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Abstract: Experimental dental resin composites incorporating copper-doped mesoporous bioactive
glass nanospheres (Cu-MBGN) were designed to impart antibacterial and remineralizing properties.
The study evaluated the influence of Cu-MBGN on the mechanical properties and photopolymer-
ization of resin composites. Cu-MBGN were synthesized using a microemulsion-assisted sol–gel
method. Increasing amounts of Cu-MBGN (0, 1, 5, and 10 wt %) were added to the organic poly-
mer matrix with inert glass micro- and nanofillers while maintaining a constant resin/filler ratio.
Six tests were performed: X-ray diffraction, scanning electron microscopy, flexural strength (FS),
flexural modulus (FM), Vickers microhardness (MH), and degree of conversion (DC). FS and MH of
Cu-MBGN composites with silica fillers showed no deterioration with aging, with statistically similar
results at 1 and 28 days. FM was not influenced by the addition of Cu-MBGN but was reduced for
all tested materials after 28 days. The specimens with 1 and 5% Cu-MBGN had the highest FS,
FM, MH, and DC values at 28 days, while controls with 45S5 bioactive glass had the lowest FM,
FS, and MH. DC was high for all materials (83.7–93.0%). Cu-MBGN composites with silica have a
potential for clinical implementation due to high DC and good mechanical properties with adequate
resistance to aging.

Keywords: dental; resin composites; copper; bioactive glass; mesoporous; nanoparticles

1. Introduction

Conventional restorative materials have several drawbacks, with one of the great-
est being the occurrence of caries surrounding them, the so-called secondary caries [1].
Secondary caries is the major cause for restoration replacement and causes a significant
workload escalation and economic burden [2].

The issue of secondary caries has enticed our research group to develop remineralizing
bioactive materials with the addition of amorphous calcium phosphate (ACP) [3–6] and
45S5 bioactive glass (BG) fillers [7–11]. The supersaturated calcium and phosphate ion con-
centrations released by ACP resin composites have been shown to induce hydroxyapatite
formation and remineralization [12]. Silica nanofillers (SiO2) have been shown to enhance
apatite formation on the surface of both ACP and BG composites [4]. However, the amor-
phous structure and solubility of ACP fail to provide strong mechanical properties of resin
composites [3–5]. Similar behavior was demonstrated by BG resin composites, whose
mechanical properties and degree of conversion (DC) deteriorated in a dose-dependent

Materials 2021, 14, 2611. https://doi.org/10.3390/ma14102611 https://www.mdpi.com/journal/materials1
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manner with the increase in BG ratio [8,10]. None of the investigated bioactive fillers, i.e.,
neither ACP nor BG, were silanized.

In commercial composites, the silane coupling layer is a bifunctional molecule that si-
multaneously creates a covalent Si–O–Si bond to the filler particles and copolymerizes with
the methacrylate groups in the resin phase. The synergy between the filler and the resin
increases the mechanical strength of the composite material by arresting crack propaga-
tion [13]. On the other hand, silanization hinders the ion release from bioactive fillers and
is commonly considered undesirable for maintaining the required filler reactivity [14–16].

To counteract the abovementioned issue and avoid silanization of bioactive fillers,
mesoporous bioactive glass nanospheres seem to be a suitable alternative. Mesoporous
particles have a higher surface area than dense spherical ones due to a porous structure.
Theoretically, low-viscosity resin monomers could penetrate pores and remain mechanically
interlocked in their position after polymerization [17]. Therefore, the necessity of chemical
bonding through silanization could be circumvented because of the micromechanical
interlocking of resin and bioactive mesoporous particles [18]. Besides, greater reactive
surface of mesoporous bioactive particles provides enhanced bioactivity compared to
conventional bioactive glass [19]. This fact reduces the need for high amounts of bioactive
glass in resin composites to achieve the remineralizing effect.

Mesoporous bioactive glass is currently in the spotlight of regenerative medicine.
In addition to dense bioactive glass particles possessing the ability to release calcium,
phosphorus, and silicon ions [20], mesoporous particles can act as carriers of therapeutic
ions, such as copper, silver, or zinc [21–25].

Zheng et al. developed copper-doped mesoporous bioactive nanospheres (Cu-MBGN)
by a sol–gel method using a Cu/L–ascorbic acid complex as the precursor of Cu [24]. This
method enabled better particle dispersion, which represents a common problem of nano-
sized particles [26]. Synthesized spherical particles were 100–300 nm with 2–10 nm pore
size [24]. Cu-MBGN are primarily synthesized for biomedical applications, particularly
osteogenic regeneration [24]. Application of Cu-MBGN caused a reduction in bacterial
viability of Staphylococcus aureus, Escherichia coli, and Staphylococcus epidermidis [19,27,28]
as well as hydroxyapatite formation upon exposure to simulated body fluid [19,24].

If added to conventional resin monomers and silanized inert micro- and nanofillers,
the end product could be a multifunctional dental composite with highly desirable proper-
ties, namely antibacterial, ion-releasing/remineralizing, and improved mechanical strength.
To our knowledge, no similar composite materials have been synthesized and investigated
so far.

This study aimed to examine the influence of the addition of Cu-MBGN with proven
antibacterial effect on selected mechanical and curing properties of experimental resin
composites. Two strategies were tested in this study:

1. Bimodal approach: A material containing only Cu-MBGN fillers and inert silanized
microfillers was compared to control materials. For the inert control material, a com-
posite containing inert silica nanofillers and inert microfillers was used. The bioactive
control consisted of conventional bioactive glass 45S5 and inert microfillers.

2. Trimodal approach: Similar to commercial materials, three types of fillers were used,
namely inert silanized microfillers, inert silanized silica nanofillers, and various
amounts of unsilanized Cu-MBGN fillers. Inert and bioactive control materials had
identical composition as in the bimodal approach but with the total filler amount
adjusted to 70 wt %.

The first null hypothesis of the bimodal strategy was that the addition of Cu-MBGN
would not influence the flexural strength (FS), flexural modulus (FM), Vickers microhard-
ness (MH), and DC in comparison to inert silica fillers or commercial bioactive fillers.
The second null hypothesis of the trimodal strategy was that the combination of silica and
increasing amounts of Cu-MBGN would not improve the tested properties (FS, FM, MH,
and DC) over Cu-MBGN alone.
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2. Materials and Methods

2.1. Synthesis of Cu-MBGN

Cu-MBGN were synthesized using a microemulsion-assisted sol–gel method as re-
ported in our previous work [24]; the detailed synthesis procedures can be found in
the literature. The chemical composition of Cu-MBGN was 85.4SiO2–10.2CaO–4.4CuO (in
mol %) as reported in the literature [24].

2.2. X-ray Diffraction (XRD)

XRD patterns of Cu-MBGN and 45S5 BG (Schott AG, Mainz, Germany) powders were
recorded at room temperature with a Panalytical Aeris powder diffractometer (Malvern
Panalytical, Malvern, UK) using CuKα1,2 radiation.

2.3. Scanning Electron Microscope (SEM)

The commercial 45S5 BG and Cu-MBGN powders were sputter-coated with 5 nm
Au/Pd layer (90% Au/10% Pd), evaporated with argon plasma at 6 kV using the Precision
Etching Coating System (Model 682, Gatan Inc., Pleasanton, CA, USA).

FE-SEM images of prepared samples were taken with a scanning electron micro-
scope JSM7000F (JEOL Ltd., Tokyo, Japan) linked to the energy-dispersive X-ray analyzer
EDS/INCA 350 (Oxford Instrument, Abingdon, UK).

