the time they
are kept in contact with the staining factors [19]. Our study consisted of the colorimetric
evaluation after 1, 7 and 14 days of two new generation materials, composed of polyethy-
lene terephthalate glycol and thermoplastic copolyesters and elastoplastic, which were
immersed in different colored beverages (coffee, red wine and cola). The manufacturers of
the polyurethane aligners recommend that patients not consume colored food or beverages
while wearing the appliances.

The Taglus Premium material showed more pronounced changes in mean ∆L* values
in samples submersed in red wine solution (−1.28 ± 0.97), followed by cola (−0.52 ± 1.12)
and coffee (−0.18 ± 1.12). In contrast, in the CA® Pro+ material, the changes in transparency
after one day were higher for samples soaked in wine (−2.71 ± 1.26), followed by coffee
(−2.65 ± 0.97) and cola (−0.76 ± 0.89).

Polyethylene terephthalate glycol materials did not show significant changes in trans-
parency after one day of contact with staining solutions, due to their stable chemical
composition and resistance to wear and chemical degradation in the oral environment [20].
The higher colorimetric values obtained for the CA® Pro+ material can be explained by its
water absorption capacity of 0.13% over 24 h, at a constant temperature of 23 ◦C. However,
the samples evaluated by us were kept during the tests in an incubator at 37 ◦C, simulating
the normal temperature in the oral cavity. The ∆E parameter, which represents the total
color deviation, recorded the highest value on Day 1 for the samples submersed in coffee
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solution (1.43 ± 0.83), on Day 7 for the samples submersed in wine (2.96 ± 0.52) and on Day
14 for those submersed in coffee (1.24 ± 0.83). Our obtained results showed that the CA®

Pro+ material is more prone to staining compared to Taglus Premium after submersion
for 1 day in coffee solution, while in red wine solution it showed significant changes for
the whole tested period. Submersion for 14 days in coffee solution alters all of the color
parameters (∆L*, ∆a*, ∆b* and ∆E*) of both tested materials.

These results agree with another in vitro study which showed that polymers presented
changes in transparency after 7 days of soaking in colored beverages [14]. The results of
other studies have shown that thermomolding affects the transparency of the thicker
material, decreasing it and increasing the water absorption properties, but may also alter
the surface hardness. Thus, previous research also suggests that the thermomolding process
decreases the thickness of the aligners compared to the initial size of the thermoplastic
foil [21]. Specific conditions in the oral cavity, related to the salivary environment such as
salivary enzymes, pH, temperature and the bacterial environment may negatively affect
aligner transparency maintenance throughout the treatment.

Polyurethanes are susceptible to degradation over time through exposure to light, heat,
moisture and enzymes. They can also exhibit oxidative degradation and absorb water if
used for longer periods of time, leading to changes in physical and aesthetic properties [22].
The same conclusion as ours was reached by other studies that examined polyethylene
terephthalate glycol or copolyester-based materials, stating that these materials compared
to polyurethanes do not markedly change their transparency after submersion in staining
beverages [11,23].

Three-dimensionally printed thermoplastic materials used as aligners can have acrylonitrile-
butadiene-styrene, epoxy resins, polylactic acid, polyamide, glass-filled polyamide, silver,
steel, titanium, photopolymers, wax and polycarbonate in their composition. Their choice is
based on their excellent characteristics, which are essential for obtaining the desired clinical
results and perfect adaptation to the teeth [9]. Their production process may influence
the final thickness of the aligners, negatively affecting them if they are created by 3D
printing, although this process is time-saving and produces stronger and more elastic
aligners compared to conventionally thermoformed ones [17,24]. Other authors have stated
that the variations in thickness do not affect the clinical efficiency and the thermoforming
process does not alter the active or passive configurations of these appliances [25,26].

The colorimetric variation in the aligners tested in our study can be explained by
the fact that the tested dry red wine contained a variety of pigments, the most relevant
of which are anthocyanins and tannins. Anthocyanins are the main pigments that confer
red wine with its distinctive color. Anthocyanins are flavonoids and can range in color
from red to blue, depending on the wine’s pH. Tannins, on the other hand, contribute to
the structure and color of red wine. They play a role in wine color stability by interacting
with anthocyanins and form polymerized pigments that are responsible for a more stable
and deeper color of red wine as it ages. Other pigments are flavonols, such as quercetin
and kaempferol, which although less abundant, contribute to the color and antioxidant
characteristics of the wine. Overall, the combination of these pigments and their complex
interactions confer an unique color and chromatic stability to dry red wine [13,27].

Coffee contains slow-release low-polarity yellow pigments that penetrate organic
substrates. Therefore, significant changes were observed in both groups for the samples
submersed in coffee for 1 day, these results being in agreement with other studies [6,19].

The other tested staining solution was Pepsi Cola that contains caramel as the main
colorant. This is an artificial pigment obtained by heating sugar and is often used in
carbonated drinks to confer the characteristic brown color. The pigment-impregnating
capacity of the solutions in the study is also determined by their pH value. The increased
acidity of the solutions may lead to surface changes in the tested materials by producing
chemical and physical alterations of the surface through acid wear [20,28,29]. Both pigments
and the pH of the solutions play a major role in the color changes in the materials used
for alignment [30]. The pigments in coffee, tannins in red wine, or caramel in cola drinks
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adhere easily to the surface of clear aligners producing visible color changes. On the other
hand, an acidic environment may increase the susceptibility to staining due to altered
properties and an enhanced surface roughness of the material that attracts the retention of
colorants. Thus, pigments color the surfaces whereas the presence of an acidic pH enhances
the coloring effect [30,31].

The results of our in vitro study demonstrated that the inappropriate use of aligners
during mealtimes can lead to a loss of transparency, as colorants in food and beverages
can affect the color stability of thermoplastic materials [20,32]. Thus, orthodontists should
advise patients who are concerned about esthetics to be aware of the possibility of visible
changes in the color of aligners during use, these changes being closely related to their diet,
hygiene habits and the fact that they have to remove these devices from their oral cavity
during meals [12,19,33–35].

The results of the study reject the null hypothesis that there are no statistically signifi-
cant differences between the two study materials submersed in the coloring solutions dur-
ing the evaluation period. The limitations of the conducted study were that we evaluated
only two materials from the same category of transparent aligners, namely polyethylene
terephthalate glycol, at the same thickness of 0.75 mm and we did not use models on the
teeth, which by their shape may influence the results of the physical and chemical tests.

However, to justify the conclusions of the study, further in vitro and in vivo studies are
needed using other evaluation methods, such as scaling electron microscopy, microhardness
and wear resistance analysis of these materials after immersion in colored solutions, to
validate the results obtained.

For greater clinical relevance, future in vitro studies should be able to reproduce oral
environmental conditions, such as temperature and pH variations, enzymatic and microbial
activity and the mechanics of masticatory movements.

5. Conclusions

The CA® Pro+ aligner system is more prone to staining compared to the Taglus
material after submersion for 14 days in cola, coffee and red wine solutions.

Submersion for 14 days in coffee solution alters all of the color parameters (∆L, ∆a, ∆b
and ∆E) of the CA® Pro+ and Taglus Premium aligner systems.

Immersion for 1, 7 or 14 days in red wine solution induced differences in the color
stability of the two tested materials.

In order to obtain optimal esthetic results during the treatment period, which is
usually 14 days, patients must follow the orthodontists’ instructions regarding diet, the
consumption of coloring beverages and oral hygiene.
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Abstract: Stress distribution and its magnitude during loading heavily influence the osseointegration
of dental implants. Currently, no high-resolution, three-dimensional method of directly measuring
these biomechanical processes in the peri-implant bone is available. The aim of this study was to
measure the influence of different implant materials on stress distribution in the peri-implant bone.
Using the three-dimensional ARAMIS camera system, surface strain in the peri-implant bone area was
compared under simulated masticatory forces of 300 N in axial and non-axial directions for titanium
implants and zirconia implants. The investigated titanium implants led to a more homogeneous
stress distribution than the investigated zirconia implants. Non-axial forces led to greater surface
strain on the peri-implant bone than axial forces. Thus, the implant material, implant system, and
direction of force could have a significant influence on biomechanical processes and osseointegration
within the peri-implant bone.

Keywords: dental implants; implant biomechanics; peri-implant stress distribution; implant materi-
als; implant loading; optical measurement

1. Introduction

The replacement of missing teeth with osseointegrated dental implants has been an
established dental procedure since the late 1960s [1]. With the ever-increasing interest and
innovations in the field of treatment planning and implementation, research in the field of
biological–mechanical relationships is progressing [2]. The mechanical tension that acts at
the junction of dental implants and peri-implant bone can lead to micromovements of the
dental implants and is considered to influence osseointegration [3–5]. This aspect belongs
to the broad field of dental biomechanics, the understanding and influence of which are of
great importance for the long-term success of dental implants [6]. The transmission of force
from implant to bone and, thus, the mechanical stress at the implant–bone junction depend
on the direction of the applied force (axial vs. non-axial), the length and diameter of the
implant, the design of the junction, and the quality of the bone [7–10]. Several different
implant materials are currently being scientifically investigated or already in clinical use.
The most common are titanium and zirconium oxide ceramic (zirconia) [11]. Titanium
is the gold standard, as it is by far the best-studied implant material since its first use in
the late 1960s [1,12,13]. Its advantages are excellent biocompatibility and well-studied
and predictable osseointegration [14–16]. In addition, due to the very widespread use of
dental titanium implants in dental practice, many different implant systems are available,
which can be flexibly selected according to the patient’s situation [17]. The disadvantages
include limited esthetics, particularly in the case of a high smile line with exposed implant
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shoulders, such as in the case of soft tissue loss or a very thin mucosa through which
titanium implants can show [18]. Furthermore, the modulus of elasticity of titanium
(~110 GPa) is significantly higher than that of cortical bone, which has a modulus of
elasticity of ~13 GPa [19,20]. Over the last 15 years, zirconia has become established as an
implant material [21]. This material also offers very good biocompatibility, and the absence
of a microgap in one-piece zirconia implants is also seen as an advantage, in conjunction
with reduced biofilm [22]. With the exception of very thin mucosal layers, Jung et al.
found no color difference in the area of the gingival margin after implantation of zirconia
implants in the porcine jaw [18]. In contrast, exposed portions of zirconia implants can
lead to esthetically unsatisfactory results due to the appearance of an unnatural coloration
in the event of mucosal recession [23]. Another disadvantage for a long time was that
zirconia dental implants were mostly manufactured in one piece (i.e., the implant–abutment
complex consisted of a single workpiece). This means that the possibility to individualize
implant therapy was low. In a regular case, it was only possible to choose from differently
configured, prefabricated implant–abutment complexes [24,25]. Two-piece implant systems
made of zirconia are now also available [26]. Another disadvantage of zirconia implants is
their extremely high modulus of elasticity (~210 GPa) relative to the modulus of elasticity
of bone [27]. Therefore, this implant material could lead to high stress peaks in the peri-
implant bone [28]. In addition, zirconia implants were established in the dental field
only a few years ago and are not as well studied as titanium implants. Little is currently
known about the influence of different implant materials on the stress distribution in the
peri-implant area under masticatory loading. Studies simulated the stress distribution in
this area using the finite element method in a three-dimensional computer model, but this
procedure is subjected to the limitation of the mathematical simplification of virtual test
models [29]. The direct, three-dimensional measurement of stress distribution on the peri-
implant bone under simulated masticatory force application was established for the first
time by this working group. Surface changes during measurement by the ARAMIS system
from Carl Zeiss GOM Metrology GmbH (Braunschweig, Germany) under masticatory
loading correspond to the accuracy of strain gauges [30]. The aim of the present study
was to investigate the influence of different implant materials, specifically, titanium and
zirconia, on stress distribution in the porcine jaw. For this purpose, zirconia implants and
titanium implants were loaded axially with masticatory forces of 300 N at an angle of 30◦

and the deformation of the bone surface was detected using the ARAMIS system. As null
hypotheses, we assumed that the implant material and the masticatory force direction had
no influence on stress distribution in the peri-implant bone under masticatory loading.

2. Materials and Methods

Five pieces of bone were prepared from the dorsal ramus region of five pig mandibles
and embedded in plaster (Fujirock®, super hard stone type 4, GC Europe N.V., Leuwen,
Belgium). It was necessary to keep the sample size as small as possible, as the porcine
mandibles available for scientific use were limited. The relatively small sample size of
5 specimens allowed for a meaningful statistical evaluation in this context. Due to the
nature of porcine bone, there were individual differences in the shape of the bone pieces,
which were approximately 8 cm wide and 6 cm high. The drill studs for the two implants
examined in each piece of bone (titanium: bone-level implant, diameter 4.1 mm, length
10 mm; zirconia: ceramic implant monotype, diameter 4.1 mm RD, length 10 mm; Strau-
mann GmbH, Freiburg, Germany) were prepared according to the supplier’s instructions.
Regarding the bone dimension around the implant after insertion, it varied individually.
Typically, approximately 1 mm of bone remained buccally and orally around the implant
site. These variations reflect the natural variability in the bone structure. The bone surface
was then sprayed with an acrylic resin-based varnish (Sparvar color spray, Spray-Color
GmbH, Merzenich, Germany) and a graphite varnish (CRC Industries Deutschland GmbH,
Iffezheim, Germany) to create a stochastic contrast pattern. For both implant types exam-
ined, five implants were inserted individually into one bone block each and loaded by a

108



Materials 2024, 17, 2161

compression testing machine (inspekt mini, Hegewald & Peschke Mess- und Prüftechnik
GmbH, Nossen, Germany) with a 300 N force in two different directions (0◦, “axial” and
30◦, “non-axial”). The sample size of five implants per implant type was chosen deliberately.
This number allowed statistical comparisons to be made with confidence, as it met the
requirement for meaningful statistical analysis. For the titanium implants, insertion posts
were inserted and screwed into place to support the masticatory load. The zirconia implants
were a one-piece implant system. In the 0◦ test series, the force was applied in the direction
of the longitudinal axis of the implant. In the 30◦ test series, the force was applied with
an inclination of 30◦ with respect to the longitudinal axis of the implant (Figure 1a,b). The
strain on the surface of the bone caused by the load on the implants was measured using
the ARAMIS 3D optical camera system (Carl Zeiss GOM Metrology GmbH, Braunschweig,
Germany), a non-contact optical three-dimensional deformation measurement system that
is able to analyze movements and deformations through digital image correlation [31].
The displacement was calculated by assigning gray value distributions in the deformed
image to gray value distributions in the undeformed reference image. The ARAMIS system
was positioned orthogonally to the course of the examined bone. The calibration and
distance between the peri-implant measurement area and the lenses of the ARAMIS system
corresponded to the manufacturer’s specifications. The ARAMIS Professional software
Version 2020 (Carl Zeiss GOM Metrology GmbH, Braunschweig, Germany) was used to
examine the technical strain in the X and Y directions, as well as the main deformation. In
the study, the X-axis corresponded to the mesio-distal orientation, whereby the left side in
the test arrangement was defined as mesial. Accordingly, the force was applied in the 30◦

test series from a distal direction. The Y-axis corresponded to the corono-apical dimension.
Figure 1c,d show the visual surface representation using the ARAMIS system without force
application and, therefore, without deformation (plain blue region of interest in Figure 1d).
An exemplary visual evaluation with force application of 300 N is presented in Figure 1e,f.
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a blue light lamp); (b) macrograph of the bone preparation with an inserted zirconia implant and
a stochastic contrast pattern; (c,d) exemplary representation of the ARAMIS Professional software
without force application (test setup with force direction of 30◦); (e,f) exemplary representation of the
ARAMIS Professional software with force application of 300 N (test setup with force direction of 30◦,
changes in shape in green, yellow, and red).

The numerical evaluation was carried out in the form of absolute measured values
using raw data tables from the ARAMIS Professional software, which were transferred to
Excel (Microsoft Corporation, Redmond, WA, USA). To differentiate the strain distribution,
the peri-implant bone was divided into a total of 12 equally sized areas, which were
arranged in four three-part rows. The dimensions resulted from the macro design of
the implant. The width of each area was the same as the individual implant diameter,
while the length of the area was one-third of the implant’s individual length. One row
of measurement areas was added at the implant’s apex. The described arrangement led
to four measurement areas on the left (a,d,g,j), right (c,f,i,l), and in a projection (b,e,h,k)
of the implants examined. The measurement areas b, e, and h reflect the projection of
the implant on the surface of the bone. The areas j,k,l represent the area at the implant´s
apex. To enable statistical comparisons between the implant types, the deflection values
were averaged within the specified measurement areas. The mean values are presented
descriptively for the two implant types, separated by force and loading direction, and were
compared non-parametrically between the implant types using single-factor analysis of
variance (ANOVA) for statistical analysis. In addition, the percentage distribution of the
fields with the highest deflection in terms of an averaged normalized relative deflection per
field is presented graphically for both implant types and both force directions in relation to
each individual implant position.

3. Results

The comparison of surface deformation of the peri-implant bone under axial loading
showed a significantly greater main deformation when a force of 300 N was applied on
the zirconia implant; the same applied to the deformation in the X and Y directions (more
precisely). The titanium implant showed an average main deformation of 198.38 µm/m,
a deformation of 336.02 µm/m in the X-axis, and a deformation of 320.90 µm/m in the
Y-axis. The main deformation of the peri-implant bone with the zirconia implant amounted
to 898.95 µm/m. The deformation in the X-axis was 471.83 µm/m, and that in the Y-axis
654.69 µm/m. The overall descriptive statistics are shown in Table 1. Figure 2 shows the
data in the form of a box–whisker plot. When loading was applied at an angle of 30◦ to
the longitudinal axis of the implant, a significantly greater change in the main shape was
observed in the area of the peri-implant bone with the zirconia implant. There were also
significantly greater changes in shape in the X and Y directions. In this case, the titanium
implant was associated with in a main deformation of 720.77 µm/m, with a deformation of
501.09 µm/m in the X-axis and 475.05 µm/m in the Y-axis. For the zirconia implant, the
main deformation was 1601.46 µm/m, with a deformation of 906.31 µm/m in the X-axis
and 1095.38 µm/m in the Y-axis. The descriptive statistics regarding the force application
at an angle of 30◦ can also be found in Table 1, and the graphical representation in Figure 2.
Table 2 provides the p-values from the non-parametric analyses of variance.

To illustrate the results, Figures 3–5 show the percentage shape change in relation to
the peri-implant measurement areas for the axial and non-axial examinations, respectively.
This is the percentage of the average change in shape over the individual test series in rela-
tion to the largest change in shape within the test series. For example, a change in shape of
0.9 means that an average change in shape of 90% was calculated in the specified measure-
ment area, measured against the highest individually measured change in shape within the
test series. The largest deformation of the main shape was found in the axial direction for
both implant materials; in the case of the titanium implant, this was concentrated apically
to the implant (measurement area k), while for the zirconia implant, it was concentrated in
the area of the apical third in relation to the implant axis (measurement area h). For the
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change in shape in the X and Y directions, relatively symmetrical results were obtained
for the axial load in relation to the implant axis. On the X-axis (mesio-distal direction), the
greatest changes in shape were calculated in the cervical third for the titanium implant and
in the apical third for the zirconia implant, in the projection of the implant in each case. On
the Y-axis (apical–cervical direction), the largest changes in shape were calculated further
apically for both implant materials. Even in the test series with a force application at an
angle of 30◦, the largest deformation changes, including those on the X- and Y-axes, were
found in the projection of the longitudinal axis of the implant. Overall, when loading at
an angle of 30◦, an asymmetrical distribution of the size of the deformation changes was
observed in the individual observations. Larger changes in shape could be calculated on
the mesial side of the peri-implant bone, opposite to the load.

Table 1. Descriptive statistics of the mean surface shape changes in the investigated dimensions
regarding both implant materials 1.

Material Angulation Main Change in Shape Change in Shape in X-axis Change in Shape in Y-axis

Mean SD Mean SD Mean SD

Titanium
0◦ 198.38 155.57 336.02 139.62 320.9 270.41

30◦ 720.77 594.95 501.09 383.49 475.05 287.1

Zirconium
0◦ 898.95 373.53 471.83 47.25 654.69 271.02

30◦ 1601.46 661.08 906.31 499.68 1095.38 216.24
1 All measured values are in µm/m.
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Figure 2. Box–whisker plots of the surface shape changes in the three investigated dimensions with
axial and non-axial force application for both implant materials.

Table 2. p-values regarding the differences between the two implant materials in relation to the mean
surface shape changes in the three dimensions investigated (calculation by ANOVA).

Angulation Dimension p-Value

0◦ main change in shape 0.009
X-axis 0.1172
Y-axis 0.0758
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Table 2. Cont.

Angulation Dimension p-Value

30◦ main change in shape 0.0472
X-axis 0.0758
Y-axis 0.0163
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4. Discussion

The 3D optical image correlation used in the present study to detect changes in
the shape of superficial bone due to stress induction is already well established in
dentistry [32–34]. The transfer of this technology to the measurement of peri-implant bone
during masticatory force application was presented as part of a pilot study in 2021 [30].
Good repeatability and measurement stability can be attributed to the method. The present
study is the first to use this technology to investigate peri-implant stress under masticatory
force application as a function of the implant material. Very few studies investigated stress
propagation in bone using the finite element method [11]. A finite element method-based
study showed that implant materials with a lower modulus of elasticity cause greater stress
within the cortical bone under a chewing force application of 100 N compared to those
with a higher modulus of elasticity. A chewing force simulation on one-piece implants
made of titanium, zirconia, and various PEEK materials was investigated. In contrast, a
study by Haseeb et al. comparing carbon-fiber-reinforced PEEK implants with conven-
tional pure-titanium implants showed a comparable stress distribution in the peri-implant
bone [11,35]. When considering these two studies, a particular limitation of the finite
element method becomes clear. It is a simulative research method that is dependent on the
parameter definitions and therefore makes it fundamentally difficult to compare different
studies [36]. In this context, the data collected in the present study showed contradictory
results. With regard to the main shape change, significantly greater superficial changes
in the shape of the peri-implant bone were found with the zirconia implant. Notably,
the measurement method used in this study, as a direct, optical procedure, differs funda-
mentally from the simulative method of the finite element method. In addition, different
masticatory forces were considered. At this point, it should be noted that the present
data were collected using an avital bone preparation. This means that osseointegration
could not take place, and the results, therefore, represent a situation of primary stability or
immediate loading. The results related to the axial force application revealed an overall
symmetrical distribution around the examined implants. The different localization of the
largest deformation changes depending on the implant material was striking. In the case
of the zirconia implant, the largest changes in shape were found in the apical third of the
projection of the implant, in relation to both the main change in shape and the X- and Y-axes.
In contrast, in the case of the titanium implant, a more heterogeneous distribution of the
largest shape changes was observed in the three dimensions. This indicated an overall
greater local concentration of stress in the area of the peri-implant bone with the zirconia
implant than with the titanium implant. Conversely, the results indicated a more even
distribution of stress in the peri-implant bone in the case of the titanium implant. This
was reflected in the comparatively smaller changes in shape in the case of the titanium
implant and could have a positive effect on osseointegration. The stronger concentration
of stress in implants with a comparatively higher modulus of elasticity (“stress isolation”)
was recently demonstrated by Masoomi et al. in a finite element analysis [37]. In this
context, this shows a very good comparability of finite element analysis and digital image
correlation. In particular, further investigation of the geometry of the implants and their
effect on stress distribution in the surrounding bone will be clinically relevant in the future.
The results of the analysis of force application at an angle of 30◦ suggested that the strain in
the dimensions examined was closer to the projection of the implant in the peri-implant
bone with the zirconia implant than with the titanium implant. For both implant materials,
greater elongation was observed in all dimensions on the side contralateral to the force
application compared to the ipsilateral side. In contrast, more eccentric strain distributions
were observed for the titanium implant. These were comparable to the those obtained with
axial force application, more homogeneous over the measurement area of the peri-implant
bone, and less pronounced overall. In principle, the greater modulus of elasticity of the
zirconia implants could lead to a more direct transfer of masticatory forces into the peri-
implant bone, which may be reflected in a greater surface deformation. However, despite
the significant differences in deformation, the overall differences were small. Incidentally,
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the zirconia implant was a one-piece implant system. In contrast, the titanium implant
consisted of a screw-retained implant–abutment complex, which represents a combination
of implant and abutment. This im-plant–abutment connection could potentially lead to
reduced stress distribution into the peri-implant bone. This could have come into play,
particularly with a masticatory force application at a 30◦ angle. A greater difference in
the change in shape between the titanium and the zirconia implants was found for each
of the three investigated changes in shape when force was applied at a 30◦ angle than
when an axial chewing force was applied. To the best of our knowledge, no directly
comparative data are available regarding stress distribution in the peri-implant bone with
single-piece implants and implant–abutment systems. In this context, Tribst et al. were able
to demonstrate that a semi-rigid implant–abutment connection can lead to a lower stress
propagation in the peri-implant bone compared to a rigid connection, which fundamentally
supports the results of the present study [38]. The overall greater and asymmetrical stress
transmission into the peri-implant bone with non-axial masticatory force transmission
could also argue against the immediate or early loading of implants in the anterior region,
as it was already shown that non-axial forces can lead to greater deflections even with
relatively low loading [39]. Such micromovements can lead to the formation of fibrous
tissue between the implant and the bone in implants that are not yet fully osseointegrated
and thus to implant loss [40–42].

For the clinical application of dental implants, it is imperative to meticulously examine
the strategies by which peri-implant stress can be mitigated during the period prior to
osseointegration. This phase is characterized solely by the attainment of primary stability,
which critically impacts the subsequent healing processes. Peri-implant bone’s stress dis-
tribution plays a pivotal role in the bone’s healing trajectory. When the loading exceeds
the mechanical tolerance of the peri-implant bone, pathological outcomes such as cartila-
gogenesis or fibrous tissue formation may ensue, highlighting the detrimental effects of
excessive mechanical loading during the initial healing phase [43,44]. This study posits that
a uniform stress distribution within the peri-implant bone may confer therapeutic benefits.
Consequently, it is evident that comprehensive investigations into the specific patterns
of peri-implant stress distribution and its influence on bone integrity are essential. These
studies are crucial for formulating precise clinical guidelines concerning the immediate
loading of dental implants, thereby optimizing treatment outcomes.

The design of the present study is subject to various limitations. First, an in vitro
procedure was used that cannot fully reflect the actual conditions in the oral cavity. In addi-
tion, the standardization of chewing force initiation, which was necessary for experimental
reasons, limits the possibility of generalizing the results of the present study. Furthermore,
the methodology used only detects superficial changes in shape and does not allow for
any direct transfer to processes within the bone. Overall, the results presented should be
supplemented by further investigations.

5. Conclusions

In the present study, the implant material and implant system significantly influenced
the deformation of the superficial peri-implant bone under masticatory force application.
Zirconia caused locally more concentrated stress propagation into the peri-implant bone,
with relatively small overall strain. In addition, non-axial forces led to greater peri-implant
stress than axial masticatory forces, and the strain was greater on the contralateral side
of the force direction than on the ipsilateral side. In connection with physiological bone
remodeling, which loads on dental implants may have positive or negative influences on
the physiological processes of bone metabolism remains to be investigated.
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Tina Poklepovic Pericic

Received: 20 February 2023

Revised: 19 April 2023

Accepted: 21 April 2023

Published: 23 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Comparative Verification of the Accuracy of Implant Models
Made of PLA, Resin, and Silicone
Kana Wakamori 1,†, Koudai Nagata 1,†, Toshifumi Nakashizu 2, Hayato Tsuruoka 1, Mihoko Atsumi 1

and Hiromasa Kawana 1,*

1 Department of Oral and Maxillofacial Implantology, Kanagawa Dental University, 82 Inaoka-cho,
Yokosuka 238-8580, Japan

2 Division of the Dental Practice Support, Kanagawa Dental University, 82 Inaoka-cho,
Yokosuka 238-8580, Japan

* Correspondence: kawana@kdu.ac.jp; Tel.: +81-468-88-8880
† These authors contributed equally to this work.

Abstract: Polylactic acid (PLA) has gained considerable attention as an alternative to petroleum-
based materials due to environmental concerns. We fabricated implant models with fused filament
fabrication (FFF) 3D printers using PLA, and the accuracies of these PLA models were compared
with those of plaster models made from silicone impressions and resin models made with digital
light processing (DLP). A base model was obtained from an impact-training model. The scan body
was mounted on the plaster, resin, and PLA models obtained from the base model, and the obtained
information was converted to stereolithography (STL) data by the 3D scanner. The base model was
then used as a reference, and its data were superimposed onto the STL data of each model using
Geomagic control. The horizontal and vertical accuracies of PLA models, as calculated using the
Tukey–Kramer method, were 97.2 ± 48.4 and 115.5 ± 15.1 µm, respectively, which suggests that the
PLA model is the least accurate among the three models. In both cases, significant differences were
found between PLA and gypsum and between the PLA and resin models. However, considering
that the misfit of screw-retained implant frames should be ≤150 µm, PLA can be effectively used for
fabricating implant models.

Keywords: 3D printing; fused filament fabrication (FFF); digital light processing (DLP); polylactic
acid (PLA); dental implant

1. Introduction

The history of dental implants in current use can be traced back to the first clinical
use of root-shaped titanium implants in 1965, which are still in use today. The bonding
mode between bone and titanium is called osseointegration [1]. Various surface treatments,
including blasting, etching, sandblasting, and anodizing, are used to ensure osseointegra-
tion [2–4]. Oates et al. reported that implant stability can be accelerated by two weeks if
implants are sandblasted and surface-treated with acid etching [5]. In a 20-year follow-up
study of 631 patients and 1472 implant bodies, Cheng et al. reported a 94% implant survival
rate [6]. Various surface treatment techniques have accelerated implant stability and estab-
lished the long-term prognosis of implant therapy [7]. In recent years, digital technology
has been widely used in implant treatment. The concepts of top-down treatment and
static and dynamic navigation in surgery have become widespread, allowing for safe and
esthetic implant treatment for patients [8–10]. In implant prosthetic treatment, intraoral
scanners (IOSs) and computer-aided design/computer-aided manufacturing (CAD/CAM)
have been applied to single-tooth and multiple-tooth defect cases. This has enabled the
digitization of almost all processes, leading to improved accuracy of prosthetics, shorter
treatment times, and reduced fabrication times of technical work [11–13].
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The Sustainable Development Goals, adopted at the 2015 United Nations Summit, are
currently attracting attention from the environmental perspective. In particular, Goal 12,
“ensure sustainable patterns of consumption and production”, targets waste reduction [14].
According to the WHO, biomedical waste (BMW) is one of the most important categories
of waste, posing significant potential risks to people and the environment. BMW is defined
as “the generation of waste in medical institutions, medical research facilities, laboratories,
and private practices”. The global growth of the medical and dental sectors and the increase
in disposable products have resulted in the generation of large amounts of medical and
dental waste [15]. A survey on dental waste in Greece [16] reported that 141 kg of waste
was collected from 20 dental clinics with a total patient population of 2542, with 8% of
the total weight being household waste and 92% hazardous waste. Koolivand et al. also
reported that in Urmia, Iran, general dental offices accounted for 58.94 kg of waste per
day, specialized dental clinics for 17.92 kg/day, dental clinics for 10.22 kg/day, household
waste for 35.46%, potentially infectious waste for 32.24%, and toxic waste for 11.83%, while
chemical and pharmaceutical wastes accounted for 5.56% of the total [17]. According to the
Survey Report on Industrial Waste Discharge and Disposal by Sector reported by Japan’s
Ministry of the Environment in 2021, the amount of industrial waste discharged by the
medical industry accounted for 438 (thousand tons) in 2021. Our dental hospital in Japan
also generates approximately 2660 kg of industrial waste per year. Therefore, the reduction,
management, and reuse of dental waste is a challenge that healthcare professionals face [18].
Papi et al. discussed how impression materials and plaster casts with blood or saliva on
them can be a source of infection [19]. Frahdian et al. stated that alginate impressions
are one of the reasons for the increase in dental waste [20]. Silicone impression material,
alginate, and plaster are considered industrial waste in the field of dentistry in Japan.
Plaster is commonly used to fabricate dental models, but plaster models are gradually
being replaced by resin models sculpted by light-based 3D printers due to the widespread
use of IOSs and 3D printers in dentistry [21,22]. This is because the light-based 3D printer
method is considered to have better accuracy. Ishida et al. [23] fabricated dental patterns
and verified their accuracy using consumer 3D printers such as a fused filament fabrication
(FFF) device, a stereolithography (SLA) device, and two types of dental 3D printers (a
Multijet device and an SLA device). As a result, the surface roughness of the civilian
consumer FFF devices is significantly larger than that of the SLA devices, and the accuracy
of the SLA devices is better than that of the civilian FFF devices. Kim et al. [24] measured the
accuracy of models fabricated using SLA, digital light processing (DLP), FFF, and PolyJet.
Overall tooth measurements were 88 ± 14 µm for SLA, 76 ± 14 µm for DLP, 99 ± 14 µm
for FFF, and 68 ± 9 µm for PolyJet, indicating that 3D printing technology is applicable
to dental models. SLA uses a UV laser to form the liquid resin. DLP uses a projector to
project an image of one layer onto the entire surface of the build platform and cures the
entire layer on a “surface” rather than curing it at “dots” as with the SLA devices [25]. In
dentistry, SLA and DLP are used to produce orthodontic devices and surgical guides for
implant surgery due to their accuracy [26,27]. However, light-based 3D printers can only
use resin, and light-mediated resin cannot be broken down since it is a polymer. Therefore,
resin models cannot be reused and they do not help reduce industrial waste [28]. That is
why we turned our attention to FFF. In the FFF manufacturing process, raw material is
melted to form an object called a filament. This material is pulled by a drive wheel through
filaments placed on a roll and heated by a temperature-controlled nozzle head to produce a
semi-liquid material that is precisely extruded and guided layer by layer to produce the
desired object [29]. FFF uses various filaments, such as polylactic acid (PLA), acrylonitrile
butadiene styrene, and polyethylene terephthalate [30].

Since PLA is present in the filament used for FFF, we believe that PLA could be
reused after the model is fabricated and remolded, thereby reducing industrial waste.
PLA is characterized by decomposition into water and carbon dioxide under compost-
ing conditions of high temperature, high humidity, and the presence of microorganisms
[31,32]. PLA is widely used in medical practice, and its biocompatibility has been widely
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reported [33–35]. However, there have been few reports on the use of FFF or PLA in
dentistry. Benli et al. [36] and Molinero-Mourelle et al. [37] reported the superiority of PLA
as a provisional crown. Crenn et al. [38] compared the mechanical properties of PLA to
those of conventional resins and reported that PLA has mechanical properties similar to
those of conventional resins with low porosity and could be used for provisional crowns.
However, Park et al. [39] reported that three-unit provisional crowns fabricated from SLA
and DLP had superior bending strength, and it was difficult to fabricate three-unit pro-
visional crowns from FFF. Results may vary depending on the nature of the 3D printer
and the filament. The glass transition temperature of PLA is as low as 60 ◦C. Methods to
increase the heat resistance of PLA have been studied, but no clear method has been found
that does not impair the biodegradability of PLA [40,41]. Therefore, it is currently difficult
to use PLA as a crown, and practically, it is more useful for making dental models.

Regarding FFF, Muta et al. [42] compared plaster models and polyvinyl alcohol (PVA)
models made with FFF and reported the usefulness of FFF and PVA. Wang and Su [43]
compared the accuracy of edentulous trays fabricated using DLP and FFF with that of
conventional manual edentulous trays and found the digitally fabricated trays to have
higher precision. Research on filament reuse has also been conducted. Lagazzo et al. [44]
reported the effectiveness of PLA and poly (3-hydroxybutyrate-co-3-hydroxyvalerate)-
based biocomposites for composite material recycling. Vidakis et al. also reported that
PA12 polymers can be reused up to three times [45]. Anderson et al. [46] compared the
mechanical properties of virgin PLA and one-time-recycled PLA and reported a 10.9%
decrease in tensile strength, 6.8% increase in shear strength, and 2.4% decrease in the
hardness of the reused filaments. While there are many reports on the reuse of PLA, no
clear process for reuse has been defined. Majgaonkar et al. [47] believe that it is important to
have a sustainable strategy for recycling PLA waste due to current environmental concerns,
although recycling PLA will degrade its mechanical properties. They also considered
recycling strategies that involve the alcoholysis of post-consumer PLA into lactic acid esters.
We believe that the use of an IOS and PLA to fabricate and reuse implant models would
lead to dental care with reduced waste [48]. However, to the best of our knowledge, there
are no reports documenting the accuracy of implant models using FFF or PLA. In our
previous study, we compared dental models made of PLA with those made of resin and
plaster, and reported that the PLA models were equally accurate [49]. Therefore, in this
study, we aimed to compare the accuracy of implant plaster models made from silicon
impression material and plaster, implant resin models made with DLP, and implant PLA
models made with FDM.

2. Materials and Methods

Straumann®
∮

4.1 × 10 implants (bone-level tapered implant, Basel, Switzerland)
were placed on a jaw model for implant training ([D18D-KP.80]; NISSIN, Tokyo, Japan),
Switzerland) and were used as the base model. Next, the scan body (S-WAVE, SHOFU INC,
Tokyo, Japan) was mounted and scanned with a 3D scanner (Ceramill Map® 400; Amann
Girrbach, Vienna, Austria) to acquire stereolithography (STL) data of the mother model.
The process of making each model and obtaining STL data is described below. The models
are shown in Figure 1. This study was conducted in compliance with SQUIRE guidelines.
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DLP † cara Print 4.0 pro 
(Kulzer Japan Co., Ltd., Tokyo, Japan) 
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Laminating pitch: 30–150 μm 
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Moment M350 

(Moment Co., Ltd., Seoul, Republic of Korea) 
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Figure 1. Different types of constructed models. (a) A silicone impression was made on the mother
model, the lab analog was attached to the impression coping, and plaster was injected to make a
plaster model. (b) Impressions were taken on the base model using Trios3®, and resin models were
fabricated using cara Print 4.0 pro based on the obtained STL data. (c) Impressions were taken on
the base model using Trios3®, and PLA models were fabricated using Moment M350 based on the
obtained STL data. STL: stereolithography.

2.1. STL Data Acquisition for Plaster Implant Models

Precision impressions were made on base models with impression copings using sili-
cone (Aquasil Ultra®; Dentsply Sirona, York, PA, USA). The lab analog was then mounted
on an impression coping, and plaster (New Fujirock®; GC, Tokyo, Japan) was poured to
fabricate the implant model. A scan body (S-WAVE, Shofu, Tokyo, Japan) was attached,
scanned with a 3D scanner, and converted to STL data.

2.2. STL Date Acquisition for Resin Implant Models

Digital impressions were made by the IOS (Trios® 3; 3shape, Copenhagen, Denmark)
on the base model with the scan body attached, and then DLP (cara® Print 4.0 pro; Kulzer
Japan Co., Ltd., Tokyo, Japan) and light-curing resin (dima® Print Stone; Kulzer Japan Co.,
Ltd., Tokyo, Japan) were used to fabricate the resin models. The layer thickness was 50 µm.
The resin model was fitted with a scan body and converted to STL data using a 3D scanner.

2.3. STL Data Acquisition for PLA Implant Models

Digital impressions of the base model were taken with the scan body attached; FFF
(Moment® M350; Moment Co., Ltd., Seoul, Republic of Korea) and a 1.75 mm PLA filament
from Moment® (Moment Co., Ltd., Seoul, Republic of Korea) were used to fabricate the
PLA models. The fabrication conditions were as follows: modeling temperature of the
material = 230 ◦C and layer thickness = 100 µm. The PLA model was fitted with a scan
body and converted to STL data using a 3D scanner. No surface polishing or chemical
treatment was performed after printing. The specifications of the 3D printers are shown in
Table 1.

Table 1. Specifications of the 3D printers used in this study.

3D Printing Technique 3D Printer Used Specifications

DLP † cara Print 4.0 pro
(Kulzer Japan Co., Ltd., Tokyo, Japan)

Pixel size: XY 65.0 µm
Laminating pitch: 30–150 µm

Modeling size: 127 mm × 70 mm × 130 mm

FFF ‡
Moment M350

(Moment Co., Ltd., Seoul, Republic of
Korea)

XYZ accuracy:
XY 12 µm, Z 0.625 µm

Laminating pitch: 0.05–0.3 mm
Modeling size: 350 mm × 190 mm × 196 mm

Nozzle: 0.4 mm

Resin models were constructed using cara Print 4.0 pro, and PLA models were constructed using Moment M350.
† Digital light processing, ‡ fused filament fabrication.
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2.4. Measurement of Accuracy

After obtaining the STL data for each model, the accuracy of the scanned body of
plaster, resin, and PLA models was measured using Geomagic® Control (3D Systems,
Washington, DC, USA) based on the STL data of the base model. The superimposing of STL
data was performed after trimming the excess data, followed by manual alignment based
on three landmarks, and best-fit registration was used for greater accuracy. The average of
the results was obtained by randomly selecting three points from the superimposed scan
body data (Figure 2). The scan bodies were all in the same orientation. Five models were
designed for each. Accuracy was measured in two directions, viz. horizontal and vertical.
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Figure 2. Stereolithography (STL) of the base model superimposed on each of the models to measure
accuracy. For horizontal and vertical accuracies, three points were randomly selected, and their
average was used as the result. (a) Horizontal and (b) vertical accuracy.

2.5. Statistical Analysis

The accuracy of the model was verified through the Tukey–Kramer method using a bell
curve in Excel (Social Survey Research Information Co., Ltd., Tokyo, Japan). Continuous
data are expressed as mean ± standard deviation. Differences with a p value < 0.05 were
considered statistically significant.

3. Results and Discussion

In this study, horizontal accuracies of 53.4 ± 9.4, 54.3 ± 23.4, and 97.2 ± 48.4 µm
were obtained for plaster, resin, and PLA, respectively (p < 0.05), while the corresponding
vertical accuracies were 61.8 ± 10.1, 60 ± 13.8, and 115.5 ± 15.1 µm (p < 0.001). In both
cases, PLA had the lowest accuracy. Significant differences in horizontal accuracies were
found between PLA and plaster and PLA and resin. Vertical accuracies were similarly
significantly different between PLA and resin (Figure 3).
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(PLA) and resin and PLA.

The findings of this study demonstrate that the accuracy of PLA models was inferior
to that of the resin and plaster models both vertically and horizontally. However, with
the improved accuracy of 3D printers, PLA could be used as a new material in dentistry.
Furthermore, due to the advantages of its characteristics, PLA can be reused to reduce
industrial waste and carbon dioxide emissions [50].

Reports on model-less prosthetic fittings are scarce; a systematic review by Joda et al.
found only two reports on model-less crown fits and one on implant superstructure fit [51].
Joda et al. also compared the accuracy of 10 superstructures fabricated without models
and 10 superstructures with models and reported that the model-less superstructures
required less adjustment and time to fit [52]. However, Mühlemann et al. reported that the
fabrication of fittings with digital models should be considered as these were more accurate
than those made with conventional plaster models [53].

When fabricating a superstructure, a model is necessary for creating the bond between
the zirconia and the titanium base. Particularly in the case of single-tooth implants, the
titanium base has an anti-rotation mechanism, and if a model is not used, minor misalign-
ments may prevent the implant from fitting in the mouth. Therefore, the accuracy of the
model is important. Geomagic® Control, which was used to measure the accuracy in this
study, is widely used in dentistry to verify the crown fit and IOS accuracy by comparing
STL data [54–56].