2.4. Mixing of Experimental Resin Composites

Bisphenol A–glycidyl methacrylate (BisGMA) and triethylene glycol dimethacrylate
(TEGDMA) were purchased from Merck, Darmstadt, Germany. An identical resin matrix
containing 60:40 weight ratio of BisGMA: TEGDMA with a photoinitiator system (cam-
phorquinone (0.2 wt %; Merck) and ethyl-4-dimethylamino benzoate (0.8 wt %; Merck))
was used for all materials. Resin was heated to 60 ◦C prior to admixture of fillers.

Four types of fillers were used in this study, as shown in Table 1.

Table 1. Characteristics of fillers used in the present study. Data provided by the manufacturers.

Name Type
Manufacturer/

Product
Composition

(wt %)
Size Silanization

Cu-MBGN Experimental/
Bioactive

Laboratory
made

SiO2 84.8%
CaO 9.4%

CuO 5.8% *
~100 nm No

45S5 bioactive
glass

Commercial/
Bioactive

Schott,
Germany
G018-144

SiO2 45%
Na2O 24.5%
CaO 24.5%
P2O5 6%

4.0 μm No

Ba glass Commercial/
Inert

Schott,
Germany
GM27884

SiO2 55.0%
BaO 25.0%
B2O3 10.0%

Al2O3 10.0%

1.0 μm Yes
3.2%

Silica Commercial/
Inert

Evonik
Degussa,
Germany

Aerosil DT

SiO2 > 99.8% 12 nm Yes
4–6%

* composition determined by ICP-AES analysis, data from [24].

The materials were mixed in the absence of blue light using an asymmetrical cen-
trifugal mixer (Speed Mixer TM DAC 150 FVZ, Hauschild & Co KG, Hamm, Germany) at
gradually increasing speed up to 2700 rpm.
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Eight experimental resin composites were prepared, divided into two groups:

1. Group testing the bimodal approach with 65 wt % total filler load and
2. Group testing the trimodal approach with 70 wt % total filler load used for investigat-

ing 1, 5, and 10 wt % Cu-MBGN composites with silica fillers.

Each group contained both inert control (silica and microfillers; 10-Si and 15-Si)
and bioactive control (45S5 BG and microfillers, 10-BG and 15-BG) in adequate amounts
corresponding to the total filler load (Table 2).

Table 2. Composition of experimental resin composites (all amounts in wt %).

Group Material Resin
Inert

Microfillers
Silica

Nanofillers
Cu-

MBGN
45S5
BG

Bimodal approach
(65% filler load)

10-CuBG

35% 55%

- 10% -

10-BG - - 10%

10-Si 10% - -

Trimodal approach
(70% filler load)

1-CuBG-Si

30% 55%

14% 1% -

5-CuBG-Si 10% 5% -

10-CuBG-Si 5% 10% -

15-BG - - 15%

15-Si 15% - -

2.5. Flexural Strength and Modulus

FS and FM were measured according to ISO/DIN 4049:1998 using the three-point
bending test [29]. Custom-made stainless steel mold with an opening and dimension of
16 × 2 × 2 mm3 was filled with the composite paste, covered with polyester strips on
both sides to prevent oxygen-inhibited polymerization layer formation, and pressed with a
weight to extrude excess material. The specimens were light-cured three times on each side
with overlapping exposures, i.e., six times in total. The light guide of the curing unit was
always in direct contact with the polyester strip. Composite specimens were photopolymer-
ized for a total of 120 s (6 × 20 s) with a light-curing unit (Bluephase PowerCure, Ivoclar
Vivadent, Schaan, Liechtenstein, 950 mW/cm2). The upper side that was polymerized first
was marked, and the specimens were stored in saline solution in the dark in an incubator
at 37 ± 1 ◦C for 1 or 28 days. Ten specimens were prepared per material and time point.

After the designated time, the specimens were removed from the saline solution, dried,
and tested immediately with the side that was irradiated first facing the jig. The customized
universal testing machine Ultratester (Ultradent, Salt Lake City, UT, USA) was used at a
1 mm/min crosshead speed until specimen failure.

2.6. Vickers Microhardness

Vickers microhardness (MH) was measured using Vickers hardness testing machine
CSV-10 (ESI Prüftechnik GmbH, Wendlingen, Germany). The specimens prepared for
the three-point bending test and aged for 1 or 28 days in saline solution at 37 ◦C were
polished to remove the surface resin-rich layer with 4000 grit silicon carbide paper and
0.05 μm aluminum oxide slurry. The measurements were made with a 100 g load and
15 s dwell time at the specimen surface. Six specimens per material were subjected to five
measurements per depth. The data from different measuring points on the same specimen
were pooled and treated as a statistical unit.

2.7. Degree of Conversion

The measurements were made using FT-Raman spectroscopy (Spectrum GX spec-
trometer, PerkinElmer, Waltham, MA, USA). The excitation source was a NdYaG laser
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(1064 nm), kept at 400 mW laser power and resolution of 8 cm−1. For each spectrum,
300 scans were recorded.

DC was measured on the top and bottom surfaces of the specimens that were previ-
ously stored in saline solution for 1 day (n = 5) to determine the mechanical properties.
Spectra of the uncured composites (n = 5) were acquired correspondingly. Kinetics add-on
for MATLAB (Mathworks, Natick, MA, USA) was used for spectral analysis.

DC calculation was performed by comparing the peak heights of aliphatic C–C stretch-
ing mode at 1638 cm−1 and aromatic C···C band at 1608 cm−1 attained from cured and
uncured specimens using the following equation:

DC (%) =

(
1 − (1638 cm−1/1608 cm−1) after curing

(1638 cm−1/1608 cm−1) before curing

)
× 100 % (1)

2.8. Statistical Analysis

Mean values of FS, FM, MH, and DC were compared among the experimental materi-
als using one-way ANOVA with Tukey’s post-hoc adjustment for multiple comparisons.
Pairwise comparisons (between 1 and 28 days for FS and FM; between 0 and 2 mm for
the DC) were compared using a two-tailed t-test for independent samples. The t-test for
independent samples was used for pairwise comparisons between 1 and 28 days for MH;
p-values lower than 0.05 were considered statistically significant. The statistical analysis
was performed using SPSS (version 20, IBM, Armonk, NY, USA).

3. Results

3.1. X-ray Diffraction

Figure 1 shows the amorphous structure of both bioactive glasses used in the study.
Cu-MBGN showed a typical XRD pattern of amorphous silicate materials, in which only a
broad band located at 2θ = 23◦ was observed [24].

Figure 1. XRD spectra of conventional 45S5 bioactive glass (BG-45S5) and copper-doped mesoporous
bioactive glass nanospheres (Cu-MBGN).
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3.2. Scanning Electron Microscopy

Figure 2 shows a typical morphology of bioactive glass used in experimental materials.
Conventional 45S5 BG had an irregular structure with a wide dispersion of particle sizes
ranging from 200 nm up to 10 μm, with an average of 2–3 μm. Cu-MBGN presented
uniform spherical particles that were approximately 100 nm in diameter.

Figure 2. SEM of individual filler particles at 5000× and 50,000× magnification: (a,b) 45S5 bioactive
glass; (c,d) Cu-MBGN.

3.3. Flexural Strength

The results shown in Figure 3 indicate that 1-CuBG-Si had the highest FS among
Cu-MBGN-containing materials, both after 1 day and after 28 days. Control materials
10-BG and 10-Si had similarly high values at 1 day but saw a significant drop after 28 days
of exposure to saline solution. The combination of Cu-MBGN and silica also seemed to
be beneficial as there was no difference between 1 and 28 days for 1-CuBG-Si, 5-CuBG-Si,
and 10-CuBG-Si. On the other hand, materials with Cu-MBGN only (10-CuBG), BG only
(10-BG and 15-BG), or silica only (10-Si and 15-Si) did not demonstrate the same stability.