Hanon et al. fabricated cylindrical specimens using FFF and reported that the modeling
accuracy was as high as 98.56–99.64% [57]. The results of this study show that the accuracy
of the PLA model was lower than that of the other models. We hypothesize that the
accuracy loss of the PLA model was due to the difference in layer thickness between the
two 3D printers. However, Kamio et al. [58] reported that the layer thickness of the FFF
did not cause a significant decrease in accuracy. Additionally, FFF is limited in its ability
to model detailed areas [59]. George et al. [60] reported that models fabricated with FFF
are susceptible to shrinkage and warping deformation during the cooling process of the
thermoplastic resin, and that geometric inaccuracies occur when models of vertebral bodies
and other spinous processes are fabricated. When an implant model is fabricated using
a 3D printer, a lab analog corresponding to the implant is inserted from the basal surface
after the modeling. In contrast to the smooth insertion of the resin and plaster models, the
PLA models could not be inserted without grinding with a laboratory bur, which could be
the reason for the lower accuracy of the PLA models. It is necessary to verify whether the
accuracy of dental models can be improved by using more accurate FFF or changing the
modeling direction [61,62].

With respect to the fit of screw-retained implant frames, Katsoulis et al. used scanning
electron microscopy to evaluate the micro-gap between the screw-retained zirconia frame
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and the implant using the one-screw test [63]. They reported that the micro-gap of the
cast cobalt chrome frame was 236 µm, while that of the zirconia frame was 18 µm, and
an acceptable distortion of <50–120 µm was noted. Al-Meraikhi et al. [64] measured the
fit of the implant to the zirconia frame using an industrial computed tomography (CT)
scanner and volume graphics analysis software and found that the fit was 93.8 ± 30 µm.
The passive fit was reported to be acceptable at 135 µm. Yilmaz et al. [65] also reported that
the marginal discrepancy of screw-fixed titanium and zirconia frameworks and abutments
were 102 µm and 94 µm, respectively, measured using an industrial CT scanner and 3D
volume software; they also reported clinically acceptable misfit values ranging from 10 µm
to 150 µm. Many other researchers have reported misfit limits of < 150 µm for the precision
of fit of screw-retained implants [66–68].

With respect to the accuracy of scan bodies using Geomagic® control, Mühlemann
et al. [53] measured the accuracy of impressions using IOSs in five patients with a single
missing tooth and teeth on both sides of the edentulous space. Three consecutive im-
pressions were taken with each IOS to measure for accuracy. They reported that the scan
body misfit was 57.2 ± 32.6 and 88.6 ± 46 µm for the iTero and Trios systems, respectively.
Gedrimiene et al. [69] used conventional silicone-based impressions and IOS-based digital
impressions and reported that the scan body misfit was 70.8 ± 59 µm. The horizontal and
vertical accuracies of PLA models in our study were 97.2 ± 48.4 µm and 115.5 ± 15.1 µm,
respectively. The accuracy of PLA models was found to be lower than that of the resin
and plaster models. However, resin and plaster models cannot be reused and eventually
become industrial waste. Since the misfit of the screw-fixed implant frame was <150 µm,
PLA models can be used as implant models. Reusing PLA models may lead to a reduction
in industrial waste and carbon dioxide emissions. The accuracy can be further improved by
using a verification jig [70]. Although its accuracy needs to be verified in clinical practice,
we believe that in the future, the use of PLA can contribute to reducing dental waste.

Three-dimensional printers are gaining popularity in medicine, but there are some con-
cerns. SLA and DLP produce toxic substances and odors during the production process [71].
PLA is known to release volatile organic compounds (VOCs) during printing as well. Chan
et al. [72] measured the concentration of VOCs in one printer and in a printing room when
three printers were operating simultaneously. Total VOC concentrations were reported,
with isopropyl alcohol being the primary VOC and both being below occupational exposure
limits. Wojtyła et al. [73] reported that during PLA molding, methyl methacrylate was
detected as a compound, accounting for 44% of total VOC emissions. Thus, ventilation and
protection of the printing room are important because the emission of hazardous substances
has been confirmed, even if within acceptable limits, during FFF modeling [74]. There is
also much debate regarding the sterilization methods for PLA. Currently, the three most
common industrially used sterilization methods for medical devices are ethylene oxide,
gamma irradiation, and steam sterilization, which can significantly alter the properties
of PLA. PLA cannot withstand steam sterilization due to its low heat resistance. Gamma
irradiation and ethylene oxide have lower sterilization temperatures and can be applied to
heat-sensitive materials such as PLA. However, gamma irradiation degrades polymers, and
ethylene oxide is toxic, carcinogenic, and allergenic, among other drawbacks [75–77]. There
are reports that FFF is self-sterilizing due to the high-temperature, high-pressure extrusion
process [78]. Davila et al. [79] report that there is no specific technology that can be applied
to all materials used in biomedical devices and that new processes are needed to avoid
these problems. They also report that hydrogen peroxide gas plasma and supercritical
carbon dioxide are effective sterilization methods.

A limitation of this study is that only one type of FFF was used. We believe that further
detailed and extensive studies can help in better comparing the accuracy of multiple FDMs
in the future. It is also important to measure how much industrial waste can be reduced by
using PLA for dental treatment, compared to other materials.
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4. Conclusions

We hypothesized that the characteristics of PLA could be exploited to reuse it and
reduce industrial waste in dentistry. This study compared the accuracy of implant models
made of PLA with that of models made of plaster and resin. The PLA models were less
accurate than the other two models but considering that the misfit of the screw-fixed
superstructure was <150 µm, it could be used as a new material.

However, no clear method has been established regarding the reuse of PLA. Addition-
ally, due to the mechanical properties of PLA, an exact sterilization method has not been
determined. Solving these problems will make PLA reuse a reality.
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Abstract: The ability of dental materials to induce the mineralization of enamel like hydroxyapatite
(HA) is of great importance. In this article, a novel kind of dental restorative material characterized
by a mineralization ability was fabricated by photopolymerization. Calcium methacrylate (CMA)
was introduced into the classical bisphenol A-glycidyl methacrylate (Bis-GMA) and triethylene
glycol dimethacrylate (TEGDMA) dental resin formulation. This functional dental resin (BTCM) was
calcium-rich and can be prepared simply by one-step photopolymerization. The influence of CMA on
the photopolymerization kinetics, the dental resin’s mechanical properties, and its capacity to induce
dynamic in situ HA mineralization were examined. Real-time FTIR, compression modulus, scanning
electron microscopy, X-ray spectroscopy, MTT assay, and cell attachment test were carried out. The
obtained data were analyzed for statistical significance using analysis of variance (ANOVA). Double
bond conversion could be completed in less than 300 s, while the compression modulus of BTCM
decreased with the increase in CMA content (30 wt%, 40 wt%, and 50 wt%). After being soaked in
Ca(NO3)2 and Na2HPO4 solutions alternatively, dense HA crystals were found on the surface of the
dental resin which contained CMA. The amount of HA increased with the increase in CMA content.
The MTT results indicated that BTCM possesses good biocompatibility, while the cell adhesion and
proliferation investigation demonstrated that L929 cells can adhere and proliferate well on the surface
of BTM. Thus, our approach provides a straightforward, cost-effective, and environmentally friendly
solution that has the potential for immediate clinical use.

Keywords: dentistry; dental materials; dental resin; photopolymerization; hydroxyapatite; calcium
methacrylate; remineralization

1. Introduction

Enamel serves as the outermost protective layer of teeth, primarily comprising inor-
ganic minerals, with hydroxyapatite (HA) being the predominant component, making up
approximately 96% to 98% of its composition [1,2]. Enamel mineralization is a complex ex-
tracellular process regulated by matrix proteins, especially enamel proteins, which control
the nucleation, growth, and self-assembly of crystals [3]. However, enamel is vulnerable
to demineralization due to acid erosion or mechanical wear, leading to enamel loss and
the formation of cavities [4]. Mature enamel is non-vital tissue, which means that it lacks
the ability for rapid self-repair once cavities have formed [5]. Given the importance of
enamel in tooth protection and oral health, the repair of enamel defects is of significant
importance. Enamel can be effectively restored using biomimetic repair strategies, which
focus on chemical consistency and structural restoration. The traditional dental restoration
strategy, which employs materials such as metal [6,7], ceramic [8], and composite resin [9],
primarily follows a dislocated repair approach. In contrast, biomimetic mineralization
repair represents an in situ repair strategy, allowing the regeneration of calcium phosphate
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crystals in the mineral-deficient area [10–12]. Incorporating the component with the ability
to bind with Ca2+ or PO4

3− into the dental restorative materials can enhance the remineral-
ization capacity of enamel lesions caused by dental caries. Moreover, releasing Ca2+ and
PO4

3− around the carious region to increase the oversaturation of HA can lead to more
Ca2+ and PO4

3− from saliva being deposited onto the carious lesion [13,14]. Historically,
fluoride was the first and has long been used as a highly effective agent for inhibiting the
formation of dental caries and promoting enamel remineralization [15,16]. Fluoride can
directly react with HA crystals in the solution to form fluoroapatite (FHAP) or fluorapatite
(FAP) [17]. Recently, various biomimetic systems containing ACP (amorphous calcium
phosphate) nanoparticles which significantly enhance enamel remineralization have been
developed [18]. There has been significant research focused on commercialized casein
phosphopeptide-ACP (CPP-ACP) [19–21]. CPP-ACP can promote enamel remineralization,
and its synergistic effect with fluoride further enhances the remineralization process [22].
In addition, biomimetic HA is a highly effective enamel repair material due to its simi-
lar chemical composition to enamel [23,24]. Clinical trials demonstrated that biomimetic
HA paste can effectively reduce dental sensitivity and improve enamel integrity [25]. In
addition, dental resin composites incorporated with one or a variety of reinforcing fillers
such as bioactive glass [26,27], zeolites [28–30], HA [31,32], ACC [33,34], silica [35], calcium
fluoride [36], CPP-ACP [14,37] and so on, have found widespread use in repairing decayed
teeth due to their enhanced HA regeneration ability, substantial mechanical strength, ex-
cellent aesthetic results, minimal health concerns, and ease of handling properties [38–40].
A typical composition for dental resin composites includes a resin matrix composed of
monomers such as bisphenol A-glycidyl methacrylate (Bis-GMA) and triethylene glycol
dimethacrylate (TEGDMA) [41]. Liu et al. [42] developed a poly (Bis-GMA)-grafted HA-
whisker-reinforced Bis-GMA/TEGDMA dental resin with a reduced volume shrinkage
and enhanced flexural strength. Sandomierski et al. [43] fabricated Bis-GMA/TEGDMA
filled with a calcium montmorillonite filler coated with HA, demonstrating its capacity to
promote HA mineralization. Qin et al. [31] prepared a salinized HA nanofiber filler loaded
with erythromycin (s-HAFs@EM) to reinforce Bis-GMA/TEGDMA resin. The addition of
s-HAFs@EM imparted the dental composite with an excellent antibacterial activity and HA
remineralization capacity. Jardim et al. [44] incorporated HA nanoparticles (HANPs) into
Bis-GMA/TEGDMA dental resin matrix. This composite was capable of releasing Ca2+

and PO4
3− ions, thereby enhancing the remineralization ability.

Nonetheless, the complex oral environment and the impact from chewing can result
in irrevocable or enduring loss of fillers in the restorative composite, further reducing their
ability to induce HA regeneration. Calcium methacrylate (CMA, Figure 1), a bifunctional
monomer and the calcium salt of methacrylic acid, can also be employed as a monomer for
photopolymerization [45]. The photopolymerization product of CMA can not only serve as
a binding site for PO4

3− in the oral environment but also release Ca2+, facilitating the depo-
sition of HA on its surface. When CMA is copolymerized within the Bis-GMA/TEGDMA
resin system, the resulting polymer gains the capability to induce HA remineralization.
Even if the surface is abraded, it retains the ability to promote HA remineralization because
CMA is copolymerized within the resin network.
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Thus, in this work, a novel dental restorative material characterized by a mineral-
ization ability was fabricated by photopolymerization. CMA was introduced into the
classical Bis-GMA/TEGDMA dental resin formulation. This functional dental resin Bis-
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GMA/TEGDMA/CMA (BTCM) was calcium-rich and could be prepared simply by one-
step photopolymerization. Through copolymerization with CMA, the resulting BTCM
could induce the mineralization of a dense HA layer and could continue to stimulate the
in situ generation of HA even if the surface layer was damaged. The primary purpose
of this work is to endow dental restorative resin with the ability to regenerate HA and
achieve self-repair in an oral environment by constructing a calcium-rich 3D polymer
network structure. Another objective is to establish a simple and controllable method for
the production of dental resin, facilitating scalable applications.

2. Materials and Methods
2.1. Materials

Bisphenol A-glycidyl methacrylate (Bis-GMA) and triethylene glycol dimethacrylate
(TEGDMA) were kindly supplied by Sartomer Company (Warrington, PA, USA). Calcium
methacrylate (CMA) and methacrylic acid (MAA) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Camphorquinon (CQ) was obtained from Runtec Co., Ltd. (Jin-
tan, Jiangsu, China). Ethyl 4-dimethylaminobenzoate (EDAB), calcium nitrate anhydrous
(Ca(NO3)2•4H2O, analytical reagent), sodium dihydrogen phosphate (Na2HPO4•12H2O,
analytical reagent), hydrochloric acid (HCl, 37.5%), and sodium hydroxide (NaOH, ana-
lytical reagent) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetrazole (MTT), Dul-
becco’s modified eagle medium (DMEM), fetal calf serum (FBS), and phosphate-buffered
saline (PBS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dimethyl sulfoxide
(DMSO) and toluene were purchased from InnoChem Science & Technology Co., Ltd.
(Beijing, China).

2.2. Methods
2.2.1. The Fabrication of Calcium Poly(methyl methacrylate) (BTCM)-Based
Dental Material

Bis-GMA, TEGDMA, CMA, MAA, and the photoinitiation system (CQ and EDAB)
were mixed in specific ratios as indicated in Table 1. Notably, the weight ratios of Bis-
GMA to TEGDMA and CQ to EDAB were maintained at 7:3 and 1:1, respectively. The
mixture was intensely stirred for 20 min and then subjected to 15 min of sonication to
eliminate any air inside the container. The resulting mixture was subsequently added
into a polytetrafluoroethylene (PTFE) cylindrical mold. Photocrosslinking was carried out
for 10 min by using an LED light with an emission wavelength at 460 nm, and the light
intensity was set to 50 mW cm−2 [46]. The sample BTCM-1, without adding any CMA, was
used as the control group. The preparation steps are illustrated in Figure 2.
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Table 1. The formulation of the BTCM samples.

Sample Bis-GMA (g) TEGDMA (g) CMA (g) MAA (g) CQ (g) EDAB (g)

BTCM-1 7 3 0 0 0.1 0.1
BTCM-2 3.85 1.65 3 1.5 0.1 0.1
BTCM-3 2.8 1.2 4 2 0.1 0.1
BTCM-4 1.75 0.75 5 2.5 0.1 0.1

2.2.2. The Mineralization of BTCM

The remineralization of HA induced by BTCM was achieved via alternative soak-
ing process (ASP) [47]. A Ca(NO3)2 solution of 0.5 mol L−1 and a Na2HPO4 solution of
0.3 mol L−1 were prepared by dissolving the calculated amount of Ca(NO3)2 and Na2HPO4
in deionized water, respectively. By using 1 mol L−1 NaOH, the pH of the Ca(NO3)2 and
Na2HPO4 solutions was adjusted to 10. The photopolymerized BTCMs were precon-
ditioned in deionized water for 60 s and then soaked in the Ca(NO3)2 solution for 4 h.
Afterward, the samples were taken out and rinsed with deionized water for 60 s before
being soaked in the Na2HPO4 solution for 4 h. This entire process constituted one cycle of
ASP (Figure 2). Three cycles of ASP were performed for the mineralization of each BTCM
sample. Following these three cycles of ASP, BTCM samples were washed with deionized
water and placed in a vacuum dryer at 50 ◦C for 24 h.

2.2.3. Remineralization of HA on the Abraded BTCM Matrixes

To simulate the abrasion of the HA layer, the surface of each BTCM matrix, which
was already mineralized with HA, were polished using sandpaper. After polishing, the
mineralized HA was removed, and the inner polymer was exposed. All polished BTCM
samples were then set to three cycles of ASP [47] to induce the remineralization of HA
(Figure 2). Each cycle lasted for 8 h. The BTCM samples obtained from three cycles of ASP
were washed with deionized water and placed in a vacuum dryer at 50 ◦C for 24 h.

2.3. Characterization
2.3.1. Photopolymerization Kinetics

The kinetics analysis of photopolymerization reactions was investigated using Realtime-
FTIR (Nicolet 5700, Nicolet Instrument Corp., Madison, WI, USA), equipped with an
MCT/A KBr detector [48,49]. The BTCM mixtures with varying compositions were applied
between two layers of KBr salt plates using a capillary and placed on a real-time infrared
horizontal sample stage. An LED light with an emission wavelength of 460 nm was utilized
as the light source for photopolymerization. The infrared absorption peak of the C=C
double bonds in CMA was observed around 1640 cm−1, while the absorption peak of the
C=C double bonds in Bis-GMA/TEGDMA was observed around 1680 cm−1. Information
about the progress of the reaction was obtained by monitoring changes in its peak area.
The final conversion rate of the polymerization reaction was calculated using Equation (1),
with data processing carried out using the OMNIC 7.5 infrared software (Thermo Fisher
Scientific, Wilmington, MA, USA) and the ORIGIN 8.0 (OriginLab Corporation, Norwood,
MA, USA) data processing software.

DC(%) =
A0 − At

A0
100% (1)

where DC is the conversion of C=C double bonds at t time, A0 represents the peak area of
C=C double bonds before photopolymerization, and At represents the peak area of C=C
double bonds after photopolymerization at time t.

2.3.2. Thermogravimetric Analysis

The thermal stability of the BTCM dental resin with different CMA concentrations was
investigated using a TA Q500 thermogravimetric analyzer (TA Instruments, New Castle,

131



Materials 2023, 16, 6497

DE, USA) [50]. The BTCM samples were ground into a powder, and 5 mg was weighed
and placed in a platinum sample pan for testing. Under a nitrogen atmosphere, the sample
was heated from room temperature to 800 ◦C at a ramp rate of 10 ◦C/min. The nitrogen
flow rate was set to 40 mL/min.

2.3.3. X-ray Diffraction Analysis (XRD)

The crystallinity of the crystals obtained from BTCM after three cycles of ASP was
examined by an X-ray diffraction analysis. An X-ray diffractometer with Cu Kα radiation
(λ = 0.154 nm), a 40 kV voltage, and a 40 mA current (Rigaku D/Max2500VB2+/Pc diffract
meter, Rigaku Company, Tokyo, Japan), was used [50]. The scanning range was from 10◦ to
70◦, with a scanning speed of 5◦/min.

2.3.4. Mechanical Compression Test

The mechanical properties of the BTCM samples were investigated using an Instron
4505 universal materials testing machine (Instron, High Wycombe, UK) with a 10 kN load
cell [51]. The samples were cylindrical columns with a diameter of 8 mm and a depth
of 12 mm. The Instron testing machine’s probe was programmed to descend at a rate of
5 mm/min, and the load was applied until the specimen’s height was reduced by 30%.
Testing was conducted using three samples for each composition.

2.3.5. Scanning Electron Microscopy (SEM)

The morphology of the BTCM samples, before and after three cycles of ASP, was
observed by utilizing a Hitachi S-4700 (Hitachi, Tokyo, Japan) scanning electron micro-
scope [51]. The BTCM samples were cut into the required shapes and placed on the sample
stage, followed by gold coating before observation.

2.3.6. In Vitro Cell Cytotoxicity

The biocompatibility of the BTCM dental material was assessed through MTT cytotoxi-
city assays [46]. Prior to cell incubation, the BTCM slices were immersed in ultrapure water
and ethanol for 18 h, respectively, to remove monomers and residual small molecules. The
samples, which had undergone ultrapure water and ethanol soaking, were then subjected
to high-pressure steam sterilization for sterilization and disinfection.

L929 mouse fibroblast cells were seeded in a sterile 96-well plate, and the density
was 1 × 104 cells per well. After 24 h of culturing at 37 ◦C in an incubator with a humid
atmosphere, 5% carbon dioxide, and a temperature of 37 ◦C, 100 µL of DMEM cell sus-
pension was added to each well of the 96-well plate. The prepared BTCM samples were
subsequently put into the confluent layer of L929 cells and further incubated under the
same conditions. A PBS solution of 5 mg/mL MTT was prepared, and 20 µL of this solution
was added to the 96-well plate after 24 h, 48 h, and 72 h of incubation, followed by another
4 h of incubation. Then, DMSO was added to the 96-well plate, and the formed MTT was
dissolved by DMSO. Once the MTT had dissolved, the optical density (OD) at 595 nm was
examined by using an enzyme-linked immunosorbent assay (ELISA) reader (Multiskan
FC instrument, Thermo Fisher Scientific, Waltham, MA, USA), for each time point (24 h,
48 h, and 72 h). The biocompatibility of BTCM was determined by comparing the OD
values of the sample group with those of the negative and positive control groups. In this
context, toluene served as the positive control, while DMEM with 0.1% DMSO served as
the negative control. Testing was conducted using three samples for each composition.

2.3.7. Cell Adhesion and Proliferation Investigation

The adhesion and proliferation of L929 cells on the BTCM surfaces were investigated
using SEM [51]. Firstly, the BTCM samples were sterilized by autoclaving, and then these
samples were affixed onto glass slides and placed in sterilized 24-well plates. Sterilized
PBS buffer was added to the 24-well plate, followed by the addition of 1 mL of L929
cell suspension at a density of 1.5 × 104 cells mL−1. After incubation in a humidified
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atmosphere with 5% carbon dioxide at 37 ◦C for 24 h, the cell-populated samples were
removed and washed with PBS solution. The cells on the BTCM surfaces were fixed using a
2.5% glutaraldehyde solution and underwent a gradual dehydration process. After drying,
the BTCM samples were gold-coated and then examined using SEM.

2.3.8. Statistical Analysis

IBM SPSS 25 (IBM Corp., Armonk, NY, USA) was used to analyze variance (ANOVA)
for statistical analysis. All quantitative data are denoted in the form of “mean ± standard
deviation”. The compression test and MTT test were repeated three times independently,
and a p-value <0.05 was considered statistically significant.

3. Results and Discussion
3.1. Photopolymerization Kinetics

The plots showing the double bond conversion (DC) versus irradiation time of Bis-
GMA and TEGDMA incorporating different concentrations of CMA, irradiated by 460 nm
wavelength light with an intensity of 50 mW cm−2, are displayed in Figure 3. As shown in
Figure 3, the DC of BTCM-1, BTCM-2, BTCM-3, and BTCM-4 all reached approximately
100% within 300 s (Table 2). This indicates that the double bonds in all samples were com-
pletely polymerized, forming C-C covalent bonds, ensuring the absence of small monomer
molecule residues in the system. This is essential for BTCM’s use as a dental material. With
the increase in CMA concentration, the photopolymerization speed decreased, and the
induction time of the photopolymerization system increased. This can be attributed to the
positive charge of Ca2+ in CMA, which reduces the electron density in the double bond of
CMA, thereby reducing the reactivity of the C=C double bond and leading to a decrease in
the photopolymerization rate and an increase in the induction time. It is worth noting that
the photopolymerization rate increased when 30% CMA (BTCM-2) was added to the resin
system, while it decreased when 40% and 50% CMA (BTCM-3 and BTCM-4) were added to
the resin system. This variation in the photopolymerization rate can be assigned to the joint
effect of CMA and MAA on the viscosity of the resin mixture. By adding CMA and MAA
into the formulation, the viscosity of the photopolymerization system decreased, leading to
a higher molecule mobility and an increased reaction rate. However, excessive CMA in the
formulation led to a reduction in the reaction rate, primarily due to the decreased electron
density of the C=C bond.
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Table 2. Double bond conversion of BTCM.

Sample Code
DC/%

60 s 150 s 300 s

BTCM-1 87.12 93.72 96.79
BTCM-2 92.18 96.76 98.41
BTCM-3 95.58 98.21 98.59
BTCM-4 82.56 98.58 99.02

3.2. Thermogravimetric Analysis (TGA)

The thermal degradation properties of the BTCM samples were explored through TGA.
Figure 4 shows the TG curves for BTCM samples with different compositions. BTCM-1
exhibited a residual mass of 4.6%, primarily attributable to the remaining carbon content,
while BTCM-2, BTCM-3, and BTCM-4 exhibited a residual mass of 7.7%, 10.1%, and 12.3%
at 800 ◦C, respectively (Table 3). The remaining weight represented both the calcium
and residual carbon content. The residual mass increased with the increase in CMA
concentration. During the heating process, the copolymer breaks down and converts into
small molecules, such as carbon dioxide, alkanes, and alkenes, which exit the reaction
furnace at high temperatures. Simultaneously, the calcium present in the system undergoes
transformation into CaCO3 and ultimately decomposes into CaO, which remains in the
heating furnace. A higher calcium content in the system leads to a higher final residual
mass after heating.
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Table 3. The thermogravimetric analysis of the BTCM samples.

Sample Code Residual Mass (%)

BTCM-1 4.67
BTCM-2 7.7
BTCM-3 10.1
BTCM-4 12.3

3.3. Compression Modulus Analysis

The mechanical characteristics of dental materials are crucial in the long-term dura-
bility of biomaterials. The compression moduli of the BTCM samples are depicted in
Figure 5 and Table 4. As can be seen, the compression moduli of BTCM-1, BTCM-2,
BTCM-3, and BTCM-4 were found to be 905.36 ± 10.68, 701.58 ± 20.13, 625.71 ± 25.69,
and 537.43 ± 23.45 MPa (Table 4), respectively. The samples contained CMA showed sta-
tistically significant differences from BTCM-1 (p = 0.000 < 0.005). This indicates that the
presence of CMA in the system has a substantial impact on the mechanical properties
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of BTCM. As the concentration of CMA increased, the compression modulus decreased.
Since both CMA and MAA are present in the photopolymerization system, the mechanical
properties of their polymerization product were significantly lower than those of BTCM-1,
resulting in a decrease in the compression modulus.
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Figure 5. Compression moduli of BTCM samples with different compositions. The error bars represent
the standard deviation of three replicates.

Table 4. The compression moduli of BTCM-1, BTCM-2, BTCM-3, and BTCM-4 after photopolymerization.

Sample Code
Compression Modulus

Mean ± Standard Deviation (MPa)

BTCM-1 905.36 ± 10.68
BTCM-2 701.58 ± 20.13 ***
BTCM-3 625.71 ± 25.69 ***
BTCM-4 537.43 ± 23.45 ***

*** BTCM-2, BTCM-3, and BTCM-4 showed a statistically significant difference from BTCM-1, p = 0.000 < 0.005.
*** p < 0.001.

3.4. X-ray Diffraction (XRD) Analysis

Figure 6 displays the XRD patterns of the BTCM dental materials after three cycles
of ASP. BTCM-1 exhibited a broad diffraction peak between 10◦ and 25◦, indicating that
BTCM-1 was amorphous and lacked bioactivity to induce the mineralization of HA. In
contrast, BTCM-2, BTCM-3, and BTCM-4 all exhibited characteristic peaks of HA after
three cycles of ASP, appearing at 2θ = 25.7◦, 31.56◦, 39.48◦, 46.42◦, and 53.38◦, correspond-
ing to the (002), (211), (310), (203), and (004) diffraction planes of HA (JCPDS #9-432),
respectively [52,53]. Furthermore, BTCM-3 and BTCM-4 demonstrated better bioactivity, as
mineralization of HA could be achieved within 24 h. Furthermore, BTCM-3 and BTCM-4
displayed diffraction peaks with higher intensities than BTCM-2, which indicated that the
HA content was higher on BTCM-3 and BTCM-4. This is attributed to the higher calcium
content in the polymerized materials. The greater the calcium content, the more HA can
be generated.

To investigate the ability of BTCM to induce a dynamic HA regeneration, the surface
of BTCM, which was covered with a layer of HA, was polished to expose the polymer once
again, in order to simulate the damage or erosion of enamel. Subsequently, another three
cycles of ASP were conducted, and the XRD patterns of BTCM after the ASP experiments
are shown in Figure 7. The polished BTCM samples subjected to three new cycles of
ASP exhibited similar crystallinity to the BTCM samples after the first three cycles of ASP.
BTCM-1, once again, displayed a broad peak at 2θ = 10–25◦, indicating its amorphous
nature and low bioactivity. BTCM-2, BTCM-3, and BTCM-4 all exhibited diffraction peaks
identical to those observed in the first round of ASP, specifically at 2θ = 25.7◦, 31.56◦, 39.48◦,
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46.42◦, and 53.38◦, corresponding to the (002), (211), (310), (203), and (004) diffraction
planes of HA (JCPDS #9-432). The results indicate that the prepared BTCM dental materials
possess a robust ability to stimulate HA regeneration, suggesting their potential in clinical
utility as dental materials.
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3.5. Morphology Analysis by Scanning Electron Microscopy (SEM)

The morphology of the BTCM samples after three cycles of ASP was investigated by
SEM, and the corresponding images are shown in Figure 8. As can be seen, with the increase
in CMA concentration, a crystal growth evolution from spheroidal sediment to flocculent
crystal sediment on the surface of BTCM can be observed. After three cycles of ASP, the
surface of BTCM-1 appeared flat and smooth, which is consistent with the XRD patterns.
This observation suggests that BTCM cannot induce the mineralization of HA due to the
absence of binding sites for Ca2+ or PO4

3−, which is required for mineralization. BTCM-2,
BTCM-3, and BTCM-4 all exhibited strong bioactivity. After one cycle of mineralization,
BTCM-2 exhibited spheroidal sediment on its surface. Meanwhile, BTCM-3 and BTCM-4
exhibited flocculent sediment composed of spheroidal crystals on their surfaces. After three
cycles of mineralization, densely packed clusters of spheroids were found on the surfaces
of BTCM-2, BTCM-3, and BTCM-4, indicating the excellent bioactivity of BTCM.
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Figure 8. SEM images showing the evolution of the HA layer on BTCM samples with different
compositions after 3 cycles of mineralization (scale bar: 20 µm).

To further investigate the ability of BTCM in inducing dynamic HA regeneration, the
mineralized BTCM samples were polished and set to three new cycles of ASP and the
mineralization results are shown in Figure 9. BTCM-1 showed no capacity to induce the
mineralization of HA, while BTCM-2, BTCM-3, and BTCM-4 exhibited a similar trend to
that observed during the first three cycles of mineralization. After the first cycle, spheroids
of crystals appeared on the surfaces of BTCM-2, BTCM-3, and BTCM-4. As time progressed,
thick layers of clustered spheroidal crystals developed on the surfaces of BTCM-2, BTCM-3,
and BTCM-4, once again indicating the ability of the BTCM materials to induce a dynamic
mineralization of HA on their surfaces. These results indicate that the calcium-rich BTCM
dental restorative resin can effectively induce a dynamic and in situ remineralization of HA.
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Figure 9. SEM images showing the evolution of the HA layer on BTCM samples with different
compositions after 3 cycles of remineralization (scale bar: 20 µm).

Based on the XRD patterns and SEM images of the mineralized BTCM samples, an
underlying HA growth mechanism could be inferred. Within the BTCM matrix, there are
large quantities of calcium ions and carboxyl groups that serve as nucleation sites and
binding sites for Ca2+ and PO4

3− during the mineralization of HA. In the early stages,
when BTCM was immersed in a solution containing PO4

3−, the PO4
3− ions rapidly accu-

mulate around the positively charged Ca2+ ions, forming a locally supersaturated calcium
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phosphate solution (Figure 10a). When the system’s Gibbs free energy decreased to a
critical value, nucleation of crystals occurred. Subsequently, when PO4

3−-bounded BTCM
was immersed in Ca(NO3)2 solution, the substrate bound with the Ca2+ in the solution to
generate amorphous calcium phosphate precursors. After three cycles of mineralization,
more minerals, which were identified as HA (Figures 6 and 7), were generated. Moreover,
when the HA-rich matrix was abraded and the former mineralized HA was removed,
the Ca2+- and carboxyl group-rich matrix could once again induce HA mineralization.
Consequently, the matrix is covered by HA after immersion in the appropriate environment
(Figures 9 and 10b). Enamel demineralization refers to the dissolution of the HA mineral,
hydroxyapatite mineral, in the teeth under acidic conditions in the oral cavity, while enamel
remineralization refers to the reprecipitation of calcium, phosphate, and other mineral ions
on the surface of the teeth in situations of normal or localized demineralization. Enamel in
a healthy oral environment with the presence of saliva is relatively stable, and demineral-
ization and remineralization are continuous and alternating processes that occur [54]. Thus,
BTCM can simulate the dynamic mineralization and demineralization processes that occur
in the oral cavity, making it a potential dental material capable of inducing the dynamic
mineralization of HA in the oral environment.

Materials 2023, 16, x FOR PEER REVIEW  13  of  19 
 

 

 

Figure 10. The mechanism of the dynamic mineralization of HA on BTCM samples. (a) PO43- and 

Ca2+ accumulate around  the BTCM matrix and  lead  to the mineralization of HA during the ASP 

process; (b) Abraded HA-rich matrix could again induce HA mineralization. 

3.6. MTT Toxicity Assay 

An  ideal  dental material  should  not  release  toxic  substances  or  induce  harmful 

reactions within  the  human  oral  cavity. An MTT  cytotoxicity  assay was  employed  to 

investigate the toxicity of the BTCM dental materials. In this test, the viability of L929 cells 

was assessed after 24 h, 48 h, and 72 h of  in vitro culture  to evaluate  the material  for 

potential  toxicity,  and  the  results  are  shown  in  Figure  11  and  Table  5. After  24  h  of 

cultivation, the viability of all L929 cells was high, and there was no significant difference 

(p > 0.05) between BTCM-1, BTCM-2, BTCM-3, BTCM-4, and the negative control group, 

while  there were  statistically differences between  the BTCM samples and  the negative 

control  group  (p  =  0.000  <  0.005). After  48  h,  the OD  values  for  all  four  groups  had 

increased, suggesting cell proliferation during this period. The absorbance values of the 

four BTCM samples were not significantly different from the negative control group. After 

72 h of cultivation, the L929 cell viability on the surfaces of BTCM-1, BTCM-2, BTCM-3, 

and BTCM-4 slightly  increased, suggesting  that BTCM was non-toxic  to L929 cells and 

was  unlikely  to  pose  toxicity  concerns  for  oral  tissues  upon  implantation.  Therefore, 

BTCM dental materials demonstrate good biocompatibility and hold promise for clinical 

applications. 

Figure 10. The mechanism of the dynamic mineralization of HA on BTCM samples. (a) PO4
3− and

Ca2+ accumulate around the BTCM matrix and lead to the mineralization of HA during the ASP
process; (b) Abraded HA-rich matrix could again induce HA mineralization.

3.6. MTT Toxicity Assay

An ideal dental material should not release toxic substances or induce harmful reac-
tions within the human oral cavity. An MTT cytotoxicity assay was employed to investigate
the toxicity of the BTCM dental materials. In this test, the viability of L929 cells was assessed
after 24 h, 48 h, and 72 h of in vitro culture to evaluate the material for potential toxicity,
and the results are shown in Figure 11 and Table 5. After 24 h of cultivation, the viability of
all L929 cells was high, and there was no significant difference (p > 0.05) between BTCM-1,
BTCM-2, BTCM-3, BTCM-4, and the negative control group, while there were statistically
differences between the BTCM samples and the negative control group (p = 0.000 < 0.005).
After 48 h, the OD values for all four groups had increased, suggesting cell proliferation
during this period. The absorbance values of the four BTCM samples were not significantly
different from the negative control group. After 72 h of cultivation, the L929 cell viability on
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the surfaces of BTCM-1, BTCM-2, BTCM-3, and BTCM-4 slightly increased, suggesting that
BTCM was non-toxic to L929 cells and was unlikely to pose toxicity concerns for oral tissues
upon implantation. Therefore, BTCM dental materials demonstrate good biocompatibility
and hold promise for clinical applications.
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Figure 11. Cell viability study of different BTCM dental resins. The error bars represent the standard
deviation of three samples.

Table 5. The OD values measured for L929 cells cultivated on BTCM samples at 24 h, 48 h, and
72 h, respectively.

Sample Code OD Values (Mean ± Standard Deviation)

24 h 48 h 72 h

BTCM-1 0.863 ± 0.021 0.936 ± 0.046 0.911 ± 0.024
BTCM-2 0.888 ± 0.033 0.959 ± 0.042 0.902 ± 0.041
BTCM-3 0.886 ± 0.023 0.965 ± 0.049 0.948 ± 0.048
BTCM-4 0.888 ± 0.030 0.954 ± 0.044 0.955 ± 0.052

Positive control 0.883 ± 0.027 0.942 ± 0.045 0.985 ± 0.034
Negative control 0.057 ± 0.03 *** 0.054 ± 0.009 *** 0.034 ± 0.0218 ***

BTCM-1, BTCM-2, BTCM-3, BTCM-4, and positive control showed a statistically significance difference from the
negative control, p = 0.000 < 0.005. *** p < 0.001.

3.7. Cell Adhesion and Proliferation Analysis

The SEM photos in Figure 12 depict L929 cells adhering to BTCM samples prepared
with varying concentrations of CMA following 72 h of cultivation. As can be seen, the L929
cells were evenly distributed on the surfaces of the BTCM samples, and the cell population
was higher on the BTCM samples with higher CMA content. Notably, on the surfaces of
BTCM-3 and BTCM-4, L929 cells spread completely across the material surfaces. Moreover,
cells at various growth stages were observed. These results indicated that as the CMA
content increased, the biocompatibility of BTCM improved. In conclusion, BTCM exhibited
excellent cell adhesion properties. Cross-linked CMA showed no toxicity to cells, and with
the increase in calcium content in the system, the biocompatibility also increased. Therefore,
the BTCM dental material is non-toxic and demonstrates exceptional biocompatibility.
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4. Discussion

The self-repair ability of tooth enamel is quite limited when the enamel is damaged by
acid erosion or cavities. As enamel plays a vital role in the protection of oral health, the
significance of enamel restoration is substantial. Integrating components with photoac-
tivity and remineralization properties into the classical dental resin Bis-GMA/TEGDMA
formulation is an effective strategy for improving the remineralization property of dental
restorative resin. Former studies usually realized the mineralization of Bis-GMA/TEGDMA
dental resin by incorporating fillers or coatings with a remineralization ability to the resin
formulation [9,55,56]. In this study, a bifunctional monomer called CMA, which is the
calcium salt of methacrylic acid, was incorporated into the Bis-GMA/TEGDMA dental
resin formulation to develop a bioactive dental restorative resin. The photopolymerization
product BTCM was calcium-rich and demonstrated an excellent HA regeneration ability.

Photopolymerization efficiency and double-bond conversion are two important factors
for dental resin. Although the addition of CMA led to a decrease in photopolymerization
speed to some extent due to the lower reactivity of CMA, the photopolymerization can still
be completed in less than 300 s, demonstrating the high photoactivity of the BTCM dental
resin. However, the double-bond conversion of BTCM slightly increased with the increase
in CMA. This is caused by the decreased viscosity of the formulation, which can lead to a
higher mobility of the molecules, allowing more double bonds to polymerize. Tian et al. [57]
incorporated nano fibrillar silicate (FS) in Bis-GMA/TEGDMA dental resin which also
exhibited a high double-bond conversion and a high photopolymerization speed.

Although the compression modulus decreased with an increase in CMA content, BTCM
still exhibited sufficient mechanical properties for dental restoration applications [58,59].
To obtain a transparent mixture of Bis-GMA/TEGDMA/CMA when prepare the BTCM
formulation, MAA has to be added into the formulation so that CMA can be dissolved
completely. The photopolymerization product of MAA is often used as a hydrogel [60], drug
carrier [61], polyelectrolyte [62] and so on. Thus, the incorporation of MAA can lead to the
decrease in the compression modulus of BTCM. In a study conducted by Liu et al. [42], Bis-
GMA and TEGDMA were grafted onto the surface of HA whiskers. These whiskers were
subsequently utilized as fillers in Bis-GMA/TEGDMA dental restorative resin composites,
resulting in an enhanced compression modulus.

Combined with the XRD results, the mineralization findings showed that the BTCM
restorative dental resin exhibited good bioactivity. When immersed alternately in Ca(NO3)2
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and Na2HPO4 solutions, the surface of the BTCM samples became covered with HA crystals,
and the layer became denser with increasing immersion time. This is because the surface
of BTCM contains large amounts of calcium and carboxyl groups which can bind with
PO4

3− and Ca2+ to generate HA crystals. The CMA content has a significant influence
on the bioactivity of BTCM. With an increase in CMA concentration, the mineralized HA
layer on the surface of BTCM is thicker due to the increased binding sites for Ca2+ and
PO4

3−. Enamel primarily consists of HA crystals with complex hierarchical structure [63,64].
Within enamel, HA crystals run parallel to each other along the long axis, forming enamel
rods that interlock internally. This unique arrangement is vital for enhancing enamel’s
mechanical strength and resistance to fissures. As a result, it is also important to control the
structure of the mineralized HA crystals. However, the HA crystals in our work were not
well arranged. Shao [65] designed a material composed of calcium phosphate ion clusters
(CPICs) that can result in a precursor layer with a continuous mineralization interface,
inducing epitaxial crystal growth of enamel HA, which mimics the biomineralization
crystal-precursor frontier of enamel development. Furthermore, in combination with the
cell adhesion results, all BTCM samples demonstrated excellent bioactivity, as evidenced
by the high viability of L929 cells cultivated on their surfaces. There were no statistically
significant differences between the BTCM samples and the positive control group.

5. Conclusions

CMA-functionalized bis-GMA/TEGDMA dental resin with the ability to induce the
remineralization of HA was fabricated in this work. The calcium-rich restorative dental
material with good bioactivity could be obtained by photopolymerization. The photopoly-
merization kinetics were investigated by real-time FTIR. The photopolymerization rate
increased first with the increase in CMA concentration, but then decreased with higher
CMA concentrations. The compression test results indicated a negative impact of CMA on
the compression modulus of BTCM. The bioactivity which showed the HA mineralization
ability of BTCM was confirmed through SEM and XRD patterns. Calcium within the
BTCM matrix played a significant role in this bioactivity. With three cycles of ASP, BTCM-2,
BTCM-3, and BTCM-4 all exhibited densely clustered spheroids of HA on their surfaces.
The mineralization speed and amount of HA on the BTCM surfaces are closely related
to the calcium content in the BTCM matrix. Additionally, MTT assays showed that the
BTCM samples are non-toxic to L929 cells, indicating that the BTCM samples have good
biocompatibility. Cell adhesion experiments revealed that BTCM with higher CMA content
can promote the attachment and proliferation of L929 cells. Thus, BTCM can simulate
the dynamic mineralization and demineralization processes that occur in the oral cavity,
making it a potential dental material capable of inducing the dynamic mineralization of HA
in the oral environment. The novel CMA-based dental restorative resin showed remarkable
bioactivity and biocompatibility, which makes it a promising dental restorative resin for
use in dental restorative procedures and the field of biomedicine.
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Abstract: An alternative approach for the currently used replacement therapy in dentistry is to apply
materials that restore tooth tissue. Among them, composites, based on biopolymers with calcium
phosphates, and cells can be applied. In the present work, a composite based on polyvinylpyrrolidone
(PVP) and alginate (Alg) with carbonate hydroxyapatite (CHA) was prepared and characterized.
The composite was investigated by X-ray diffraction, infrared spectroscopy, electron paramagnetic
resonance (EPR) and scanning electron microscopy methods, and the microstructure, porosity, and
swelling properties of the material were described. In vitro studies included the MTT test using
mouse fibroblasts, and adhesion and survivability tests with human dental pulp stem cells (DPSC).
The mineral component of the composite corresponded to CHA with an admixture of amorphous
calcium phosphate. The presence of a bond between the polymer matrix and CHA particles was
shown by EPR. The structure of the material was represented by micro- (30–190 µm) and nano-pores
(average 8.71 ± 4.15 nm). The swelling measurements attested that CHA addition increased the
polymer matrix hydrophilicity by 200%. In vitro studies demonstrated the biocompatibility of PVP-
Alg-CHA (95 ± 5% cell viability), and DPSC located inside the pores. It was concluded that the
PVP-Alg-CHA porous composite is promising for dentistry applications.