6
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Figure 3. Flexural strength of the tested materials. Lower case letters indicate no statistically signifi-
cant differences between groups after 1 day. Upper case letters indicate no statistically significant
differences between groups after 28 days. Brackets indicate no statistically significant difference
within the same material between 1 and 28 days.

3.4. Flexural Modulus

The results are depicted in Figure 4. Again, materials containing both Cu-MBGN and
silica had the highest modulus after 1 day, regardless of their amount. However, there
was no difference from the inert control 15-Si. After 28 days, 5-CuBG-Si was the material
with the highest values. In contrast, materials with 10 and 15% of regular bioactive glass
without silica (10-BG and 15-BG) had the lowest modulus.

Figure 4. Flexural modulus of the tested materials. Lower case letters indicate no statistically signifi-
cant differences between groups after 1 day. Upper case letters indicate no statistically significant
differences between groups after 28 days. Brackets indicate no statistically significant difference
within the same material between 1 and 28 days.

3.5. Microhardness

The MH (Figure 5) was generally equal or higher for CuBG composites than the corre-
sponding controls after the 28 days of exposure to saline solution. Materials 1-CuBG-Si and
10-CuBG-Si had significantly higher MH after 28 days. Material 10-CuBG was the only one
with a significant decrease in MH after prolonged contact with the aqueous environment.

7
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Figure 5. Vickers microhardness (VHN) of the tested materials after 1 and 28 days of exposure to
saline solution measured at the top of the specimen. Lower case letters indicate no statistically signif-
icant differences between groups after 1 day. Upper case letters indicate no statistically significant
differences between groups after 28 days. Brackets indicate no statistically significant difference
within the same material between 1 and 28 days.

3.6. Degree of Conversion

The results are shown in Figure 6. All the materials, except 10-CuBG-Si, had a very
high DC of above 80% at the top (0 mm) and bottom (2 mm) surfaces. There were no
differences between the top and bottom surfaces for all materials. The exception was
10-CuBG-Si, which showed the lowest top DC, while the DC at 2 mm was statistically
similar to other Cu-MBGN materials with silica.

Figure 6. Degree of conversion of the tested materials 1 day after polymerization and exposure to
saline solution. Upper case letters indicate no statistically significant differences between groups at
the top (0 mm) surface. Lower case letters indicate no statistically significant differences between
groups at the bottom (2 mm) surface. Brackets indicate no statistically significant difference within
the same material between the top and bottom surfaces.

8
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4. Discussion

Incorporation of antimicrobial and remineralizing components into a dental resin
composite could be an effective strategy for preventing secondary caries. In this study,
experimental dental composites with Cu-MBGN were developed to mitigate this issue.
Trimodal approach with the addition of Cu-MBGN combined with silica nanofillers and
inert glass microfillers seemed to benefit the durability of their FS and MH, especially after
28 days of exposure to saline solution. Conversely, FS, FM, and MH of the corresponding
control materials containing 45S5 bioactive glass with irregular microsized particles were
the lowest at the same time point. Both null hypotheses were rejected.

4.1. Bimodal Approach

The design of a bioactive dental restorative material is challenging. Demanding oral
conditions of repeated masticatory load and constant changes in pH, temperature, chemical
erosion, and enzymatic degradation require a mechanically resistant and stable material.
On the other hand, bioactive materials interact with living tissue and release certain
substances. Thus, material deterioration over time, at least to some extent, is expected.
The balance between these opposites is delicate, and the materials should always be tested
after intermediate or long-term exposure to an aqueous environment similar to saliva.
To minimize unwanted material degradation, stable inert fillers with reinforcing properties
were combined with bioactive fillers. Owing to the large reactive surface of Cu-MBGN,
bioactivity is expected even when introduced in smaller quantities, allowing five times
higher share of inert fillers. In this study, we opted to compare the sole effect of Cu-MBGN
particles on the mechanical and curing properties of composite bimodal mixtures to inert
and commercial bioactive control before examining the combined effect of Cu-MBGN and
silica nanofillers in a trimodal approach.

Bimodal 10-CuBG without silica fillers showed lower FS than the corresponding in-
ert (10-Si) and bioactive control (10-BG). The strength of the resin composites is mainly
controlled by the amount of fillers, their size, and the quality of their bond to resin [30].
The mesoporous nanoparticles used here were characterized by a large surface area and
small volume but no silanization. The lack of filler/matrix bond most likely interrupted
effective stress transfer (between fillers and resin) upon specimen loading. While the addi-
tion of silanized fillers improves the FS, the addition of unsilanized fillers reduces it [30].
Similar results were obtained in a study that examined the effect of mesoporous silica
nanoparticles on acrylic bone cement [31] and poly(methyl methacrylate) for denture
base [32], where the increase in the unsilanized filler load decreased the FS. Conversely,
silanized zinc-doped mesoporous silica nanoparticles increased the FS of the experimental
dental resins in a simple unimodal filler mixture with a maximum 15 wt % total filler
loading [33].

Our SEM analysis showed a significant difference in the shape and size of two bioactive
glasses used in the present study. Irregular shape of 45S5 BG is typical for a melt-quench
method, while microemulsion-assisted sol–gel method developed by Zheng et al. [24]
typically produces spherical particles with diameter of 100–300 nm, as demonstrated in
this study. Expectedly, both bioactive fillers showed amorphous structure in XRD analysis.
Despite being unsilanized, commercial bioactive glass fillers in 10-BG were significantly
larger (4 μm) and thus had a lower contact surface area to resin. Therefore, there were
fewer crack initiation sites, which led to a short-term favorable FS in 10-BG. However,
the well-known water degradation of 45S5 BG caused the FS of 10-CuBG to surpass the FS
of 10-BG after 28 days of exposure to saline solution.

Unlike FS, the FM and MH were enhanced by introducing Cu-MBGN, manifested
by the higher values for 10-CuBG than 10-Si and 10-BG. The increase in FM is directly
correlated to the filler loading but independent of the interfacial adhesion [30]. Generally,
the addition of fillers elevates the FM of the resin matrix because most fillers have greater
stiffness than organic polymers [30]. Similarly, an increase in the filler volume and DC
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improves the MH [34]. The higher filler volume of 10-CuBG compared to that of 10-Si
explains our results, similar to other studies [18,31,32].

However, higher filler volume cannot explain the low FM of 10-BG specimens. Com-
mercial BG fillers previously showed a dose-dependent decrease in FM and FS in com-
posites with identical resin matrix and fillers and similar filler amounts as in the present
study [8]. High hydrophilicity of 45S5 particles and concomitant water sorption, along with
the lack of interfacial bonding and low DC, were identified as culprits for poor mechanical
properties. The same dose dependency for FS and FM was seen in this study.

In conclusion, the incorporation of Cu-MBGN in bimodal composite mixtures led to
improvement of polymerization, stiffness, and hardness but degradation of strength.

4.2. Trimodal Approach

To control the strength reduction caused by the Cu-MBGN addition, further refinement
and adaptation of the composite structure was necessary. The majority of contemporary
commercial nanofilled composite materials consist of microfillers with a minor share
of nanofillers. Smaller particles occupy the space between larger particles and increase
the material’s packing density [26]. This approach was also used here to achieve a higher
filler amount, with two sizes of nanoparticles, namely 12 nm (silica) and ~100 nm (Cu-
MBGN), along with inert glass microfillers.