Keywords: composite; hydroxyapatite; carbonate hydroxyapatite; alginate; polyvinylpyrrolidone

1. Introduction

One of most common oral diseases is dental caries, which affects more than 90% of
the population in Western countries [1,2]. Starting as enamel damage, caries eventually
affects the soft tissues of the tooth (pulp), which leads to inflammation and necrosis [3].
In the most cases, the treatment of caries consists of the removal of necrotic tissues and
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their replacement with various restorative materials [3]. For these purposes, cements and
ceramic materials based on calcium phosphates (CaP) are widely used [4]; in particular,
hydroxyapatite (HA, Ca10(PO4)6(OH)2)) is used due to its similarity with the mineral
component of the hard tissues of teeth [5,6].

Recently, the development of new methods of treatment that take into account the
tissue structure of teeth, namely the combination of mineralized and non-mineralized com-
ponents, dentin and pulp, has become relevant [1]. This approach implies the restoration of
tooth function and the extension to the period during which teeth appear healthy [7]. In
perspective, these issues can be solved by porous composites based on biopolymers with
CaP [6,8].

To prepare composites, a variety of polymers, both synthetic and natural, can be used,
including polylactic acid derivatives, polyacrylate, polyvinyl alcohol, collagen, chitosan,
alginate (Alg), etc. [9]. These polymers have their own advantages and disadvantages.
In particular, synthetic polymers are bioinert and non-immunogenic, but do not undergo
bioresorption [10]. Natural polymers are capable of bioresorption, but, as a rule, have lower
strength characteristics [11]. The optimal solution is to combine various polymers to obtain
materials with unique properties.

CaP is available in the form of cements [12], granules [13] or powders [14]. CaP may
contain substituting ions [15–17] to impart osteoinductive (Sr) [18] or antibacterial (Cu, Zn,
Ag, Mn, Gd) [19–23] properties. For dental applications, carbonate hydroxyapatite (CHA,
Ca10(PO4)6(CO3)0.5(OH) is a good choice, because of its similar composition to the mineral
component of dentin [24].

Porous structures are required for better bio-integration and angiogenesis [25,26]. They
can be obtained by freeze-drying of gels [27]. In this way, such composite materials as
collagen-HA [28], chitosan-HA [29], and gelatine-HA have been generated [30]. Therefore,
gel-forming natural or synthetic hydrophilic polymers need to be employed [31], such
as alginate and polyvinylpyrrolidone (polyvidone, povidone) (PVP), described in [11].
Alginate is a natural polysaccharide that forms viscous gels [32]. PVP is a synthetic polymer
that is highly soluble in water [33]. Separately, these polymers as well as composites based
on them have been studied [34,35]. However, literature data on their mixtures possessing
unique properties, as well as composite materials based on them, are scarce. Previously, we
reported film materials based on PVP-Alg-HA [14], with HA prepared in situ.

In the present work, a composite based on the mixture of PVP and Alg with CHA
obtained by gel freeze-drying was developed. CHA was synthesized ex situ. The compo-
sition, structure and physico-chemical properties of the material were studied by X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), electron paramagnetic
resonance (EPR), and scanning electron microscopy (SEM) methods. The porosity and
swelling properties of the material were investigated. Its biocompatibility was assessed by
the MTT test, applying the NCTC clone L-929 fibroblast of mouse subcutaneous connective
tissue. The adhesion and viability of dental pulp stem cells (DPSC) on the composite
surface were investigated, and perspectives for its applications in dentistry were described.

2. Materials and Methods
2.1. PVP-Alg-CHA Preparation

CHA and HA (prepared for EPR studies described in Section 2.4) were synthesized ex
situ by precipitation in accordance with Equation (1):

10Ca(NO3)2 + 6(NH4)2HPO4 + 0.5(NH4)2CO3 + 7NH4OH→
→ Ca10(PO4)6(CO3)0.5(OH)↓ + 20NH4NO3 + 6H2O

(1)

The resulting suspension was filtered on a Buchner funnel using a vacuum pump and
dried at 110 ◦C to a constant mass.

To obtain composite materials, CHA powder was milled to ≤50 µm and mixed with
powders of PVP (360 kDa, Sigma-Aldrich, St. Louis, MO, USA) and Alg (pure, Reakhim,
Moscow, Russia) polymers at a concentration of 5 wt.%. The powder mixture was dissolved
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in water to obtain a gel with a PVP-Alg-CHA content of 2.5 wt.%. The resulting gel was
mixed until a homogeneous mixture was obtained using a top-drive agitator at a speed of
700 rpm. To obtain porous materials, the resulting gel was whipped at a speed of 7000 rpm.
The foam obtained was squeezed out through a syringe into a pre-prepared solution of
0.1 mol/L CaCl2 (Khimed, Moscow, Russia) for cross-linking of Alg [36]. After 5 min,
materials were pulled out from the solution, frozen at a temperature of −10 ◦C and then
dried in an LS-1000 freeze dryer (Prointech, St. Petersburg, Russia). The sample obtained
was named PVP-Alg-CHA. The preparation scheme is presented in Figure 1.
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2.2. XRD Analysis

Powder X-ray diffraction (PXRD) patterns were collected on a Rigaku SmartLab SE
diffractometer (Rigaku, Wilmington, MA, USA) with a 3 kW sealed X-ray tube, D/teX Ultra
250 silicon strip detector, vertical type θ-θ geometry, and HyPix-400 (2D HPAD) detector.
PXRD data were collected at room temperature in the 2θ range of 3◦ to 110◦ with a step
interval of 0.02◦. PXRD patterns were plotted using the Crystallographica Search-Match
(Version 2, 0, 3, 1.) and the PFD#2 database.

2.3. FT-IR Spectroscopy

Absorption spectra of the samples were recorded on an FT-803 Fourier spectrometer
(Simeks Research and Production Company 2022 Novosibirsk, Russia) in the wavenumber
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region of 4000–400 cm−1, with 1 cm−1 spectral resolution. The standard KBr disc method
was applied to obtained the spectra.

2.4. EPR Spectroscopy

Electron paramagnetic resonance studies were carried out with non-carbonated HA,
since the CO3

2− groups displace the NO3
− groups (coming from residual impurity) from

the HA structure, as discussed in an earlier ref. [37]. The EPR studies were carried out by
means of a Bruker Elexsys E580 spectrometer (Bruker, Germany) (X-range, ν = 9.61 GHz)
and E680 (W—range, ν = 94 GHz) at 200 and 297 K. In pulse mode, the Khan sequence was
used: π/2-τ-π-τ – (electronic spin echo (ESE)); where time π/2 = 64 ns, τ = 248 ns. The EPR
spectra were obtained by measuring the integral intensity of the ESE with a continuous
extension of the magnetic field B0. The samples were subjected to X-ray irradiation for 1 h
on the URS-55 device with an absorption dose of 15 kGy at room temperature to create
stable radiation centers.

2.5. SEM

The microstructure of PVP-Alg-CHA composite was studied by scanning electron
microscopy using the TescanVegaII microscope (Tescan, Brno, Czech Republic).

2.6. Porosity Measurements

The porosity of the PVP-Alg-CHA composite was determined using a TriStar 3000
porosimeter (Micromeritics, Norcross, GA, USA) by low-temperature nitrogen adsorp-
tion [38].

2.7. Swelling Measurements

Swelling behavior of the porous PVP-Alg-CHA composite was determined by the
change in mass after its immersion in deionized water.

2.8. In Vitro Cell Tests

The MTT test was used for evaluation of the cytotoxicity of extracts from the investi-
gated materials. It was carried out using cells of the NCTC clone L-929 fibroblast of mouse
subcutaneous connective tissue. The 3 day extracts were prepared in accordance with the
requirements of GOST R ISO 10993.12-15 [39].

The adhesion and proliferation of the DPSC was investigated by direct contact, as
described earlier in the ref. [14]. The cells were spread on the surface of the test samples
and placed in the wells of a 24-well plate with a layer density of 40,000 cm−2. The viability
of DPSC cells on the surface of the composite was assessed by differentiated fluorescent
staining of living and dead cells using of an Axiovert 200 inverted microscope (Zeiss, Jena,
Germany). The fluorescent dye SYTO9 turns green after the interaction with DNA and
RNA of living and dead cells (λex = 450–490 nm, λemiss = 515–565 nm), and propidium
iodide (PI) turns red after the interaction with DNA and RNA of dead cells (λex = 546 nm,
λemiss = 575–640 nm).

The statistical analysis of the experimental data on DPSC adhesion was carried out. A
set of 24 composite samples was placed in a 24-well plate. The extracts from each well were
analyzed, and the mean values and corresponding standard deviations were presented.
For the adhesion test, the nuclei of dead cells were stained using the intercalating reagent
PI (λex = 546 nm, λemiss = 575–640 nm).

3. Results and Discussion
3.1. Powder X-ray Diffraction (PXRD) Study

The PXRD patterns of the CHA sample obtained by precipitation and of the composite
material are shown in Figure 2. The profiles of the patterns correspond to poor crystallized
HA phase due to the broadening of the reflections. The broad lines on the PXRD patterns
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at 2θ◦ = 15–35 were attributed to amorphous calcium phosphate formed according to
Equation (2):

xCa2+ + yHPO4
2− +yOH− + (n − y)H2O→ Cax(PO4)y·nH2O↓ (2)
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Figure 2. PXRD patterns of CHA obtained by precipitation and of composite PVP-Alg-CHA material,
along with HA (card PDF#4 No 00-009-0432).

In ref. [40], it was shown that amorphous calcium phosphate transforms into HA upon
aging [41].

The broad rage at 2θ◦ = 3–40 can be attributed to the polymer matrix of the composite
(Figure 2, PVP-Alg-CHA pattern). PVP and Alg have some crystallinity and demonstrate
broad lines at 10.9 and 21.1 2θ◦ (PVP) [42,43], and at 13.73 and 21.71 2θ◦ (Alg) [44].

3.2. FT-IR Spectroscopy Investigation

The chemical composition of the synthesized CHA and PVP-Alg-CHA composites
were confirmed by FT-IR spectroscopy (Figure 3). The characteristic oscillation frequencies
are given in Table 1.

Table 1. Vibration modes of CHA and PVP-Alg-CHA composite in the FT-IR spectra.

Assignment
Frequencies, cm−1

CHA PVP-Alg-CHA

νas[OH−] + νs[OH−] 3562 3544

bending vibration [OH−] 3399 3378

ν2[CO3
2−] 2922 2916

νas[CH2] 2916, 2942

νs[CH2] 2847

amide I (C=O ν-s with molecular bond δ) 1738

δ[CH2] 1425, 1466

ω[CH2] 1323, 1367

τ[CH2] 1250, 1289

149



Materials 2023, 16, 4478

Table 1. Cont.

Assignment
Frequencies, cm−1

CHA PVP-Alg-CHA

bending vibration ν4(O–P–O) in [PO4
3−] 565, 603 563, 606

ν3as[P–O] 1034 1038

ν[C−C] 1038

ν2[PO4
3−] 433, 470 417, 438, 469

ν2 [NO3
−] 822 826

νs[P−O−P] in P2O7
4− 718, 1211

ν3[NO3
−] 1350 1367

bending vibration O–C–O bands in [CO3
2−] 873 872

bending vibration [H–O–H] in H2O 1636 1663

carbonyl band of PVP 1663

ν3as[C–O] in [CO3
2−] of B-type 1418, 1458 1425, 1466, 1495

δ[C−N] 1425, 1466, 1495

ν[C−N] 1289

ν [C–N] partial double bond of PVP 1425, 1466, 1495

ν3as [PO4
3−] 1103 1092

ν1s and ν3s of [P–O] in PO4
3− 963 959

δ[OH−] 603 606

ρ[C–H2] 872

ν[C−C] + ρ[CH2] 959

νas[O−C=O] in COO− of Alg 1590

νs[O−C=O] in COO− of Alg 1411

ν [O−C−O] ring 1078

The intervals of characteristic bands for the [PO4
3−] and [C−C], [CO3

2−] and [CH2], [C−N] and [CH2], [PO4
3−]

and [OH−] groups partially overlap with each other [45–54]. Therefore, it is difficult to make an unambiguous
attribution. The authors consider that it is acceptable to have a double identification of characteristic values.
Repeated frequencies are italicized.
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Figure 3. FT-IR spectra of CHA and PVP-Alg-CHA composite.
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The OH− ions were present in both the samples. In addition, the banding vibration of
water is fixed in CHA and PVP-Alg-CHA. The presence of C−O bond oscillation bands
(1420, 1460 cm−1) indicated the substitution of PO4

3−–tetrahedra by carbonate ions. This is
called the substitution of B-type HA with a low V cell. The absence of the 1550 cm−1 band
indicated that the OH− groups were not replaced by carbonate ions in the channels of the
HA structure. This showed the absence of HA of A-type with a large V cell [45,49]. The
presence of amide group in PVP was confirmed by the absorption band at 1738 cm−1 [47].
The peak at 1425 cm−1 was ascribed to the stretching mode of the C=N partial double bond
of PVP [50]. The carbonyl band of PVP appeared at 1663 cm−1 [55]. The frequencies of
functional groups of Alg (carboxyl group – 1590 cm−1, 1411 cm−1, ring oxygen 1078 cm−1)
correspond to calcium alginate [54], which was formed as a result of cross-linking by CaCl2.

However, a small amount of NO3
− ions was detected in CHA. This can be explained

by the peculiarity of synthesis by precipitation, often characterized by the presence of a
small amount of impurities of initial reagents. A small amount of pyrophosphate was also
found in the developed composition of PVP-Alg-CHA [22].

3.3. EPR Spectroscopy Investigation

The interaction between the polymer matrix with HA was detected by EPR spec-
troscopy. The interaction between the phases in the composite is a significant characteristic,
described in the ref. [8].

As mentioned in Section 2.4, the use of carbonate HA in the EPR method is not
appropriate and, therefore, non-carbonated HA was synthesized ex situ, and a composite of
PVP-Alg-HA was obtained and investigated by EPR.

The EPR signal was not observed due to the absence of paramagnetic centers (PCs) in
the structure of HA and composite samples. After X-ray irradiation, in the HA sample in
the X- and W-ranges, three lines of the EPR spectrum characteristic of powders appeared
(Figure 4, black lines). The parameters of this spectrum (shown in Table 2) allowed us to
confirm the presence of NO3

2− radicals in the HA structure [56]. PVP-Alg samples after
X-ray irradiation were also investigated (Figure 4, red lines). In the W-range, the spectrum
of the free radical was observed. In this spectrum, there were three EPR lines, which
showed the localization of the unpaired electron on the nitrogen atom of PVP with the
constant A|| = 106 ± 10 MHz (Table 2). This constant is characteristic of nitrogen radicals
in undissolved spin labels. In the X-band, this splitting was hidden in the line-width.

As can be seen from Figure 4 (blue lines), the EPR spectrum of PVP-Alg-HA accounts
for the presence of NO3

2− radicals in HA, and the polymeric mixture components were not
observed. This means that the radiation-induced centers in PVP-Alg have a competitive
electron trap channel, which is possible only if there is a chemical bond between the
components of the composite. In addition, mixing HA with PVP-Alg somewhat changed the
hyperfine interaction constants A⊥ and A|| upwards, and also increased the distribution
of the constants ∆A⊥ and ∆A|| (Table 2). Analysis of changes in A⊥ and A|| showed that
the isotropic part of the hyperfine interaction increased by 3.7 MHz, which corresponds
to an increase in the electron density at the nitrogen nucleus in the HA NO3

2− complex
by 2%. It can be assumed that, when HA is added ex situ, PVP-Alg molecules form a
positively charged layer around the HA particles with the formation of a chemical bond,
which increases the electron density in its near-surface layer. Due to electrical neutrality,
the charge on the outer surface of the PVP-Alg shell will be negative.

It should be noted that in our previous work [14], the interaction between PVP and
HA phases (HA was synthesized in situ) was also detected by EPR spectroscopy. In the
present work, despite the fact that HA was synthesized ex situ, the interaction between the
polymer matrix and HA was also confirmed by EPR.
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Table 2. EPR spectroscopic parameters of the HA and composite.

Sample g⊥ g|| A⊥ MHz A|| MHz ∆A⊥ MHz ∆A|| MHz

PVP-Alg 2.0022 (2) 2.0026(2) 38 ± 8 106 ± 10 - -
HA 2.0011(1) 2.0052(1) 92.4 ± 0.5 186 ± 1 7 ± 1 12 ± 1

PVP-Alg-HA 2.0011(1) 2.0052(1) 93.6 ± 0.5 191 ± 1 13 ± 1 18 ± 1

3.4. Microstructure

SEM images of PVP-Alg and PVP-Alg-CHA samples are presented in Figure 5. The
microstructure of PVP-Alg is represented by the large pores with an average size from
about 10 to 50 µm, whereas the PVP-Alg-CHA sample has larger pores with an average size
from about 30 to 190 µm. This observation is interesting because in the case of film samples
of similar composition described in our previous work [14], the introduction of HA led to
the reduction of pores. Instead, in this work, the addition of CHA resulted in a significant
increase in the pore size. This is likely related to the methods of material preparation. To
obtain films, the gels were dried in the air by the evaporation of moisture and spontaneous
removal of air bubbles. In contrast, during the preparation of porous composite, the gel
whipped into foam was first fixed by partial cross-linking in a calcium solution, and then
frozen and dried by freeze-drying. As a result, the porous structure of the gel was saved.
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The PVP-polyvinylalcohol(PVA) scaffold characterized by round pores with smooth
walls was described in the ref. [57], such morphology being similar to the one obtained
in this work for PVP-Alg (see Figure 5A). A similar porous composite structure, such as
the one presented in Figure 5C, was observed for the Alg-HA scaffold frozen at −10 ◦C,
as described in ref. [58]. There is a different effect of HA on the size and distribution of
the pores. In ref. [57], the increase in HA content synthesized in situ (1.5–4.5 wt.%) led to
a decrease in the pore size, which was explained by agglomeration of HA particles and
their heterogeneous distribution in the gel. In ref. [59], a scaffold made of pure alginate
obtained by freeze-drying was characterized by large pores in the order of 500 µm. The
addition of HA (6–10 wt.%) also led to a reduction in the pore size to 200–300 µm, whereas
in ref. [58], the addition of HA (25 and 50 wt.%) to an alginate-based scaffold did not lead
to changes in pore characteristics. It is worth emphasizing here that in the present work,
the CHA addition to PVP-Alg led to an increase in pore size. Thus, it is likely that the pore
size parameter is influenced by many different factors, including synthesis conditions, etc.

3.5. Porosity

The porosity data obtained by the BET method are presented in Figure 6 and Table 3.
The presence of a hysteresis loop with a characteristic S-shape (Figure 6) indicates the
presence of slit-like micropores in the material, which is confirmed by the SEM data
(Figure 6). The BET method allowed us to determine the nanoporosity of the developed
composite material in terms of total pore volume, average diameter, and specific surface
area (Table 3). It should be mentioned that the presence of nanopores can be useful for drug
loading [60].

Table 3. BET data of PVP-Alg-CHA.

Total Pore Volume, cm3/g Average Pore Diameter, nm Specific Surface Area, m2/g

0.0094 8.71 ± 4.15 4.31
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Figure 6. Isotherms of N2 adsorption (red dotes) and desorption (blue dotes) on PVP-Alg-CHA.

The formation of nano-pores was influenced by the composition of the gel, namely by
the polymers forming it. The nanoporosity of an alginate scaffold is affected by the method
of alginate cross-linking, as shown in ref. [61]. The nanopores of freeze-dried alginate gel
were preserved when the gel was cross-linked with calcium in the solution before freezing,
in contrast to the cross-linking of the already dried scaffold (in this latter case, the pores were
not preserved) [61]. Thus, the method we have chosen for obtaining the composite—gel
cross-linking before freezing allowed us to preserve the nanoporous structure.

3.6. Swelling Behavior

In our previous study [14], it was shown that the introduction of HA led to the
reduction of porosity and, consequently, this also reduced the swelling properties of PVP-
Alg-HA films. In the case of the porous composite samples developed in this work, a
different result was obtained. The swelling curves of PVP-Alg and PVP-Alg-CHA are
shown in Figure 7. As can be seen, the degree of swelling was lower for the sample without
CHA. This experimental result can be explained by the fact that CHA contains hydrophilic
OH- groups in its structure, which are able to bind water through hydrogen bonds. Thus,
the introduction of CHA leads to an increase in the degree of swelling of the composite
with porous structure. In ref. [57], the swelling of PVP-PVA-HA scaffolds in water, saline,
and dextran solution was investigated. It was shown that the increase in the HA content
led to an increase in the swelling rate in water, contrary to saline and dextran solutions [57].
This may confirm our assumption that HA also binds water due to the presence of the
OH- groups. Although in ref. [59], a sharp decrease in the swelling degree of the Alg-HA
hydrogel was demonstrated upon the addition of HA at a concentration of 2 wt.% or more.
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Figure 7. Swelling curves of PVP-Alg and PVP-Alg-CHA in water.

3.7. In Vitro Cell Tests

The MTT test, revealing the biocompatibility of PVP-Alg and PVP-Alg-CHA materials,
was carried out using the NCTC clone L-929 of mouse fibroblast cells. As can be seen from
the data shown in Figure 8, the cells’ survivability was similar to the control in both samples,
and there were no statistically significant differences between PVP-Alg and PVP-Alg-CHA.
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Figure 8. Survivability of NCTC mouse fibroblast cells on PLP-Alg and PVP-Alg-CHA samples.

The images of DPSC on the surface of PVP-Alg and PVP-Alg-CHA samples are
presented in Figure 9. It is clearly visible that the cells have a spherical shape, and many
of them are out of the focus of the microscope. This is due to the fact that the composite
samples are porous, and the cells were located in the pores (white circles on Figure 9(A1,B1)).
The spherical shape of the cells indicated a low adhesion of the cells to the surface of the
materials [62]. This property of alginate and PVP, like of many other polymers, is useful
for creation of anti-adhesive devices that prevent scarring of wounds and promote normal
healing [63]. In the context of this work, this property can also be useful. Low adhesion
of the material can prevent fibrosis and improper tissue fusion, and CHA can serve as a
material for the functioning of osteoclasts and the growth of new bone tissue. Cell location
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in the pores of the samples can be also useful from the point of view of the bio-integration
of the material.
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Cell spheroids shown in Figure 10 were also observed on the surface of porous Alg-
HA composite reported in ref. [58]. It can be seen that the cells are located inside the
pores (Figure 10). The growth of the cell population was associated with an increase in HA
content [58]. This effect was also confirmed in our previous research on the biocompatibility
of PVP-Alg and PVP-Alg-HA film materials [14].

The developed PVP-Alg-CHA composite has all the necessary characteristics for a
possible application in dentistry to eliminate the effects of caries. Since PVP-Alg-CHA is
a bulk scaffold, it is supposed to be used in the treatment of deep caries of the posterior
teeth [64], but can also be used for anteriors [65]. Since the composite is white, aesthetic
problems should not arise.
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Figure 10. SEM images of DPSC spheroids on the PVP-Alg-CHA surface.

CHA present in the composite is not only very close to the mineral composition of
dentin, but also has a higher resorbability with respect to HA [66]. Alginate, cross-linked
with calcium ions, could be an additional source of calcium ions for bone tissue cells
and, therefore, also promotes mineralization [67]. In addition, the cross-linked alginate
allows the scaffold microstructure to be preserved when in contact with liquids. This, in
turn, is necessary for the biointegration of the material namely, for the colonization of
cells [68]. A porous microstructure is essential for teeth vascularization [69]. The PVP in the
scaffold reduces its mechanical stiffness and, being non-crosslinked, will be removed faster
than the alginate mesh, creating more space for tissue growth. The hydrophilic nature of
polymers prevents cell adhesion [68,70]; their attachment will proceed gradually as the
matrix dissolves and mineralizes. Due to the high swelling capacity of the composite, the
scaffold can be used as a local hemostatic agent [71]. In this case, the material will be
loaded with blood proteins necessary for cell proliferation and tissue repair. Finally, the
nanoporosity of the scaffold can be used for drug delivery.

4. Conclusions

Porous composite material based on the mixture of PVP and Alg polymers with
CHA, prepared by freeze-drying of the gel, was obtained and characterized. The mineral
component of the developed composite was mainly represented by the B-type carbonate
hydroxyapatite, according to XRD and IR spectroscopy data. The microstructure of PVP-
Alg-CHA was characterized by large pores of about 30–190 µm, and the swelling was
1200 wt.%. The BET method showed that along with micropores, the composite has
nanopores, the total volume of which is 0.0094 cm3/g, and average size is 8.71 ± 4.15 nm.
MTT test studies showed that the developed composite material is biocompatible. The
DPSC seeded on the surface of the composite penetrated into its pores, while maintaining a
spherical shape.

It can be concluded that the combination of material properties (phase composition,
porous microstructure, swelling, nanoporosity, and cell integration) allows us to consider it
as a promising material for caries treatment and regenerative therapy in dentistry.
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Abstract: Calcium phosphate (CaP) particles immobilizing antibacterial agents have the potential
to be used as dental disinfectants. In this study, we fabricated CaP particles with immobilized
ciprofloxacin (CF), a commonly prescribed antibacterial agent, via a coprecipitation process using
a supersaturated CaP solution. As the aging time in the coprecipitation process increased from 2
to 24 h, the CaP phase in the resulting particles transformed from amorphous to low-crystalline
hydroxyapatite, and their Ca/P elemental ratio, yield, and CF content increased. Despite the higher
CF content, the particles aged for 24 h displayed a slower release of CF in a physiological salt
solution, most likely owing to their crystallized matrix (less soluble hydroxyapatite), than those aged
for 2 h, whose matrix was amorphous CaP. Both particles exhibited antibacterial and antibiofilm
activities along with an acid-neutralizing effect against the major oral bacteria, Streptococcus mutans,
Porphyromonas gingivalis, and Actinomyces naeslundii, in a dose-dependent manner, although their
dose–response relationship was slightly different. The aging time in the coprecipitation process
was identified as a governing factor affecting the physicochemical properties of the resulting CF-
immobilized CaP particles and their functionality as a dental disinfectant.

Keywords: coprecipitation; antibacterial activity; biofilm; carrier; ciprofloxacin

1. Introduction

Oral microorganisms such as bacteria, fungi, and viruses can cause oral diseases [1].
For example, certain types of oral bacteria, including Streptococcus mutans (S. mutans), Por-
phyromonas gingivalis (P. gingivalis), and Actinomyces naeslundii (A. naeslundii), are associated
with two major oral diseases: dental caries and periodontal disease. S. mutans is the main
component of dental plaque and the primary cause of caries [2]. The gram-negative bac-
terium P. gingivalis can cause periodontal disease, leading to tooth loss in the most severe
case [3], whereas A. naeslundii is a major component of oral biofilms [4]. These bacteria
often proliferate in narrow spaces in the mouth, such as dental fissures, pits, grooves, and
periodontal pockets. Therefore, nano- and micro-carriers for local delivery of antibacterial
agents are expected to be useful in controlling dental diseases caused by these bacteria [5,6].

Calcium phosphate (CaP) particles are one of the most promising carriers for den-
tal drug delivery, because CaPs are chemically similar to the mineral fraction of human
teeth [7,8], intrinsically safe, and white in color. Additionally, CaPs may promote remineral-
ization of teeth by degrading into calcium and phosphate ions [9,10]. CaPs have long been
used as biomaterials for dental care and restoration because of their good biocompatibility
and osteoconductivity [11].

In the last few decades, CaP particles have been loaded with various antibacterial
agents, such as silver nanoparticles [12], silver ions [13], gallium ions [14], zinc ions [15],
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chlorhexidine [16], and ciprofloxacin (CF) [17–19]. Among these agents, CF is particularly
beneficial because it is a clinically approved fluoroquinolone antibiotic [20] that is white in
color, exhibits high oral availability, and has antibacterial effects against a wide range of
bacteria, including S. mutans [21,22], P. gingivalis [23,24], and A. naeslundii [25,26].

In previous studies, CF-immobilized CaP particles were fabricated by a coprecipitation
process in a supersaturated CaP solution [18] or by an adsorption process [17,19]. The
coprecipitation process can generally produce composite particles in which drugs are
immobilized throughout the CaP matrix [27]. Hence, it is advantageous over the adsorption
process in terms of having higher drug loading capacity [28]. CF-immobilized CaP particles
prepared by the coprecipitation process showed antibacterial activity against certain types
of bacteria [18]; however, their antibacterial activities against oral bacteria related to dental
caries and periodontal disease have not been investigated.

In the previous coprecipitation process, the concentration of CF in the supersaturated
CaP solution was varied to adjust the amount of CF immobilized in the CaP particles and
to control their CF-release profile [18]. Here, we attempted a different approach based
on the phase transformation of CaP to control the CF-release profile. We hypothesized
that the aging time in the coprecipitation process would influence not only the amount of
immobilized CF but also the CaP crystalline structure in the resulting CF-immobilized CaP
particles, thereby affecting their CF-release profile. This hypothesis was based on previous
results that showed that amorphous CaP particles changed into crystalline hydroxyapatite
particles upon 24 h of aging during the coprecipitation process [29], and amorphous CaP
particles released immobilized drugs faster than hydroxyapatite particles [30].

The first aim of the present study was to prepare CF-immobilized CaP particles with
different crystalline phases and CF-release profiles by changing the aging time (2 h and 24 h)
during the coprecipitation process. The second aim was to demonstrate the antibacterial
and antibiofilm activities of the prepared particles against oral bacteria associated with
dental caries and periodontal disease: S. mutans, A. naeslundii, and P. gingivalis.

2. Materials and Methods
2.1. Preparation of CF-Immobilized CaP Particles

We used four source solutions: calcium ion solution, phosphate ion solution, sodium
carbonate solution, and CF solution. As calcium and phosphate ion solutions (500 mM for
both), Calcium Chloride Corrective Injection 1 mEq/mL (Otsuka Pharmaceutical Co., Ltd.,
Tokyo, Japan) and Dibasic Potassium Phosphate Injection 20 mEq Kit (Terumo Corporation,
Tokyo, Japan) were utilized, respectively. The sodium carbonate solution (500 mM) was
prepared by adding sodium carbonate (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) to ultrapure water in a glass vial, followed by sonication (VS-70RS1, AS ONE, Osaka,
Japan) for a few minutes for complete dissolution. The CF solution (2 mg/mL) was prepared
by dissolving CF (Fluorochem Ltd., Yokohama, Japan) in 0.0075 M HCl (FUJIFILM Wako
Pure Chemical Corporation) via sonication for 5 min. Before preparing the supersaturated
CaP solution, two solutions (solutions A and B) were prepared as described in a previous
study [29]. Solution A was prepared by mixing the calcium ion solution (500 mM) and
ultrapure water at a volume ratio of 4:21 in a 50 mL centrifuge tube. Solution B was
prepared by mixing the phosphate ion solution (500 mM), sodium carbonate solution
(500 mM), and ultrapure water at a volume ratio of 4:4:17 in a 50 mL centrifuge tube.

Finally, the supersaturated CaP solution was prepared by adding solution B (1 mL),
followed by 2 mg/mL CF solution (1 mL), and lastly, solution A (2 mL) to a 15 mL centrifuge
tube at 25 ◦C (Figure 1). Immediately after adding solution A, the final supersaturated
CaP solution (4 mL) was vortexed for 1 min. Subsequently, the solution was aged un-
der shaking at 150 rpm in a thermostatic shaker (M-BR-104P, TAITEC CORPORATION,
Koshigaya, Japan) for 2 or 24 h at 25 ◦C to allow coprecipitation. The precipitate was
collected by centrifugation (CN-1050, Hsiang Tai, New Taipei, Taiwan) at 6000 rpm for
5 min, followed by washing three times with ultrapure water. After washing, the product
was resuspended in ultrapure water and freeze-dried for 24 h before further analysis. The
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resulting products were named CF-CaP2h and CF-CaP24h according to the aging times of
2 and 24 h, respectively.

Figure 1. Schematic diagram showing the preparation of CF-immobilized CaP particles.

2.2. Characterization of the Products

The morphologies of the products were examined using field-emission scanning
electron microscopy (FESEM; SU8020, Hitachi High-Tech Corporation, Tokyo, Japan). The
products were sputter-coated with gold for 2 min using a sputter-coating machine (SC-
701MkII, Sanyu Electron Co., Ltd., Tokyo, Japan) before FESEM analysis. The chemical
compositions of the products were examined without coating using an energy-dispersive
X-ray (EDX) spectrometer (AZtecOne, Oxford Instruments plc, Abingdon, UK) equipped
in a tabletop SEM (TM4000Plus II, Hitachi High-Tech Corp.). Before the EDX analysis, the
products were mounted on a silicon sample holder using carbon tape.

The nanostructures of the products were further investigated using a transmission
electron microscope (TEM; JEM-2100, JEOL Ltd., Tokyo, Japan) operating at 200 kV. Prior
to TEM analysis, the products were mounted on a formvar-supported copper grid (JEOL
Ltd.) and dried under reduced pressure. The diameter of the product was determined from
100 particles in the TEM images using ImageJ software (ver. 1.54).

The crystalline structure of the products was investigated by X-ray diffractometry
(XRD; Rigaku RINT-Ultima III, Tokyo, Japan) with CuKα radiation (λ = 0.154 nm) at 40 kV
and 30 mA. The chemical bonds of the products were investigated using a Fourier-transform
infrared (FTIR) spectrometer (FT/IR-4700, JASCO Corporation, Hachioji, Japan) equipped
with an attenuated total reflection accessory and a monolithic diamond crystal.

The Ca and P contents of the products were determined by performing inductively
coupled plasma optical emission spectrometry (ICP-OES; ULTIMA2, HORIBA, Ltd., Kyoto,
Japan). Before the ICP-OES analysis, the products were dissolved in 0.1 mL of 6 M HCl
solution (FUJIFILM Wako Pure Chemical Corporation), which was subsequently diluted
with 9.9 mL of ultrapure water.

2.3. Determination of CF-Immobilization Efficiency

The immobilization efficiency of CF in the products was calculated by dividing the CF
amount in the product by the total amount of CF (2.0 mg) added to the supersaturated CaP
solution in the same tube, using the following equation.

Immobilization efficiency of CF (%) = 100 × CF amount in the product (mg)
CF amount in the solution (mg)

The CF amount in the product was determined as follows: After the first centrifugation
following the coprecipitation process (Section 2.1), the supernatant was taken out from
the tube and diluted 40 times with a physiological salt solution (pH 7.4 at 37 ◦C). The
physiological salt solution was prepared according to a previous report [31]. The amount
of CF in the diluted supernatant was determined using a UV–visible spectrophotometer
(UV-2450, SHIMADZU CORPORATION, Kyoto, Japan). For measurements, 1 mL diluted
supernatant was poured in a UV-transparent disposable cuvette (BrandTech® 759210,
BrandTech Scientific, Essex, MA, USA), and the absorbance was measured at 270 nm, which
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correspond to the maximum absorption wavelength (Figure 2a). Standard solutions with
various CF concentrations were prepared by diluting the 2 mg/mL CF solution described
in Section 2.1 with the physiological salt solution. The absorbance of these solutions was
then measured at 270 nm to obtain a calibration curve (Figure 2b). The amount of CF in the
product was calculated by subtracting the amount of residual CF in the supernatant from
the total amount of CF added to the supersaturated CaP solution. Six independent batches
were used to obtain average and standard deviation (SD) values.

Figure 2. (a) UV absorption spectrum of the 20 µg/mL CF solution and (b) absorbance of the CF
solutions with various concentrations at 270 nm.

2.4. CF-Release Assay

The release of CF from the product was studied in the physiological salt solution
(pH 7.4 at 37 ◦C). First, the product was suspended in the appropriate amount of ultrapure
water such that the concentration of CF in the suspension was 0.40 mg/mL. The suspension
(0.5 mL) was poured into a dialysis tube (Bio-Tech MWCO 12000, Bio-Tech, Taoyuan,
Taiwan), which was kept in 10 mL of physiological salt solution in a 25 mL tube. After
incubation at 37 ◦C for 0, 1, 3, 5, 7, 24, 48, and 72 h, an aliquot of 1.0 mL was sampled from
the physiological salt solution, and fresh physiological salt solution (1.0 mL) was added
to it. The amount of CF released into the physiological salt solution was determined by
measuring the absorbance at 270 nm using the UV–visible spectrophotometer as described
in Section 2.3. The percentage of CF released into the physiological salt solution from the net
dose of CF (0.2 mg) added to the dialysis tube was calculated using the following equation.

Percentage of CF released (%) = 100× CF amount in the physiological salt solution (mg)
CF dose added to the dialysis tube (mg)

To investigate the diffusion of free CF through the dialysis tube, 0.40 mg/mL CF
solution (0.5 mL) was poured into the dialysis tube and tested using the same procedure.
Three independent batches were used to determine the average and SD values.

2.5. Antibacterial Assay

The antibacterial properties of the products were assayed against S. mutans, A. naes-
lundii, and P. gingivalis. Each bacterium was procured from the American Type Culture
Collection (Manassas, VA, USA) and frozen until further analysis. First, the frozen bacterial
stocks were thawed and grown on brain heart infusion (BHI) medium (Pearlcore®, Eiken
Chemical, Co., Ltd., Tokyo, Japan) supplemented with 0.1% antibiotic (0.05% gramicidin
D and 0.05% bacitracin, FUJIFILM Wako Pure Chemical Corporation) and 1% sucrose
(FUJIFILM Wako Pure Chemical Corporation).

In a 96-well plate, S. mutans (1.1 × 106 CFU/200 µL/well), A. naeslundii
(1.0 × 106 CFU/200 µL/well), and P. gingivalis (2.8 × 109 CFU/200 µL/well) were incu-
bated for 24 h at 37 ◦C under anaerobic conditions in the BHI medium supplemented
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with the product at various doses: 0 (ctrl), 0.001, 0.01, and 0.1 w/v%. After incubation,
the metabolic activity of the bacteria (proportional to the number of living bacteria) was
assayed using a microbial viability assay kit-WST (DOJINDO Laboratories, Mashiki, Japan)
according to the manufacturer’s instructions, and the absorbance was measured at 450 nm
using a microplate reader (Multiskan FC, Thermo Fisher Scientific, Waltham, MA, USA).
The pH of each bacterial suspension was measured before and after incubation using a
portable pH meter (LAQUA-PH-SE, HORIBA, Ltd., Kyoto, Japan).

2.6. Biofilm Formation Assay

The antibiofilm activity of the products was assayed against S. mutans. Biofilms were
created on peg lids of a biofilm formation assay kit (DOJINDO Laboratories) by incubating
S. mutans (5.5 × 106 CFU/200 µL/well) for 24 h. Subsequently, the biofilms were incubated
anaerobically for 48 h in the BHI medium supplemented with the product at various doses:
0 (ctrl), 0.001, 0.01, and 0.1 w/v%. After incubation, the relative amount of biofilm was
assayed using a biofilm formation assay kit according to the manufacturer’s instructions,
and the absorbance was measured at 595 nm using a microplate reader. In addition, the
metabolic activity of the bacteria in the biofilm was assayed using a biofilm viability assay
kit (DOJINDO Laboratories) according to the manufacturer’s instructions by measuring
the absorbance at 450 nm using the microplate reader.

2.7. Statistical Analysis

For the antibacterial and antibiofilm assays, six wells were used for each condition to
determine average and SD values. One-way analysis of variance (ANOVA) and Tukey’s
post hoc multiple-comparison test were used to determine the differences between the
average values of the groups. Statistical significance was set at p < 0.05.

3. Results
3.1. Morphological Analysis

The two products, CF-CaP2h and CF-CaP24h, were particles with different morpholo-
gies. As shown in the FESEM and TEM images (Figure 3a,c), CF-CaP2h consisted of nearly
spherical particles with a primary particle diameter of ~30 nm. In contrast, CF-CaP24h
consisted of irregularly shaped particles with indistinct boundaries (Figure 3b,d).

Figure 3. (a,b) FESEM and (c,d) TEM images of (a,c) CF-CaP2h and (b,d) CF-CaP24h.
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3.2. Chemical Analysis

Both particles, CF-CaP2h and CF-CaP24h, were composed of CaP and CF. In the
SEM-EDX spectra (Figure 4a), strong peaks of Ca and P were detected in both CF-CaP2h
and CF-CaP24h, indicating that these particles mainly consisted of CaP. Peaks of nitrogen or
fluoride, which are component elements specific to CF, were not detected in the SEM-EDX
spectra. On the other hand, in the FTIR spectra (Figure 4b), peaks of O-C-O asymmetric
vibration (1585 cm−1) [32] and N-H bending vibration (1615 cm−1) [33], ascribed to CF,
were detected in both CF-CaP2h and CF-CaP24h in addition to the distinctive peaks
ascribed to CaP: P-OH stretching vibration (872 cm−1) [34], PO4

3− stretching vibration
(1029–1051 cm−1) [35], and CO3

2− asymmetric stretching (1483 and 1413 cm−1) [36]. This
suggested the presence of CF in both CaP particles.

Figure 4. (a) SEM-EDX and (b) FTIR spectra of CF-CaP2h and CF-CaP24h. The peaks of Al and Si in
(a) are from the sample holders.

The CF-immobilization efficiency, amount (mg/tube) and content (w/w%) of the
immobilized CF, and yield of the particles were greater for CF-CaP24h than that for CF-
CaP2h. The amount of CF immobilized in the CaP particles was 2.5-fold greater for
CF-CaP24h (1.35 ± 0.02 mg) than that for CF-CaP2h (0.54 ± 0.01 mg), as shown in Figure 5a.
Since the yields of particles obtained from the supersaturated CaP solution (per one tube)
were 12.9 mg and 15.8 mg for CF-CaP2h and CF-CaP24h, respectively, the CF content in the
particles was 4.22 ± 0.09 and 8.48 ± 0.14 w/w% for CF-CaP2h and CF-CaP24h, respectively.
From the amount of immobilized CF, the immobilization efficiencies of CF were calculated
as 27.3 ± 0.5 and 67.8 ± 1.0% for CF-CaP2h and CF-CaP24h, respectively (Figure 5b).
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Figure 5. (a) Amount of immobilized CF and (b) immobilization efficiency of CF in CF-CaP2h and
CF-CaP24h (n = 6, average + SD).

3.3. Crystalline Structural Analysis

The CaP phase in CF-CaP2h was amorphous, whereas that in CF-CaP24h was Ca-
deficient, low-crystalline hydroxyapatite. In the XRD pattern of CF-CaP2h (Figure 6a),
a broad peak was observed at approximately 30◦, which was attributed to CaP in the
amorphous phase [37]. No other peaks ascribed to crystalline CaP phases were de-
tected. In contrast, CF-CaP24h exhibited peaks ascribed to low-crystalline hydroxyapatite
(Figure 6a). Based on the ICP-OES result (Figure 6b), the Ca/P elemental ratio of CF-CaP2h
was 1.43 ± 0.02, which increased to 1.53 ± 0.01 for CF-CaP24h, most likely due to the
amorphous-to-crystalline transformation in the CaP phase by prolonged aging [37]. The
Ca/P elemental ratio of CF-CaP24h was lower than that of stoichiometric hydroxyapatite
(1.67), indicating that the CaP phase in CF-CaP24h was Ca-deficient hydroxyapatite. As
shown in Figure 4b, a single broad peak of PO4

3− stretching vibration (1051 cm−1) in
CF-CaP2h was split into a sharp, strong peak (1029 cm−1) and a shoulder peak (1109 cm−1)
in CF-CaP24h, which is a phenomenon observed for the phase transformation from amor-
phous CaP to hydroxyapatite [38,39]. These results revealed that the amorphous CaP phase
in CF-CaP2h was converted to a crystalline hydroxyapatite phase in CF-CaP24h during
prolonged aging (from 2 to 24 h). The Ca/P elemental ratio of hydroxyapatite precipitated
from aqueous solutions increases up to nearly 1.67 through maturation with increasing
aging time. Considering the relatively low Ca/P elemental ratio of CF-CaP24h, it most
probably still contained residual amorphous phase and would have therefore undergone
further maturation if aged for more than 24 h.
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Figure 6. (a) XRD patterns and (b) Ca/P elemental ratios of CF-CaP2h and CF-CaP24h (n = 3,
average + SD).