The trimodal filler mixture was apparently more successful than the bimodal approach.
Cu-BG composites with silica (1-CuBG-Si, 5-CuBG-Si, and 10-CuBG-Si) kept high FS
values after 28 days and were statistically similar to values after 1 day. The reinforcing
effect of Cu-MBGN particles could be ascribed to a combination of resin interlocking in
the porosities of Cu-MBGN and additional reinforcing effect of silica, which prevented
composite deterioration in water after 28 days. On the other hand, a drop of FS in the inert
control 15-Si could be related to silane water degradation, leading to hydrolytic degradation
and resin plasticization [13].

Similar to the bimodal approach, in CuBG composites with silica, the gradual replace-
ment of silica with Cu-MBGN also provided a higher volume and higher FM and MH,
thus retaining the favorable stiffness and hardness. The results are in agreement with other
studies [18,31,32].

All the tested materials achieved high DC values except for 10-CuBG-Si. The high
surface area of mesoporous nanoparticles limits their addition to resin. A higher amount
of resin is necessary to wet each particle, leading to a steep increase in the composite’s
viscosity with higher Cu-MBGN inclusion. Uniform dispersion of nanoparticles becomes
increasingly difficult with higher amount. If unsuccessful, particles group together due to
weak van der Waals attractive forces [26,31]. Material 10-CuBG-Si had the highest volume
filler loading in this study. Furthermore, the material had poor handling properties and
was visually very dry. Significant packing was necessary to produce satisfactory specimens.
The consequences of this disadvantage were not apparent in the tested properties, except
for DC. The 35 wt % of resin was not sufficient to ensure adequate radical mobility and
complete polymerization of 10-CuBG-Si. In contrast, the favorable viscosity of bimodal
10-CuBG probably contributed to the highest DC of all the tested materials. Unsilanized
Cu-MBGN did not limit the mobility of the radicals, leading to a higher number of reacted
C=C bonds [35].

A key to uniform dispersion of nanoparticles in general, and especially mesoporous
particles, in resin composites is the mixing process. Numerous techniques have been
developed to overcome this obstacle [26,31]. A high-temperature, high vacuum mixing
process was proposed by Samuel et al. [18]. An unfilled resin matrix was heated to
80 ◦C to reduce its viscosity and achieve penetration of organic monomers into porosities
at the surface of filler particles. Additionally, vacuum was used to release trapped air
inclusions and facilitate the flow into porosities. In that study, mesoporous particles had
relatively large porosities of 0.46 cm3/g with a 50% volume fraction [18]. Although the resin
was preheated in this study, there is still room for improvement.
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Trimodal filler mixture, in particular materials with 1 and 5% of Cu-MBGN, demon-
strated high polymerization, strength, modulus, and hardness.

5. Conclusions

The bimodal combination of Cu-MBGN and microfillers elevated the stiffness and
hardness of the resin composites while decreasing strength. However, trimodal CuBG
composites with silica and microfillers demonstrated durable strength after 28 days and
increased elastic modulus and hardness, with very high polymerization efficiency. Due
to these characteristics, the trimodal filler mixture appears to be a promising path for
future investigations of antibacterial properties and ion release. Within the limitations
of this study, we expect that the incorporation of Cu-MBGN as an addition to inert silica
and glass microfillers in dental resin composite could result in an effective and resistant
remineralizing restorative material.

Author Contributions: Conceptualization, D.M., H.J.H., M.P. and A.R.B.; data curation, D.M., V.N.M.
and K.Z.; formal analysis, V.N.M. and M.P.; investigation, D.M., V.N.M. and K.Z.; methodology, D.M.,
H.J.H., M.P., V.N.M. and Z.T.; project administration, D.M.; resources, H.J.H., K.Z., Z.T. and A.R.B.;
software, M.P.; supervision, H.J.H., Z.T. and A.R.B.; validation, Z.T., D.M. and M.P.; visualization,
M.P.; writing—original draft, D.M.; writing—review and editing, H.J.H., V.N.M., M.P., K.Z., Z.T. and
A.R.B. All authors have read and agreed to the published version of the manuscript.

Funding: This study was fully supported by the Croatian Science Foundation, grant number
IP-2019-04-6183.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and analyzed in the present study are available
from the corresponding author on reasonable request.

Acknowledgments: The authors gratefully acknowledge the donation of fillers from Evonik and
Schott and the curing unit from Ivoclar Vivadent.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

References

1. Opdam, N.J.; van de Sande, F.H.; Bronkhorst, E.; Cenci, M.S.; Bottenberg, P.; Pallesen, U.; Gaengler, P.; Lindberg, A.;
Huysmans, M.C.; van Dijken, J.W. Longevity of posterior composite restorations: A systematic review and meta-analysis.
J. Dent. Res. 2014, 93, 943–949. [CrossRef] [PubMed]

2. Kidd, E.A. Diagnosis of secondary caries. J. Dent. Educ. 2001, 65, 997–1000. [CrossRef] [PubMed]
3. Marovic, D.; Tarle, Z.; Hiller, K.A.; Muller, R.; Rosentritt, M.; Skrtic, D.; Schmalz, G. Reinforcement of experimental composite

materials based on amorphous calcium phosphate with inert fillers. Dent. Mater. 2014, 30, 1052–1060. [CrossRef] [PubMed]
4. Marovic, D.; Tarle, Z.; Hiller, K.A.; Muller, R.; Ristic, M.; Rosentritt, M.; Skrtic, D.; Schmalz, G. Effect of silanized nanosilica

addition on remineralizing and mechanical properties of experimental composite materials with amorphous calcium phosphate.
Clin. Oral Investig. 2014, 18, 783–792. [CrossRef]

5. Marovic, D.; Sariri, K.; Demoli, N.; Ristic, M.; Hiller, K.A.; Skrtic, D.; Rosentritt, M.; Schmalz, G.; Tarle, Z. Remineralizing
amorphous calcium phosphate based composite resins: The influence of inert fillers on monomer conversion, polymerization
shrinkage, and microhardness. Croat. Med. J. 2016, 57, 465–473. [CrossRef]

6. Par, M.; Santic, A.; Gamulin, O.; Marovic, D.; Mogus-Milankovic, A.; Tarle, Z. Impedance changes during setting of amorphous
calcium phosphate composites. Dent. Mater. 2016, 32, 1312–1321. [CrossRef]

7. Par, M.; Spanovic, N.; Bjelovucic, R.; Marovic, D.; Schmalz, G.; Gamulin, O.; Tarle, Z. Long-term water sorption and solubility of
experimental bioactive composites based on amorphous calcium phosphate and bioactive glass. Dent. Mater. J. 2019, 38, 555–564.
[CrossRef]

8. Par, M.; Tarle, Z.; Hickel, R.; Ilie, N. Mechanical properties of experimental composites containing bioactive glass after artificial
aging in water and ethanol. Clin. Oral Investig. 2019, 23, 2733–2741. [CrossRef]

9. Par, M.; Tarle, Z.; Hickel, R.; Ilie, N. Dentin bond strength of experimental composites containing bioactive glass: Changes during
aging for up to 1 Year. J. Adhes. Dent. 2018, 20, 325–334. [CrossRef]

11



Materials 2021, 14, 2611

10. Par, M.; Tarle, Z.; Hickel, R.; Ilie, N. Polymerization kinetics of experimental bioactive composites containing bioactive glass.
J. Dent. 2018, 76, 83–88. [CrossRef]

11. Par, M.; Spanovic, N.; Bjelovucic, R.; Skenderovic, H.; Gamulin, O.; Tarle, Z. Curing potential of experimental resin composites
with systematically varying amount of bioactive glass: Degree of conversion, light transmittance and depth of cure. J. Dent. 2018,
75, 113–120. [CrossRef]

12. Langhorst, S.E.; O’Donnell, J.N.; Skrtic, D. In vitro remineralization of enamel by polymeric amorphous calcium phosphate
composite: Quantitative microradiographic study. Dent. Mater. 2009, 25, 884–891. [CrossRef]

13. Xavier, T.A.; Fróes-Salgado, N.R.D.G.; Meier, M.M.; Braga, R.R. Influence of silane content and filler distribution on chemical-
mechanical properties of resin composites. Braz. Oral Res. 2015, 29, 1–8. [CrossRef]

14. Skrtic, D.; Antonucci, J.M.; Eanes, E.D.; Eidelman, N. Dental composites based on hybrid and surface-modified amorphous
calcium phosphates. Biomaterials 2004, 25, 1141–1150. [CrossRef]

15. Tiskaya, M.; Al-Eesa, N.A.; Wong, F.S.L.; Hill, R.G. Characterization of the bioactivity of two commercial composites. Dent. Mater.
2019, 35, 1757–1768. [CrossRef]

16. Porenczuk, A.; Jankiewicz, B.; Naurecka, M.; Bartosewicz, B.; Sierakowski, B.; Gozdowski, D.; Kostecki, J.; Nasiłowska, B.;
Mielczarek, A. A comparison of the remineralizing potential of dental restorative materials by analyzing their fluoride release
profiles. Adv. Clin. Exp. Med. 2019, 28, 815–823. [CrossRef]

17. Atai, M.; Pahlavan, A.; Moin, N. Nano-porous thermally sintered nano silica as novel fillers for dental composites. Dent. Mater.
2012, 28, 133–145. [CrossRef]

18. Samuel, S.P.; Li, S.; Mukherjee, I.; Guo, Y.; Patel, A.C.; Baran, G.; Wei, Y. Mechanical properties of experimental dental composites
containing a combination of mesoporous and nonporous spherical silica as fillers. Dent. Mater. 2009, 25, 296–301. [CrossRef]

19. Bari, A.; Bloise, N.; Fiorilli, S.; Novajra, G.; Vallet-Regí, M.; Bruni, G.; Torres-Pardo, A.; González-Calbet, J.M.; Visai, L.;
Vitale-Brovarone, C. Copper-containing mesoporous bioactive glass nanoparticles as multifunctional agent for bone regeneration.
Acta Biomater. 2017, 55, 493–504. [CrossRef]

20. Hench, L.L. The story of Bioglass. J. Mater. Sci. Mater. Med. 2006, 17, 967–978. [CrossRef]
21. Zheng, K.; Wu, J.; Li, W.; Dippold, D.; Wan, Y.; Boccaccini, A.R. Incorporation of cu-containing bioactive glass nanoparticles in

gelatin-coated scaffolds enhances bioactivity and osteogenic activity. ACS Biomater. Sci. Eng. 2018, 4, 1546–1557. [CrossRef]
22. Zheng, K.; Sui, B.; Ilyas, K.; Boccaccini, A.R. Porous bioactive glass micro- and nanospheres with controlled morphology:

Developments, properties and emerging biomedical applications. Mater. Horiz. 2021, 8, 300–335. [CrossRef]
23. Yang, Y.; Zheng, K.; Liang, R.; Mainka, A.; Taccardi, N.; Roether, J.A.; Detsch, R.; Goldmann, W.H.; Virtanen, S.; Boccaccini, A.R.

Cu-releasing bioactive glass/polycaprolactone coating on Mg with antibacterial and anticorrosive properties for bone tissue
engineering. Biomed. Mater. 2017, 13, 015001. [CrossRef]
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Abstract: This study aimed to investigate the cytotoxicity and bioactivity of a novel nanocomposite
containing nanoparticles of bioactive glass (nBGs) on human dental pulp stem cells (hDPSCs). nBGs
were synthesized by the sol–gel method. Biodentine (BD) nanocomposites (nBG/BD) were prepared
with 2 and 5% wt of nBG content; unmodified BD and glass ionomer cement were used as references.
Cell viability and attachment were evaluated after 3, 7 and 14 days. Odontogenic differentiation was
assessed with alkaline phosphatase (ALP) activity after 7 and 14 days of exposure. Cells success-
fully adhered and proliferated on nBG/BD nanocomposites, cell viability of nanocomposites was
comparable with unmodified BD and higher than GIC. nBG/BD nanocomposites were, particularly,
more active to promote odontogenic differentiation, expressed as higher ALP activity of hDPSCs
after 7 days of exposure, than neat BD or GIC. This novel nanocomposite biomaterial, nBG/BD,
allowed hDPSC attachment and proliferation and increased the expression of ALP, upregulated in
mineral-producing cells. These findings open opportunities to use nBG/BD in vital pulp therapies.

Keywords: apatite-forming ability; bioactive glass; bioactivity; nanocomposites

1. Introduction

Current scientific evidence has provided support to treat pulpal exposures caused by
dental trauma injuries or caries lesions with vital pulp therapies (VPTs) [1–4]. According to
the recently published guidelines for dental trauma management, every effort should be
made to preserve the vitality of this tissue in immature and mature teeth, recommending
conservative pulpal therapy approaches [5]. Meanwhile, the European Society of Endodon-
tology has opened the door for this paradigm shift, also recommending VPTs such as pulp
capping and pulpotomy (partial and full) for cariously exposed pulps [6].

VPT aims to remove the microbial irritation and protect the exposed tissues from
external stimuli by placing a well-sealing dental material. Ideally, this material should
not be toxic to the pulp cells, but it should also be bioactive towards the tissues by stimu-
lating migration, proliferation and odontogenic differentiation of the cells. Traditionally,
materials based on calcium hydroxide or calcium silicate have been used for this pur-
pose [7–9]. Calcium hydroxide, due to its alkaline pH, exhibits an antibacterial effect
and induces superficial necrosis in the pulpal tissues. This is thought to promote odon-
toblast differentiation and the formation of a dentin bridge [9,10]. However, its main
drawbacks are its dissolution over time, its lack of bonding to the dentin, leading to sus-
ceptibility to leakage, and the tunnel defects in the dentin bridge formed [7,11,12]. In
the 1990s, mineral trioxide aggregate (MTA) appeared, a calcium silicate-based cement
(CSC) commercially available as ProRoot MTA (Tulsa Dental Products, Tulsa, OK, USA),
composed mainly of Portland cement and bismuth oxide [13,14]. MTA has proven ex-
cellent biocompatibility, with the ability to induce mineralization, showing high clinical
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success rates for VPT, generally inducing bridge formation [7,11,15,16]. However, its long
setting time [17], tooth discoloration [18], high cost and difficult handling characteristics
are considered its main disadvantages [8,11]. Subsequently, several other CSCs have been
developed, which, depending on the purpose, can be classified into restorative cements
used in VPT (BiodentineTM, MTA Angelus, RetroMTA and TheraCal LC) and endodontic
sealers (BioRoot RCS) [8]. BiodentineTM (Septodont, St. Maur-des-Fossés, France) has
been manufactured to overcome the disadvantages of MTA [19], exhibiting reduced setting
time [20], enhanced handling and mechanical properties [21] and adequate radiopacity [22].
It has also shown good clinical success in VPT, inducing complete dentinal bridge forma-
tion in exposed pulps of asymptomatic and symptomatic vital permanent teeth [8,23–26].
Moreover, evidence from in vitro and animal studies showed the capacity of Biodentine to
promote greater mineralized tissue deposition than other CSCs [27,28]