3.4. CF-Release Assay

CF-CaP24h allowed slower CF release than CF-CaP2h in the physiological salt solution.
Figure 7 shows the release profiles of CF (percentage and concentration) from CF-CaP2h
and CF-CaP24h during 72 h incubation. In this assay, the suspension of particles (net CF
concentration, 0.40 mg/mL) stored in the dialysis tube was kept in the physiological salt
solution to separate the particles from the test solution (physiological salt solution). For
both CF-CaP2h and CF-CaP24h, the concentration of CF in the physiological salt solution
increased over time. Because particles (larger than 30 nm) cannot pass through the dialysis
tube (pore size of ~2.5 nm), the CF detected in the physiological salt solution was derived
from the CF released from CF-CaP2h and CF-CaP24h. Free CF showed a faster increase in
the CF concentration in the physiological salt solution (Figure 7). This indicates that the
diffusion of CF through the dialysis tube was not the rate-determining step in the CF-release
assay for CF-CaP2h and CF-CaP24h. Thus, the rate of increase in the CF concentration
of the physiological salt solution reflects the CF-release rate from these particles. In other
words, the CF release was faster for CF-CaP2h than for CF-CaP24h. This difference between
CF-CaP2h and CF-CaP24h was likely caused by the different crystalline structures of their
CaP matrices.
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Figure 7. Changes in the percentage of CF detected in the physiological salt solution among the net
CF dose added to the dialysis tube (left axis) and CF concentration (right axis) of the physiological
salt solution during incubation of CF-CaP2h (blue circle), CF-CaP24h (red triangle), and free CF (grey
square) in the dialysis tube for up to 72 h (n = 3, average ± SD).

3.5. Antibacterial Assay

Both CF-CaP2h and CF-CaP24h showed dose-dependent antibacterial activity against
all the tested bacteria. At a lower dose (0.001 w/v%), neither CF-CaP2h nor CF-CaP24h
exhibited antibacterial activity against any tested bacteria, as shown in Figure 8. At
a medium dose (0.01 w/v%), both particles showed antibacterial activity against all
tested bacteria except for A. naeslundii (only CF-CaP24h was effective). At a higher dose
(0.1 w/v%), both particles showed antibacterial activity against all tested bacteria. CF-
CaP24h exhibited stronger antibacterial activity than CF-CaP2h against S. mutans (Figure 8a)
and A. naeslundii (Figure 8b) at a medium dose (0.01 w/v%). Against P. gingivalis, the op-
posite trend (stronger for CF-CaP2h) was observed at medium and higher doses (0.01
and 0.1 w/v%), although the difference between the two particles was not statistically
significant (Figure 8c).

In the assay with S. mutans and A. naeslundii, the pH of the bacterial suspension
decreased, which was alleviated by higher doses of CF-CaP2h and CF-CaP24h. Figure 9
shows the changes in the pH of the bacterial suspensions after 24 h incubation in the
presence of various doses of CF-CaP2h and CF-CaP24h. The pH value of the S. mutans
suspension decreased by 3.1 after incubation in the absence of the particles (Ctrl), whereas
the decrease in pH was less than 0.8 in the presence of higher doses (0.01 and 0.1 w/v%)
of CF-CaP2h and CF-CaP24h (Figure 9a). This indicated that these particles had an acid-
neutralizing effect [40]. A similar effect was observed for A. naeslundii; the decrease in pH
(1.7) of the A. naeslundii suspension during incubation was reduced to 0.5 in the presence
of a higher dose (0.1 w/v%) of CF-CaP2h and CF-CaP24h (Figure 9b). At a medium dose
(0.01 w/v%), only CF-CaP24h exerted an acid-neutralizing effect, and CF-CaP2h had no
apparent effect on the pH of the bacterial suspension (A. naeslundii). For P. gingivalis, only
a slight decrease in the pH of the bacterial suspension was observed, irrespective of the
presence (at any concentration) or absence of the particles (Figure 9c).
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Figure 8. Relative number of living bacteria (absorbance at 450 nm) after the incubation of (a) S.
mutans, (b) A. naeslundii, and (c) P. gingivalis in the presence of CF-CaP2h and CF-CaP24h at various
concentrations: 0 (Ctrl), 0.001, 0.01, and 0.1 w/v% (n = 6, average + SD, * p < 0.05, N.S.: not significant).

Figure 9. pH changes in suspensions of (a) S. mutans, (b) A. naeslundii, and (c) P. gingivalis after
incubation for 24 h in the presence of CF-CaP2h and CF-CaP24h at various doses: 0 (Ctrl), 0.001, 0.01,
and 0.1 w/v%.

3.6. Biofilm Formation Assay

Both CF-CaP2h and CF-CaP24h inhibited the biofilm formation at higher doses. In
this study, we performed two assays using biofilms formed by S. mutans. Both biofilm
formation (Figure 10a) and the metabolic activity of the bacterial biofilm (Figure 10b) were
inhibited in the presence of CF-CaP2h and CF-CaP24h at higher doses of 0.01 and 0.1 w/v%.

Figure 10. (a) Relative amounts of biofilms (absorbance at 595 nm) and (b) relative metabolic activity
of the bacterial (S. mutans) biofilm (absorbance at 450 nm), after incubation of S. mutans in the presence
of CF-CaP2h and CF-CaP24h at various doses: 0 (Ctrl), 0.001, 0.01, and 0.1 w/v% (n = 6, average + SD,
* p < 0.05, N.S.: not significant).
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4. Discussion

CF-immobilized CaP particles with different crystalline phases were successfully
prepared by the coprecipitation process in the highly supersaturated CaP solution supple-
mented with CF by varying the aging time (2 and 24 h). The probable mechanism for the
formation of the CF-immobilized CaP particles is as follows (Figure 11): First, homoge-
neous nucleation of CaP (amorphous phase nucleation) occurred in the supersaturated CaP
solution, and the nuclei grew into nearly spherical CaP particles with a primary particle size
of ~30 nm after aging for 2 h (Figure 3a,c), while retaining their amorphous state (Figure 6a).
Meanwhile, the CaP particles immobilized CF, probably due to the electrostatic interactions
between the ionized carboxyl groups in CF and the calcium ions in CaP [18,41]. Electrostatic
interactions between the protonated piperazinyl groups in CF and the phosphate ions in
CaP might also be involved in the CF immobilization in the CaP particles [42]. At this
stage (2 h), approximately 27% of CF in the solution was immobilized in the CaP particles
(Figure 5b). In the subsequent aging stage (from 2 to 24 h), the nearly spherical CaP particles
grew further, immobilizing the residual CF in the solution and converting into irregularly
shaped particles (Figure 3d). This morphological change was caused by the transformation
of the CaP phase; the isotropic amorphous CaP phase was converted into anisotropic
crystalline hydroxyapatite (Figure 6a). This phase transformation occurs spontaneously
because hydroxyapatite is the most stable phase in a supersaturated environment with
a nearly neutral pH [29,37] and accounts for the increased Ca/P elemental ratio in the
long-aged particles (Figure 6b). In the final stage of aging (24 h), approximately 68% of CF
in the solution was immobilized in the CaP particles (Figure 5b), resulting in an increased
amount (~2.5 times in mg/tube) and content (~2 times in w/w%) of CF in the particles aged
for 24 h (CF-CaP24h) compared with those aged for 2 h (CF-CaP2h).

Figure 11. Schematic showing the formation of CF-immobilized CaP particles in the supersaturated
CaP solution.

Despite the higher CF content, CF-CaP24h released CF in the physiological salt solution
more slowly than CF-CaP2h. A major cause of this difference was the lower solubility of
crystalline hydroxyapatite in CF-CaP24h than that of amorphous CaP in CF-CaP2h under
the tested conditions, as reported previously [30]. This suggests that the CF release from
these particles is associated with the partial dissolution of their CaP matrix. The difference
in the specific surface areas of CF-CaP2h and CF-CaP24h, as observed by TEM (Figure 3c,d),
might also be involved in their different CF-release profiles.

Both CF-CaP2h and CF-CaP24h exhibited antibacterial activities against S. mutans,
A. naeslundii, and P. gingivalis at higher doses (Figure 8). The dose–response relationship
differed depending on the type of particles and bacteria. In the three doses tested in
this study, the minimum effective dose of CF-CaP24h was 0.01 w/v% (net CF dose of
8.5 µg/mL) for all the tested bacteria, whereas that of CF-CaP2h was 0.1 w/v% (net CF
dose of 42 µg/mL) for A. naeslundii and 0.01 w/v% (net CF dose of 4.2 µg/mL) for the
other two bacteria. These results are reasonable considering the minimal inhibitory con-
centration (MIC) of CF (1 µg/mL [22] and 4 µg/mL [21] for S. mutans, 3.9 µg/mL [25] and
0.063-4 µg/mL [26] for A. naeslundii, and 0.064–0.25 µg/mL [24] and 0.019 µg/mL [23] for
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P. gingivalis). At lower doses, the concentration of CF released from the particles in the
bacterial suspension was likely to be below the MIC.

Despite the slower CF release in the physiological salt solution, CF-CaP24h exhibited
a higher antibacterial activity against S. mutans and A. naeslundii than CF-CaP2h at the
medium dose of 0.01 w/v% (Figure 8a,b). This might be due to the acidification of the bacte-
rial suspension caused by these acid-producing bacteria (Figure 9a,b), which accelerates the
dissolution of the CaP matrix, not only of amorphous CaP but also of hydroxyapatite [43].
The net CF dose in the bacterial suspension provided by CF-CaP24h was approximately
double than that provided by CF-CaP2h, reflecting the higher CF content in the former.
Therefore, CF-CaP24h can release a higher CF concentration than CF-CaP2h in an acidified
bacterial suspension via accelerated CaP matrix dissolution. The dissolution of the CaP
matrix may be responsible for the acid-neutralizing effect of these particles, as reported
in our previous study [12]. At a medium dose (0.01 w/v%), CF-CaP24h exhibited an acid-
neutralizing effect on A. naeslundii, whereas CF-CaP2h did not. This can be attributed to
the difference in the CaP phase between the two particles, hydroxyapatite (with hydroxide)
in CF-CaP24h and amorphous CaP (without hydroxide) in CF-CaP2h.

The degree of acidification of the bacterial suspension by P. gingivalis was much lower
than that by S. mutans and A. naeslundii (Figure 9). The pH values of the suspension of P.
gingivalis decreased from 7.1–7.2 to 6.6–6.8 after incubation for 24 h, irrespective of the type
of particles and their doses. Under this pH range, the release profile of CF from the particles
should be similar to that in the physiological salt solution (pH 7.4 at 37 ◦C). Therefore,
CF-CaP2h would likely release more CF than CF-CaP24h in the P. gingivalis suspensions.
This may account for the relatively stronger (in average value) antibacterial activity of
CF-CaP2h than that of CF-CaP24h at medium (0.01 w/v%) and higher (0.1 w/v%) doses
(Figure 8c).

Both CF-CaP2h and CF-CaP24h showed antibiofilm activity against S. mutans at higher
doses (Figure 10). In the three doses tested in this study, the minimum effective dose was
0.01 w/v% for both CF-CaP2h (net CF dose of 4.2 µg/mL) and CF-CaP24h (net CF dose of
8.5 µg/mL) in the two assays. According to a previous report, the half-maximal inhibitory
concentration of CF against biofilm formation by S. mutans is 3.9 µM (~1.3 µg/mL) [44],
which is consistent with our results.

Overall, our data suggest that the CF-immobilized CaP particles have the potential to
be used as dental disinfectants against oral bacteria. The prepared particles are small; hence,
they may be delivered to narrow spaces, such as dental fissures, pits, and periodontal
pockets, which are regions of predilection for caries and periodontal diseases. When
these particles are delivered to these regions, they are expected to release CF and exhibit
antibacterial and antibiofilm activities against oral bacteria, along with an acid-neutralizing
effect. These particles would therefore be effective in the prevention and treatment of
oral diseases including dental caries and periodontal disease. The release of CF from the
particles is mediated by the dissolution of the CaP matrix into calcium and phosphate ions.
Thus, these particles have a favorable secondary effect on tooth remineralization.

Despite presenting some credible findings, there are several limitations to this study.
First, the release of CF was assayed using a neutralized physiological salt solution, which
differs from the actual intraoral conditions. Hence, the effects of oral components and
changes in the conditions (temperature, pH, etc.) on the properties and efficacy of the
particles should be investigated in future research. Second, neither the storage stability nor
the intraoral stability of the particles has yet been examined, and the intraoral kinetics of
the particles remains unknown. Further modifications to the particles might be required
to improve their functionalities, such as water-dispersibility, stability, and retention at the
target sites. More detailed in vitro and in vivo studies are also required to confirm the
potential of the CF-immobilized CaP particles.
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5. Conclusions

CF-immobilized CaP particles were fabricated via a coprecipitation process using a
supersaturated CaP solution. As the aging time in the coprecipitation process increased
from 2 to 24 h, the CaP phase in the resulting particles transformed from amorphous to low-
crystalline hydroxyapatite, and their Ca/P elemental ratio, yield, and CF content increased.
The particles aged for 24 h released CF in the physiological salt solution more slowly
than those aged for 2 h. Both particles exhibited antibacterial and antibiofilm activities,
along with an acid-neutralizing effect against S. mutans, P. gingivalis, and A. naeslundii,
whose dose–response relationship was slightly different. Aging time in the coprecipitation
process was identified as a controlling factor affecting the physiochemical properties of
the resulting CF-immobilized CaP particles and their functionality as a dental disinfectant
against oral bacteria.
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Abstract: To find an alternative that is closer to clinical reality in terms of cavity geometry and
configuration factor, this study investigated the pushout test on in vitro adhesive testing to coronal
dentin when compared to the established shear test, both in a standardized approach. For a feasible
comparison between both tests, the pushout specimen was adjusted in thickness (1.03 ± 0.05 mm)
and cavity diameter (1.42 ± 0.03 mm) to receive a bonding area (4.63 ± 0.26 mm2) that matches that
of the shear test (4.57 ± 0.13 mm2). Though, the configuration factor between both tests differs largely
(pushout 1.5 ± 0.08; shear bond 0.20 ± 0.01). The bond strength of five different adhesives (n = 20)
was investigated for both tests. The pushout test registered a high number of invalid measurements
(30%) due to concomitant dentin fracture during testing. In contrast to the shear test, the pushout
test failed to discriminate between different adhesives (p = 0.367). Both tests differed largely from
each other when comparing adhesive groups. When solely looking at the valid specimens, Weibull
modulus reached higher values in the pushout approach. Conclusively, the pushout test in this
specific setup does not distinguish as precisely as the shear bond test between different adhesives
and needs adaption to be routinely applied in adhesive dentistry.

Keywords: bond strength; shear test; pushout test; Weibull; dental adhesives; c-factor

1. Introduction

The factors influencing in vitro bond strength results of dental adhesives involve
the used substrate (bovine or human; dentin or enamel), storage condition, specimen’s
geometry, film thickness as well as loading condition and modulus of elasticity [1,2]. Since
sound human teeth are rarely extracted, in vitro testing focuses on the usage of third molars.
They are among the only teeth that are extracted in advance of eruption due to prophylactic
reasons. Even though unerupted teeth appear moister when compared to erupted teeth [1],
they are at least neither carious nor filled. While morphological changes with increasing
tooth age do take place [3], bond strength performance appears to be unaffected by these
changes [4].

Aside from the influence of the used substrate, the testing methods vary in the given
results. Throughout the development of in vitro bond strength testing on tooth structure,
two test methods have been established as the main setups for bond strength testing of
dental adhesives, representing 83% of the reported studies in the given review: the micro-
tensile and macro-shear test [5]. Depending on the bonding area, a distinction can be made
between micro (<3 mm2) and macro (>3 mm2) tests [6].

Both of those two established methods come with advantages and disadvantages.
Among the advantages of the micro-tensile test is obtaining numerous specimens out of one
tooth, since sticks usually have a bonding area of 1 mm2, instead of the >3 mm2 required for
macro-shear testing. Further, more adhesive failures are supposed to occur when compared
to the shear test, where cohesive failures represent a mentionable problem [1].

On the other hand, fabrication of specimens for micro-tensile bond strength testing
is labor intensive and technically demanding, because challenging factors in handling,
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such as quick dehydration of specimens, further come into place [1]. Cutting the sticks
induces stress at the bonding interface, which leads to pre-testing failures during sample
preparation, as indicated by the 35.4% pre-testing failures reported when bonding to
enamel and 18.2% when bonding to dentin during preparation with a diamond saw [7].
Large criticism arises, as the reporting of pre-testing failures often is sparse [8], with only
30% of papers overall even mentioning pre-testing failures [2]. Further, it is important
to accurately report and discern between pre-testing failures and manipulation errors, as
pre-testing failures contain failures that occur before tensile testing that are not attributed
to human handling, and manipulation errors occur during testing that are attributed to
human manipulation [9].

When looking at the shear test, its widespread use can be explained by the plain test
protocol, simple specimen preparation and efficient use of substrate, as up to eight speci-
mens can be received out of one tooth. In comparison to the preparation of micro-tensile
specimens, tooth cutting takes place prior to adhesive bonding, lowering the irritation of
the bonding interface. Also, tooth pieces can be embedded in methacrylate resin in order to
improve handling, while micro-tensile sticks remain free of a surrounding substance [10,11].
Meanwhile, both—shear and micro-tensile test—are criticized for the occurrence of co-
hesive failures, which do not allow exact calculation of bond strength values [12] and
are recommended to be excluded from statistical analysis [2]. Amongst others, cohesive
failures lead to the scattering of test results, which complicates the comparison between
studies [13]. This scattering can be associated with alignment errors [14] and microcracks
during cutting [7] in the case of the micro-tensile test, and stress concentration near the
loading site due to test configuration and specimen geometry in the case of the shear
test [15].

Since these two tests both have varying setups, a detailed description of the used
approach or the reference to the applied ISO (International Organization for Standard-
ization) standard needs to be provided in order to establish one generally accepted and
conducted testing method for adhesive bond strength testing [2,6,8]. As an alternative
testing method, an extrusion (pushout) test for dental purposes was first described in
1970, where a cylinder was pushed out of a disk of dental material in varying plunger
diameters to simulate the masticatory cycle, reflecting qualities of clinical relevance [16].
An important factor of clinical relevance in such tests is represented by the configuration
factor (c-factor) that describes the ratio of bonded to unbonded surface, as an approximate
c-factor of 1.7 represented by the pushout approach is closer to the clinical situation than
the 0.2 simulated in shear and tensile tests [17,18]. As polymerization shrinkage stress
increases simultaneously with c-factor [17], a pushout approach compared to shear or
tensile tests might be better suited for clinical prediction, as in vitro specimens should be
subjected to polymerization shrinkage stress prior to bond strength testing [19].

Nowadays, the pushout test is not employed as a universal bond strength test and
is commonly used to measure retention of fiber posts to root canal dentin [6]. In the few
studies in which the test was not only used to determine the bond strength to human
root dentin, it displays significantly higher bond strength values in crown dentin when
compared to root dentin [20,21]. Endodontically treated roots are cut into slices of up to
2 mm thickness, exposing a small portion of filled root canal in a slightly conical form [22].
A crucial step is the central positioning of the steel plunger on the filling [23], which is used
to push out the tested substrate. Critique on the pushout test arises, because of the great
variability of the test setup. Variables like plunger size, testing speed, slice thickness and
preparation method in terms of borehole size and taper influence results. Further, when
testing root canal fillings, the calculation of the true diameter is hardly feasible as root
canals are not perfectly round in shape [24]. First attempts to standardize the pushout test
as a method to test adhesion to coronal dentin have been made to bovine teeth [25], yet
remain to be established. On a positive note, and in contrast to the micro-tensile test, almost
no stress at the bonding interface takes place during specimen production, as slices are

177



Materials 2023, 16, 5667

cut in advance of dentin bonding. Also, there is no need to demount them in any specific
matrices’ holder, as in shear tests.

Thus, the present work investigated the applicability of a standardized pushout test
setup for adhesive dentistry in comparison to the macro-shear test and shines light on
the question of whether the pushout test is equally suited to attain reliable bond strength
values of dental adhesives to coronal dentin. The null hypothesis was therefore that with
similar bonding surface areas, bonding procedure and test conditions, the outcome of both
tests is similar.

2. Materials and Methods

Four experimental and one gold-standard self-etch adhesives (Table 1) are used to
compare bond strength results of the pushout and shear test. The synthesis and exact
compositions of the four experimental adhesives, namely Exp. 1.1–2.2, are addressed
elsewhere (submitted paper), as this paper focuses on the comparison of both tests, rather
than the influence of the adhesives’ components.

Table 1. Chemical composition of used materials as provided by the manufacturer.

Name Composition LOT

Exp. 1.1 bis-GMA, TEGDMA, HEMA, polyacrylic acid, initiators, green
tea-extract -

Exp. 1.2 bis-GMA, TEGDMA, HEMA, polyacrylic acid, initiators -

Exp. 2.1 bis-GMA, TEGDMA, HEMA, polyacrylic acid, initiators,
tricalcium-phosphate, chitosan, green tea-extract -

Exp. 2.2 bis-GMA, TEGDMA, HEMA, polyacrylic acid, initiators,
tricalcium-phosphate, chitosan -

CSE Primer: 10-MDP, HEMA, DM, initiators
Bond: 10-MDP, bis-GMA, HEMA, DM, initiators

2P0372
420696

AF ormocer, 84 wt.% Ba-Al-Si-glass 2111693
Abbreviations: Exp. = experimental adhesive; CSE = Clearfil SE Bond; AF = Admira Fusion x-tra; bis-
GMA = bisphenol-A-diglycidyl-methacrylate; TEGDMA = triethylene-glycol-dimethacrylate; HEMA = 2-
hydroxyethyldimethylacrylate; 10-MDP = 10-methacryloyloxydecyl-dihydrogenphosphate; DM = dimethylacry-
late; ormocer = organically modified ceramic; Ba-Al-Si-glass = barium-aluminum-silicate-glass.