Since the sealing capability of materials used in VPT is key, materials that bond to
dentin, stimulate odontogenic differentiation of pulpal cells and induce rapid formation of
a dentin bridge are ideal to allow a reliable sealing. For this purpose, bioceramic-based
materials have mainly been explored, including traditional bioceramics such as hydroxya-
patite [29], calcium phosphate [30], gelatine/hydroxyapatite/tricalcium phosphate com-
posites [31] or novel sol–gel SiO2/ZrO2 ceramic composites [32]. In addition, bioactive
glass (BG) is a bioceramic that exhibits advanced bioactive properties for VPT applications.
The original BG, developed by Hench, is composed of 46.1 mol.% SiO2, 24.4 mol.% Na2O,
26.9 mol.% CaO and 2.6 mol.% P2O5, and it is known as 45S5 and Bioglass [33]. BG was ini-
tially used for medical applications due to its ability to bond to bone through the formation
of an apatite layer on its surface [34,35]. However, it has also since been used in dentistry,
incorporated into toothpaste for enamel remineralization and used for the treatment of
dentin hypersensitivity [33]. In addition, BG incorporation into other dental materials,
such as endodontic sealers [36,37], resin adhesives [38,39] and resin composites [40–43],
has been explored. This was the topic of a recent critical review, which concludes that
the addition of BG into dental composites is promising, presenting multiple benefits, es-
pecially its capacity to promote the precipitation of apatite [44]. When incorporated to
an endodontic sealer, it has demonstrated in vitro capacity to promote differentiation of
human periodontal ligament stem cells into cementoblast-like cells, enhancing the expres-
sion of genes related to the production of mineralized tissues [36]. Additionally, when
this material was tested in a subcutaneous implantation model, it evidenced an adequate
tissue reaction [37]. BG incorporated to resin adhesives showed the ability to bond and
remineralize dentin [38]. It also promoted the precipitation of hydroxyapatite and calcium
carbonate, improving the hybrid layer stability [39]. Similarly, experimental resin compos-
ites with BG have demonstrated multiple advantages, including the remineralization of
adjacent demineralized dentin [40], acid-neutralizing properties [45], a local antimicrobial
effect [41], reduction of biofilm penetration into marginal gaps [42] and enhancement of
their mechanical properties [46,47].

The use of nanoparticles of BG (nBGs) with a high surface-to-volume ratio is of
tremendous interest because of their larger specific surface area and enhanced bioactivity
compared to the micrometric-sized particles of BG [48,49]. In addition, nBGs exhibit a
higher remineralization rate of dentin [50] and an antimicrobial effect [51] when compared
to microsized BG. Furthermore, resin composites containing nBGs promote the formation
of a more uniform apatite layer and improve their capability to increase pH when compared
to resin composites containing microsized BG [52]. nBGs form apatite in contact with the
physiological fluids and they have been proven capable of inducing differentiation into
a mineralizing lineage of stem cells [49,53,54]. In rat dental pulp stem cells, they increase
the expression of odontogenic-related genes and the capacity for mineralization [54], and
in hDPSC, they increase ALP activity, osteocalcin (OC) and dentin sialophosphoprotein
(DSPP) production, and the formation of mineralized nodules [53].

The specific use of BG in VPT has been explored in animal models, showing the
formation of reparative dentin and only mild inflammatory response in pulp capping
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procedures [55–57]. More recently, in a clinical trial on primary teeth, it demonstrated
the formation of a dentin bridge [58]. However, there are no commercially available
materials with BG currently, nor with nBGs for VPT application. For more practical reasons,
this material in its powder form is not convenient to be applied as a VPT material. The
materials for VPT should have good handling properties to allow the correct placement in
the constricted space where pulpal exposure may occur [8]. Therefore, in general, materials
used for this application are applied when recently mixed, before setting, to later achieve
higher mechanical properties [8,59].

The incorporation of nBGs into BD (nBG/BD) is a possible new nanocomposite
material that could integrate the handling properties and the ability to set of BD, together
with its mechanical, biocompatible and bioactive characteristics, with further increased
bioactivity provided by the incorporation of the nBGs. It has been previously shown
that this nanocomposite presents enhanced bioactive properties in simulated body fluid,
allowing a faster deposition of apatite on the surface of the material [60]. However, its
ability to sustain human dental pulp stem cell (hDPSC) viability and differentiation remains
largely unknown. The cellular response to the material is particularly relevant, especially
its ability to induce cellular differentiation into a mineralizing lineage, since the formation
of dentin in the injured area is clinically desirable. In this context, the development of this
bioactive material, for dentin–pulp complex regeneration, is an interesting perspective.
Therefore, the aims of this work are:

• to assess the cytocompatibility, in terms of viability, adhesion and morphology of
hDPSCs, on direct contact with nBG/BD.

• to assess the ability of nBG/BD to stimulate the differentiation of hDPSCs into a
mineralizing lineage.

The null hypothesis was that there would be no difference in cytocompatibility and
ability to stimulate differentiation of hDPSCs into a mineralizing lineage between nBG/BD
nanocomposites and BD.

2. Materials and Methods

2.1. Bioactive Glass Nanoparticle Synthesis and Nanocomposite Preparation

nBG particles (size ca. 40–70 nm) were synthesized by the sol–gel method, using the
following molar composition: 58SiO2:40CaO:5P2O5 [61]. Briefly, a calcium-based solution
was prepared by dissolving appropriate amounts of Ca(NO3)2·4H2O (Merck, Darmstadt,
Germany) in 120 mL of distilled water at room temperature. A second solution was
prepared by diluting tetraethylorthosilicate (TEOS 98%; Sigma, Saint Louis, MO, USA)
in 60 mL of ethanol, which was added to the calcium nitrate solution, and the pH of the
resulting solution was adjusted to 2.0 with nitric acid. This transparent solution was slowly
dropped under vigorous stirring into a solution of NH4H2PO4 (May & Baker, Dagenham,
England) in 1200 mL of distilled water. During the dripping process, the pH was kept
at around 10 with aqueous ammonia. The reaction mixture was subjected to constant
stirring for 48 h at 60 ◦C and allowed to stand for 24 h at room temperature. In this way, a
precipitate was obtained, which was separated by centrifugation for 20 min at 12,000 rpm.
This precipitate was washed through 3 cycles of centrifugation and redispersion of 40 min
each. The solid obtained was frozen at −80 ◦C for 12 h, then lyophilized for 48 h and finally
calcined at 700 ◦C for 3 h, producing a fine white powder of nBGs.

Nanocomposites based on nBG nanoparticles combined with BD (Septodont, Saint
Maur des Fosses, France) were prepared. The 2% nBG/BD and 5% nBG/BD nanocompos-
ites were obtained by adding 15 and 39 mg of nBG powder to the amount of BD existing in
the commercial capsule, respectively. The resulting nBG/BD powders were then dry mixed
within the BD capsule by using an amalgamator (Ultramat 2, SDI, Bayswater, Victoria,
Australia) for 30 s. Five drops of BD liquid phase were then added to the capsule before
mixing, according to the BD manufacturer’s instructions. Neat BD and GIC (Fuji II, GC
America Inc, Alsip, IL, USA) were used as reference materials and they were prepared
following the manufacturer’s instructions. Discs of the materials, measuring 6 mm in
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diameter and 1.5 mm thick, were prepared and allowed to fully set during incubation at
37 ◦C and 100% humidity for 24 h.

2.2. Nanocomposite Characterization

Discs of the nanocomposite materials (2% and 5% nBG/BD), BD and GIC were de-
hydrated, mounted on aluminum stubs and gold coated. Specimens were examined
using scanning electron microscopy (SEM) in a JSM-IT300LV microscope (JEOL USA Inc.,
Peabody, MA, USA) equipped with an energy dispersive X-ray detector (EDX) and Aztec
EDS software (Oxford Instruments, Abingdon, UK) for elemental analysis. SEM represen-
tative images at 1000× were obtained and EDX analysis of the surfaces of the materials
was performed.

2.3. hDPSC Culture

The use of human cells in this study was approved by the Ethics Committee of the
Faculty of Dentistry, University of Chile (Approval number PRI-ODO2018/06). Human
dental pulp stem cells (hDPSCs) were isolated from human third molars, which were
extracted for orthodontic reasons at the Dental Clinic, University of Chile. The extraction
protocol was described by Covarrubias et al. [62].

2.4. hDPSC Viability Assays

hDPSCs were seeded directly onto the surface of 2% and 5% nBG/BD, BD and GIC
discs (5 × 104 cells), placed in a single well of a 24-well cell culture plate and cultured
in Dulbecco’s modified Eagle medium (alpha-MEM; Invitrogen, Carlsbad, CA, USA)
containing 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA), 10 mM HEPES
(Gibco, Grand Island, NY, USA), 100 U/mL penicillin and 100 mg/mL streptomycin
(Sigma, Saint Louis, MO, USA). Cell viability was determined at 3, 7 and 14 days of
incubation by using the CellTiter 96® Aqueous One Solution Cell Proliferation Assay
(Promega, Madison, WI, USA), which measures the reduction of [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H–tetrazolium] (MTS) to formazan
by mitochondria in viable cells. Samples were incubated at 37 ◦C in a humidified 5% CO2
atmosphere. The amount of soluble formazan produced by cellular reduction of MTS
was measured by a microplate reader (InfiniteM200, Tecan, Crailsheim, Germany) at a
wavelength of 490 nm.

2.5. hDPSC Morphology and Attachment

hDPSCs were directly seeded onto the material surfaces. After 7 and 14 days of
incubation, the discs with cells were fixed (2% glutaraldehyde, Sigma-Aldrich, Saint Louis,
MO, USA) and stored at 4 ◦C before starting the dehydration process. Discs were then
immersed in increasing ethanol solutions. Critical point drying of specimens using CO2
in an Autosamdri-815, Series A (Tousimis, Rockville, MD, USA) was performed. Samples
were sputter-coated with 200 Å of gold and observed under SEM (Jeol JSM-IT300LV, JEOL
USA Inc, Peabody, MA, USA). Representative micrographs of the surface of the materials
after 7 and 14 days of culture were captured at 100× and 1000×.

2.6. Alkaline Phosphate Activity of hDPSCs

The capacity of the dental materials to stimulate the differentiation of hDPSCs into a
mineralizing lineage was assessed by measuring the activity of the alkaline phosphatase
(ALP) enzyme. ALP activity of hDPSCs cultured with the discs and a control (CT, without
discs) was determined after 7 and 14 days of culture by a colorimetric dephosphorylation
assay of a p-nitrophenyl phosphate reagent (Sigma, Saint Louis, MO, USA), which was
followed by the measuring of the absorbance with a microplate reader (InfiniteM200, Tecan,
Crailsheim, Germany) at a wavelength of 405 nm.
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2.7. Statistical Analysis

Data obtained from the viability and alkaline phosphate activity assays were evaluated
using SPSS software (SPSS Inc., Chicago, IL, USA). The results obtained for all materials
were submitted to the Shapiro–Wilk normality test. After proving the normality of the
sample data distribution, the data were submitted to a one- and two-way ANOVA and
post hoc Tukey test at a 5% level of significance.

3. Results

3.1. Nanocomposite Characterization

SEM images and EDX elemental analysis of the surface of the set cements are presented
in Figure 1. The surfaces of the nanocomposite discs (2% and 5% nBG/BD) appear similar
to unmodified BD. BD, 2% nBG/BD and 5% nBG/BD are mainly composed (>10% by
weight) of oxygen, calcium and carbon and a smaller amount (1–10% by weight) of silica
and nitrogen, with traces (<1% by weight) of sodium and phosphorous. In contrast, the GIC
surface presents visible cracks and it is composed mainly of oxygen, carbon and strontium
and a smaller amount of aluminum and silica, with traces of sodium.

Figure 1. Representative SEM images (accelerating voltage of 20 kV, working distance of 10.3–10.6 mm, magnification of
1000×) and EDX elemental analysis of BD, 2% nBG/BD, 5% nBG/BD and GIC set cement surfaces.

3.2. hDPSC Viability

MTS cell viability of hDPSCs cultured in direct contact with the materials was assessed
after 3, 7 and 14 days of incubation (Figure 2). The viability of hDPSCs cultured on 2%
and 5% nBG/BD did not present statistical differences in comparison with those grown
on unmodified BD. However, the viability of hDPCSs cultured with GIC was significantly
lower than when cultured on BD and nanocomposites.

3.3. hDPSC Morphology and Adhesion

SEM images of hDPSCs attached to the cement surfaces are shown in Figure 3. After
7 days, cells covered almost the entire surface of the BD and nBG/BD materials, exhibiting
a flattened morphology with cytoplasmic extensions projecting from the cells to adjacent
cells. After 14 days of incubation, an increased density of cells and a thicker cell layer were
observed. White and globular areas with the appearance of mineralized nodules could
be also noted. In GIC samples, after 7 days of incubation, scarce cells with low adhesion
were observed, and after 14 days, cells appeared more flattened and adhered although
with notably lower cell density when compared to the other materials.
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Figure 2. Cell viability of hDPSCSs cultured with BD, 2% nBG/BD, 5% nBG/BD and GIC at different culture times as
determined by the MTS assay. Values are combined from 2 experiments (n = 4/experiment), standard deviations are
represented by vertical bars. *: Statistically significant difference compared with BD (p < 0.05).

Figure 3. Representative SEM images (accelerating voltage of 20 kV, working distance of 10.0–11.4 mm,
magnification 100× and 1000×) of hDPSCs cultured with BD, 2% nBG/BD, 5% nBG/BD and GIC
after 7 and 14 days of incubation.

3.4. ALP Activity of hDPSCs

The ability of the nanocomposites to stimulate differentiation of hDPSCs towards a
mineralizing lineage was assessed by quantifying the expression of ALP enzyme (Figure 4).
Statistically, significantly higher ALP activity values were measured in hDPSCs in contact
with 2 and 5% nBG/BD after 7 days of culture, when compared to hDPSCs in contact with
the control (cells without material), BD and GIC. After 14 days of culture, the nanocompos-
ites and BD presented a significantly higher ALP activity when compared to CT and GIC.
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Figure 4. ALP activity of hDPSCs cultured with BD, 2% nBG/BD, 5% nBG/BD and GIC at different times. Values are means
combined from 2 experiments (n = 4/experiment), standard deviations are represented by vertical bars. #: Statistically
significant difference compared with control (p < 0.05). *: Statistically significant difference compared with BD (p < 0.05).

4. Discussion

In the present study, the incorporation of nBGs to a calcium silicate cement improved
its ability to induce odontogenic differentiation, without generating significant changes in
the adhesion and cell viability of hDPSCs.

The cytocompatibility of the nanocomposite materials was evaluated with the materi-
als in direct contact with the hDPSC culture since this is the relationship that is established
in VPTs. Cell viability measured through MTS mitochondrial activity and cell adhesion
observations showed that the incorporation of nBGs in contents of 2 and 5% to BD does not
affect the viability nor the adhesion of hDPSCs. To our best knowledge, no studies about
cytocompatibility of nBG/BD composites have been reported. However, the viability of
hDPSCs in contact with nBG-modified composites has been studied by means of different
vehicles such as polymer hydrogels [63], synthetic polymers [64] and chitosan scaffolds [65].
In these studies, similarly to that observed in the current work, the presence of BG did not
affect the adhesion and proliferation of the cells, with a cytocompatibility similar to the
controls without BG.