Clearfil SE Bond (CSE; Kuraray Noritake Dental Inc., Kurashiki, Japan) worked as the
gold-standard reference and its primer was used for all groups. Primer and adhesive were
applied with a microbrush for 20 s each, followed by gentle air drying. Any excess bonding
agent was removed with a disposable paper fabric. Light curing was performed for 10 s
with a light-curing unit (Bluephase®Style, Ivoclar Vivadent, Schaan, Liechtenstein) with
a light-emitting window of 10 mm diameter and an irradiance of 1544 ± 207 mW/cm2.
A low shrinkage resin-based composite (RBC; Admira Fusion x-tra, AF, VOCO GmbH,
Cuxhaven, Germany; LOT 2111693) was applied with gentle pressure through a ball-end
plunger to ensure good alignment to dentin. Any excess material was removed, followed
by light curing for 20 s.

2.1. Pushout Test Specimen Preparation

In total, 47 sound human third molars, stored in 0.2% sodium azide solution at room
temperature for no more than three months, were used to produce five groups (n = 20)
of test specimens. Teeth were cut with a low-speed diamond saw (IsoMet, Buehler, Lake
Bluff, IL, USA) in a vertical direction to produce 1 (±0.1) mm thick slices. Slices were
measured with a digital caliper. Tooth slices were continuously stored in distilled water to
prevent dehydration of exposed dentin. Specimens were then mounted in a vertical drilling
machine (Degussa Dental GmbH, Hanau, Germany) to ensure consistent, perpendicular
drilling in the dentin surface. The borehole was positioned in coronal dentin, above the
pulp chamber to cut dentinal tubules crosswise and with >1 mm distance to pulp chamber
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and enamel. The holes were drilled with a parallel chamfer dental diamond burr (Komet
Dental, Lemgo, Germany) with a diameter of 1.4 mm and a medium grain size of 107 µm
under constant water cooling. Calculation of the bonding area followed the formula for
lateral surfaces of cylinders: A = 2 × π × r × h, where A is the lateral area, r the radius
and h the height of the cavity. The dimensions were chosen to match the bonding area of
the shear test setup. After drilling, specimens underwent bonding procedure and cavity
filling. In addition to the regular specimens, seven test specimens of the adhesive Exp. 1.2
without the use of primer were produced. Specimens were then stored in artificial saliva in
a thermal oven at 37 ◦C for 24 h.

2.2. Shear Test Specimen Preparation

A total of 20 sound human third molars were used to equally produce five groups
(n = 20) of test specimens for the shear test setup. Teeth were cut horizontally to expose
coronal dentin, followed by size-dependent sectioning which resulted in a maximum
specimen count of eight per tooth. Pieces were embedded in methacrylate resin (Technovit
4004, Kulzer, Hanau, Germany; Powder LOT K010164; Liquid LOT K010108) in a stainless-
steel cylinder of 16 mm in diameter. Specimens were randomly allocated to each group;
a standardized smear layer was produced with P1200 silicon carbide paper, and they
were bonded within 24 h after cutting. Following bonding procedure, specimens were
mounted in a matrix holder (Ultradent Products, South Jordan, UT, USA) with a cylindrical
split mold (Ultradent Products, South Jordan, UT, USA) for RBC buildups of 2.5 mm in
height and 2.4 mm in diameter of the same restorative material following ISO 29022 [26].
Calculation of the bonding area took place by measuring the buildups’ diameters twice
followed by calculation of a mean radius r for each specimen. Bonding area calculation
then followed the formula of circle areas: A = π × r2. Also, seven specimens using adhesive
Exp. 1.2 were produced without the usage of primer. Storing condition was equal to the
pushout specimens.

2.3. Mechanical Testing Methods

The universal testing machine (Z2.5, Zwick/Roell, Ulm, Germany) operated at a
crosshead speed of 0.5 mm/min until failure and was used for both test setups.

The pushout test was carried out with a round metal plunger (1.2 mm diameter) on a
stainless-steel ring to enable free dislodgement of the filling. The plunger was positioned
centrally on the filling and placement was controlled by 2.4× magnifying glasses. The
specimen was loaded until failure, i.e., dislodgement of the filling or disruption of the
specimen, and the pushout force at failure was measured. Because the test setup resulted
in a frequent fracture of tooth slices as it will be shown later, additional specimens were
manufactured in order to receive n = 20 specimens eligible for statistical evaluation, which
resulted in a total of 142 pushout test specimens.

Shear bond strength testing followed an adaption of ISO 29022 [26] from a notched-
edge to a straight-edge chisel. The maximum load at fracture was measured.

Bond strength (BS) was calculated by dividing the maximum load at failure through
the individual bonding area of each specimen with the following formula:

BS = F/A

where BS represents the calculated bond strength, F the maximum load at failure and A the
individual bonding area.

2.4. Microscopic Analysis

Microscopic analysis was performed with a light microscope (Stemi 508, Carl Zeiss
Microscopy GmbH, Göttingen, Germany), photographed with a camera extension (Ax-
iocam color 305, Carl Zeiss Microscopy GmbH, Göttingen, Germany) and pictured with
AxioVision 4.8.2 computer software. The plunger position was assessed based on the
margins of the plunger indentation within the restorative material. Whenever plunger
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margins were entirely in the restorative material and more than 50 µm distant from dentin,
they were classified as central (Figure 1A); when margins were <50 µm away, they were
classified as margin (Figure 1B) and lastly, whenever margins intersected dentin for >50 µm
(Figure 1C), they were classified as overlapping. Further, light microscopy was used to
determine whether a fracture within dentin was visible. If a fracture line was visible in
dentin (Figure 1C) on top and on bottom of the specimen, it was classified as invalid and
therefore excluded from statistical analysis.
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Figure 1. Showcase pictures of the plunger positions central (A), margin (B) and overlapping (C).
Cavity circumference is marked by the large, dotted circle, plunger indentation by the smaller, dotted
circle. Arrows indicate the visible fracture line within dentin.

2.5. Statistical Analysis

SPSS (IBM SPSS Statistics, Version 28, International Business Machines Cooperation,
NY, USA) was used to analyze data. The Shapiro–Wilk test was used to check for normal
distribution, and Levene’s test to assess equality of variances. One-way analysis of variances
(ANOVA) with Dunnett’s post hoc test compared groups within one test setup. Students
t-test for independent variables compared each group with its corresponding group of the
other test setup as well as both tests without the use of the adhesives’ primer. A three-way
ANOVA was used to evaluate the influence of the parameters’ adhesive, plunger position
and dentin fracture causing invalid measurement. Results were considered significant for
p < 0.05.

Lastly, the reliability of all groups was assessed by Weibull analysis. The model
describes the probability of failure for brittle materials at uniform stress with the following
formula:

Pf = 1 − exp(−(
σ

σ0
)m)

where σ is the measured bond strength, σ0 the characteristic strength at probability of
failure Pf(σ0) = 0.63 and m the Weibull modulus. The doubled logarithm of this expression
ln[ln( 1

1−Pf
)] = mln(σ) − mln(σ0) results in a straight line. The upward gradient of that line

represents m. R2 expresses the fit of variances of the observed data towards the projected
ideal linear function.

2.6. Ethical Approval

No consultation obligation by the institutional ethics committee is needed for this
research project. The study was approved under the project number KB 20/032.

3. Results

A total of 42 specimens were excluded from the pushout test due to observed dentin
fracture after measurement. The number of valid measurements has been upgraded to
100. The mean slice thickness was 1.03 (±0.05) mm, and the mean cavity diameter 1.42
(±0.03) mm. The mean bonding area of the 100 valid specimens was 4.63 (±0.26) mm2,
while the unbonded area was 3.18 (±0.14) mm2. Meanwhile, the mean bonding area of
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the shear test specimens was 4.57 (±0.13) mm2 and 23.51 (±1.55) mm2 for the unbonded
surface, respectively. Division of the bonded by the unbonded area resulted in a c-factor of
1.5 (±0.08) for the pushout and 0.20 (±0.01) for the shear test specimens. Table 2 displays
the mean bond strength, Weibull modulus and R2 values for both test setups.

Table 2. Bond strength values in MPa and Weibull modulus with 95% confidence interval in brackets,
and R2 values for both test setups. Superscript letters indicate significant difference within the
test setup itself. Asterisk (*) indicates significant differences between the corresponding groups of
each test.

Pushout Shear

BS m R2 BS m R2

Exp. 1.1 16.5
(15.0; 18.1) *

5.9
(4.61; 7.25) 0.82 12.6

(9.5; 15.6) a,c
2.1
(1.92; 2.25) 0.97

Exp. 1.2 14.2
(12.2; 16.2) *

3.8
(3.14; 4.45) 0.88 7.0

(5.1; 8.9) b
1.9
(1.80; 2.01) 0.99

Exp. 2.1 16.3
(14.4; 18.1) *

5.0
(4.26; 5.79) 0.91 12.5

(11.0; 14.1) a
4.0
(3.48; 4.48) 0.93

Exp. 2.2 16.5
(14.1; 18.4) *

3.5
(3.29; 3.78) 0.98 9.3

(8.1; 10.5) b,c
4.3
(3.81; 4.79) 0.94

CSE 16.5
(14.3; 18.7)

4.1
(3.62; 4.49) 0.95 15.9

(12.8; 18.9) a
2.9
(2.44; 3.32) 0.91

Abbreviations: BS = bond strength; m = Weibull modulus; R2 = fit of variances to the projected ideal linear
function within Weibull statistics; Exp. = experimental adhesive; CSE = Clearfil SE Bond.

The Shapiro–Wilk test confirmed normal distribution for all groups except for Exp. 1.1
(p = 0.033) within the pushout test. Data were therefore considered normally distributed.
Levene’s test approved equality of variances for the pushout test (p = 0.386), but not for
the shear test (p < 0.001). Thus, ANOVA with Dunnett’s post hoc test was used to check
for significant differences within each test setup. While no differences were found in the
pushout test (n = 100; p = 0.367), differences in the shear test were found (p < 0.001). When
comparing the two test setups, students t-test showed significant differences between the
groups Exp. 1.1 (p = 0.02), Exp. 1.2 (p < 0.001), Exp. 2.1 (p = 0.002) and Exp. 2.2 (p < 0.001),
but not for CSE (p = 0.724). To visualize the differences in bond strength, the boxplot of
both tests is provided (Figure 2).
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The valid measurements (n = 100) were neither influenced by adhesive group (p = 0.858)
nor plunger position (p = 0.339). Regarding the Weibull modulus, a general trend to higher
values was observed in the pushout test. While Exp. 2.2 was inferior to the shear test values,
all other groups surpassed the shear test values with CSE, Exp. 1.1 and Exp. 1.2 differing
significantly. For the Weibull distribution, see Figure 3.
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Figure 3. Weibull distribution for the pushout test (A) and the shear test (B) strength data.

The results of the Exp. 1.2 specimens without the primer are shown in Table 3.
One of the seven pushout specimens was invalid during evaluation, which led to its
exclusion. T-test for independent variables showed a significant difference between both
tests (p < 0.001).

Table 3. Comparison of bond strength (BS) values (MPa ± standard deviation) of Exp. 1.2 without
primer. Asterisk (*) indicates significant differences between both test setups.

n BS

Pushout test 6 14.9 (2.3) *

Shear test 7 2.1 (1.2)

In total, 42 of 142 specimens were declared invalid due to dentin fracture during
evaluation. Table 4 shows the error frequency for each group. Of all measurements
(n = 142), the used adhesive (p = 0.263) and the occurrence of dentin fractures and therefore
invalid declaration (p = 0.655) had no influence on bond strength, while the plunger position
influenced bond strength slightly (ηp

2 = 0.057) but significantly (p = 0.03).

Table 4. Produced specimens in total and count of errors for each test group.

Total Invalid

Exp. 1.1 26 6

Exp. 1.2 28 8

Exp. 2.1 33 13

Exp. 2.2 33 13

CSE 22 2

total 142 42

The plunger position of the valid specimens (n = 100) is displayed in Figure 4A. An
ANOVA with only the centered plungers also showed no significant differences within
the pushout test (p = 0.399). In comparison, Figure 4B shows the plunger position for the
42 invalid specimens, where an overlap was found in 6 cases, marginal position 17 and
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central position 19 times. The plunger position had no influence on bond strength values
of invalid specimens (n = 42; p = 0.088).
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Figure 4. Plunger positions of the valid (A) and invalid specimens (B).

4. Discussion

The aim to draw a scientifically correct comparison between a shear bond and a
pushout test needed multiple requirements: Firstly, all specimens were manufactured
with equal materials, inside the same laboratory and by the same operator. This renders a
comparison between the two tests possible, as a comparison between different laboratories
was shown to be difficult [27], since even small differences in local geometry of adhesive
interface influence the bond strength results significantly [28]. Secondly, a standardized,
reproducible specimen production as stipulated by the literature was conducted [2,6,8]
and compared to the already standardized and recognized ISO 29022 method of the shear
bond test while ultimately, similar bonded surface areas for both tests were manufactured
in order to adequately compare bond strength values as well as their reliability. This
resulted in cutting the teeth in vertical slices with a mean thickness of 1.03 (±0.05) mm
and by drilling with a chamfer of 1.4 mm diameter in a mean cavity of 1.42 (±0.03) mm
diameter, leading to a mean dentin bonding area of 4.63 (±0.26) mm2, comparable to the
4.57 (±0.13) mm2 area of the shear test.

As polymerization shrinkage of RBCs takes place during light curing, resulting in
shrinkage stress [29], specimens for both test methods were produced using the same
restorative material and curing conditions. While the used RBC was chosen, because of
the low 1.24% polymerization shrinkage [30], shrinkage stress further correlates with the
c-factor. The lower the c-factor, the smaller the shrinkage stress. Calculation of the c-factor
resulted in a 7.5 times higher value in the pushout test setup compared to the shear test
setup, which is in accordance with the results found in other studies [17]. Conclusively,
one would assume that shrinkage stresses are higher in the pushout test specimen, which
results in imperfect alignment of RBC to the cavity walls ultimately causing quicker failure
and thus inferior bond strength values. Though, this can be rejected with the present
results as it might be explained by the perfectly parallel cavity walls causing friction during
dislodgement that were high enough to overshadow the disadvantages of the higher
c-factor.

When addressing bonding areas, Weibull statistics cannot be overlooked, as it is used
to determine the reliability of brittle materials by assigning the likelihood of failure to a
numeric value, namely the Weibull modulus m. For larger areas, the probability for a
critical flaw, such as pores, inclusions or microcracks, to be on the bonding interface is
much higher than for smaller areas, resulting in higher bond strengths for smaller areas [31].
In order to minimize the influence of area, bonding areas of both tests closely matched
each other. Though, the pushout test found mostly higher m values when compared to
the shear test (Table 2), represented by the steeper upward gradient in Figure 3. Four out
of five groups exceeded the shear tests’ values, which means that the pushout setting is
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less susceptible to critical flaws, such as cracks and pores, than the shear test. As non-
uniform stress distribution leads to quicker failures of test specimens [2], because the crack
propagates from a critical flaw on the bonding interface [31], the higher m in the pushout
test might be associated with a more evenly distributed stress, as it was already shown that
a homogenous stress distribution when testing glass fiber posts is attainable, revealed by
finite element analysis [32]. This leads to a higher m and consequently a higher reliability of
measured values in the pushout test, which might be attributed to a less technique-sensitive
test protocol compared to the shear test.

As the bonding area was predetermined by the shear bond strength standard ISO
29022, geometry of the pushout test specimen was adapted in slice thickness and cavity
diameter. The 1 mm dentin slice thickness was chosen for more than just the reason of
matching areas: when comparing literature, slices of usually 1–2 mm thickness are used [24]
and 1 mm thickness further allows for a uniform stress distribution [33]. Though, it might be
too thin to withstand dentin fracture outside the bonding interface (Figure 1C), which was
considered as invalid. Whilst not being considered a pre-testing failure, it can be classified
as a manipulation error and is therefore excluded from statistical analysis analogous to
the ADM guidelines for micro-tensile testing [9]. As 42 specimens were invalid (30%), an
improvement of this test setup’s reliability might be achieved by embedding the specimens
in methacrylate resin, as in the shear test, to increase specimen stability. Also, conducting
the test under water might help by hindering dehydration of test specimens. Still, testing
of aged specimens is challenging, when an identical specimen count per group is desired
in order to adequately compare results. As it is criticized in the literature that the reporting
of pre-testing failures in micro-tensile testing is often missing [8], this also applies to the
pushout test, as fractures outside the adhesive interface as found in the present study
(Table 4) are not addressed in any reviews on the study design of pushout tests [24,34,35].

In addition to the thickness of the dentin slices, which determines the height of the
cavity, the diameter of the borehole was adjusted to 1.4 mm. This led to an adjustment of the
plunger diameter to 1.2 mm for two reasons: when comparing our study design with other
protocols, a plunger that is 0.2 mm smaller than the diameter of posts can be used [36] and
it furthermore represents 85% of the boreholes’ mean diameter, which in turn should not
affect bond strength values [37]. Though, as a plunger size of 70–90% of the canal diameter
does not affect bond strength values and smaller strengths are found when the diameter
is below 55% [37], the plunger diameter of a smaller size should be chosen to ensure
perfect positioning and prevent manipulation errors, while still keeping a standardized
diameter, as varying diameters can additionally alter bond strength values [38]. Regarding
manipulation errors, the plunger was ideally placed centrally on the filling in order to
support uniform stress distribution, which was controlled with magnifying glasses prior to
testing. Afterwards, the positioning was controlled microscopically, showing that 136 of
the 142 tested specimens had either a central or margin position, while a poor (overlapping)
position accounted for only 4% of all measurements. Each one of them resulted in an invalid
measurement due to dentin fracture (Figure 4B). Therefore, even though the applied plunger
diameter is in the proper range given by the literature [37], a slightly smaller plunger might
ease the positioning. The importance of good plunger alignment is also displayed in the
small (ηp

2 = 0.057), though significant, influence on bond strength values, when considering
all measurements, but is usually not addressed in the literature, retrospectively [22,35].

Apart from specimen geometries, another similarity between the two tests was the
orientation of the dentinal tubules. Dentinal tubules run radially from the pulp chamber
to the dentin surface [39]. During shear test specimen preparation, the horizontal cut
above the pulp chamber intersects the tubules nearly perpendicular to their course, which
results in the crosswise bonding of tubules. By cutting the tooth vertically and drilling a
perpendicular hole in the slice for the pushout test, the dentinal tubules are intersected in the
same manner as in the shear test. Although shear bond strength seems to be independent of
dentin tubule orientation [40], equal penetration of the tubules during bonding procedure
allows for a better comparison of both test methods.
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Since the five adhesives did not differ from each other within the pushout setup, a
difference when compared to the shear test results seems obvious. All pushout groups
but CSE had significantly higher bond strength values than their corresponding shear test
groups (Table 2, Figure 2), which leads to the rejection of the null hypothesis. The fact that
the differences seen in the shear test do not appear in the pushout test suggests that the
adhesive agent is not the decisive factor for bond strength or fracture resistance in this
specific setup. Therefore, a few specimens without priming were produced to investigate
the influence of flawed application of the adhesive system on bond strength (Table 3).
The difference is strikingly obvious, which supports the theory of the measured values’
independency from the adhesives’ performance. Reasonable explanations could be that—as
mentioned above—the parallel cavity wall configuration causes friction between RBC and
dentin. Usually, the pushout test finds application in endodontological, laboratory trials to
test the adhesion of root canal fillings and fiber posts to tooth substrate [34]. Due to the root
canal treatment, the canal diameter goes from large to small, resulting in a conical shape of
the cavity. Even the conical shape yields friction [37], parallel walls presumably even more.
But an exact standard as to which taper needs to be applied has not yet been established, as
taper varies largely due to the root canal treatment method, including a taper of 0% [24].
Furthermore, the softer gutta-percha shows lower bond strength (5.86 ± 1.22 MPa) when
compared to epoxy resin cones (17.23 ± 4.53 MPa; 16.16 ± 4.73 MPa) and deforms due
to compressive stress. Contrarily, stiffer core materials are more resistant to deformation
and allow a more linear load profile until dislodgement, resulting in higher bond strength
values for stiffer materials that lay in the same range of the bond strengths we found
for our materials (Table 2) [37]. This linear load profile might also result in a higher
susceptibility to friction, explained by the similar results of all evaluated groups throughout
the pushout test.

Summarized, even though the pushout test is closer to reality in terms of c-factor and
cavity configuration, it is inferior to the shear test in discerning bond strengths of different
adhesives in this specific, standardized setup in vitro. Aside from the perfectly parallel
cavity walls, the predetermined bonding area by the shear test as well as the high occurrence
of invalid measurements and the slightly too large plunger can be considered as limitations
within this study and might influence results, when being changed. Thus, conical cavity
walls, alteration in specimen geometry (e.g., thickness, drilling diameter), embedding of
specimens in methacrylate resin and testing under water might change the pushout test’s
outcome. Also, the testing of aged specimens might be helpful to its long-term applicability.
Though, materials are not as susceptible to inherent flaws as in the shear test, shown by
the mainly higher Weibull modulus, leading to a higher reliability of measured values
in this setup. While more conical cavity walls might help with the problem of friction,
the question remains whether it could be better to discern between adhesive groups than
the established methods. Lastly, as demanded for the micro-tensile test, pre-testing and
manipulation errors within the pushout test must also be accurately reported.

5. Conclusions

Within the limitations of the present study, it suggests that the standardized pushout
test in this specific setup is inferior to the shear test in measuring adhesives’ bond strength
values but is less prone to inherent flaws explained by higher Weibull moduli. Further
adjustments are necessary in order to routinely apply the pushout test to adhesive dentistry,
including the need to accurately report pre-testing failures and manipulation errors.
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