SEM analysis of cells adhered to the materials revealed that hDPSCs behaved similarly
when in contact with nBG/BD nanocomposites and BD. The cells were flattened, forming
a well-organized layer covering the entire surface, with multiple extensions between the
cells and towards the surface of the materials, indicating an effective cellular adhesion. In
addition, the presence of nodules with a mineralizing appearance was also observed [62],
which could be coupled to the differentiation process of the cells towards a mineralizing
lineage. In contrast, the surface of the GIC was smooth and cracked, with poorly adhered
cells, isolated and with a contracted appearance [66].

Cell differentiation into a mineralizing lineage was confirmed by determining the
activity of ALP, an enzyme involved in the mineralizing process. hDPSCs cultured on
the nBG/BD nanocomposites showed an early induction of ALP production after 7 days
of culture, statistically higher than those incubated with neat BD. After 14 days, cells
on nBG/BD and BD showed increased ALP activity compared to those cultured with
control and GIC. Especially, BD loaded with 2% nBG induced the highest ALP activity,
indicating that this nanoparticle content favors the stimulation of the cell differentiation
process towards a mineralizing lineage. These results can be explained by the demonstrated
capacity of nBGs to induce both osteogenic [34,67] and odontogenic differentiation [68–70].
nBGs have shown their capacity to promote the migration, adhesion and expression of
odontogenic-related proteins and genes in hDPSCs, which has been mainly attributed to
the release of Si and Ca ions [53,68,70]. In contrast with microsized particles, nBGs generate
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a faster release of soluble ions, which are capable of chemically driving hDPSCs along
a mineralization pathway [68]. In addition, the application of microsized BG in a pulp
capping procedure in primary human teeth has been shown to promote dentin bridge
formation [58].

hDPSCs were used in this study to evaluate the cytocompatibility and bioactivity of the
nanocomposite developed, since they are widely used in in vitro studies for the evaluation
of dental materials. Their isolation is not invasive (using extracted semi-included third
molars) and allows the creation of an approximation of how the cells of the dental pulp will
behave when they come into direct contact with the dental material and its components [71].
One of the relevant characteristics of hDPSCs is their differentiation potential, which can be
into odontoblasts, osteocytes/osteoblasts, adipocytes, chondrocytes and neural cells [72].
This capacity for differentiation allows the dental pulp to form dentin in response to a
stimulus such as dental caries or trauma injuries. However, for this to occur, the vitality of
the dental pulp must be preserved, hence the importance of evaluating cytocompatibility
in materials for VPT [73].

Regarding the limitations of this study, additional studies are necessary to establish
the safety and efficacy of the use of this material for clinical application. The results
provide information about the in vitro cellular responses and whether these responses
will be replicated in clinical conditions remains unknown. In addition, although the ALP
activity of hDPSCs was analyzed to explore possible cell differentiation into a mineralizing
type, the gene expression related to the formation of dentin was not studied. During
dentinogenesis, several other genes, proteins and markers are detected, such as DSPP,
dentin sialoprotein (DSP), dentin phosphoprotein (DPP), dentine matrix protein-1 (DMP-1)
and OC, whose expression would be relevant to study [73]. nBGs have been shown to
increase the expression of odontogenic genes, osteocalcin and DSPP protein production
in hDPSCs [49]. Therefore, it would be interesting to know if this effect is maintained
when they are incorporated into BD. Further investigations are also necessary to study
the inflammatory response to this material, since inflammation and regeneration are of
particular significance within the non-extensive space in the dental pulp tissue [69,74].
It would also be relevant to perform future research using animal models, which could
provide histological evidence of hard tissue deposition and sealing ability, before clinical
testing [75,76].

Within the limitations of this in vitro study, the results indicate that this nanocomposite
could be a promising material for use in direct contact with the injured dentin–pulp
complex, which could lead to faster repair. These outcomes raise the interesting possibility
of using the nanocomposite in direct contact with dental pulp tissues to contribute to the
preservation of natural dental tissue.

5. Conclusions

The incorporation of nBGs in a calcium silicate cement does not alter the cytocom-
patibility, in terms of viability, adhesion and morphology of hDPSCs, compared to the
neat cement.

The nBG/BD nanocomposite exhibited a higher capacity to stimulate the differentia-
tion of hDPSCs into a mineralizing lineage than BD.

The cellular properties of the nBG/BD nanocomposite make it a promising material
to be used in VPT, which could lead to faster dentin formation and therefore to the healing
and repair of the dentin–pulp complex.
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Abstract: This study aimed to determine the effects of three different varnish materials (contain-
ing casein phosphopeptide-amorphous calcium phosphate, nano-hydroxyapatite, and fluoride) on
enamel. Thirty-three extracted human third molars were used for specimen preparation. These were
demineralized using phosphoric acid. Three experimental groups (n = 11) were treated with 3M™
Clinpro™ White Varnish, MI Varnish®, and Megasonex® toothpaste, respectively, every twenty-four
hours for fourteen days. Analysis of the microhardness of the specimens’ enamel surfaces was
carried out via the Vickers method, and by scanning electron microscopy/energy dispersive X-ray
spectroscopy (SEM/EDS). Analysis was performed at three stages: at baseline value, after demineral-
ization, and after the period of remineralization. Data were subjected to Scheffe’s post hoc test. The
mean microhardness values (HV0.1) obtained for the group of samples treated with MI Varnish®

were higher compared with the other two groups (p = 0.001 for both comparisons), while the first
and third groups did not differ significantly from each other (p = 0.97). SEM analysis showed uneven
patterns and porosities on all samples tested. EDS results showed an increase in the mineral content
of the examined samples, with the highest mineral content observed in the MI Varnish® group. It
can be concluded that MI Varnish® use has a better remineralization effect on enamel than the other
two materials.

Keywords: remineralizing dental materials; hydroxyapatite; calcium phosphates; ion release; varnish
materials; enamel remineralization; bioactive coatings

1. Introduction

Enamel is the outermost layer of the tooth; therefore, it is susceptible to various influ-
ences and conditions of the oral cavity. Enamel is primarily composed of hydroxyapatite
(Ca10(P04)6(OH)2) [1], which is a crystalline form of calcium phosphate. While it is the
hardest tissue in the human body [2], it is highly prone to demineralization, which occurs
in acidic environments and is usually accelerated by the consumption of acidic and sugar-
containing foods [3]. On the other hand, antibacterial agents, saliva, and ions (e.g., fluoride,
calcium, and phosphate) promote remineralization. The balance between the continual
remineralization and demineralization processes is extremely fragile; thus, when disturbed
for a long period, imbalance usually leads to early carious lesions [4].

The minimally invasive approach in dentistry dictates the usage of treatments that avoid
the loss of hard dental tissues [5,6]. One such treatment involves the remineralization of early,
noncavitated lesions, as opposed to performing conventional treatment [7]. To date, fluoride
is considered the principal remedy for halting mineral loss from enamel; although, materials
which can serve as reservoirs and release fluoride continuously have been developed [8,9].
The introduction of fluoride for preventative uses in dentistry was revolutionary, resulting
in a substantial decline in caries prevalence [10,11]. Aside from its affinity for treatment of
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hard dental tissues [12], fluoride leads to the formation of fluorapatite. Fluorapatite is less
susceptible to acidic effects than hydroxyapatite, as it replaces hydroxyl groups in enamel
apatite [13,14]. However, the downside of fluoride usage is that it usually leads to superficial
remineralization, leaving the deeper layers unaffected [15].

However, new findings on remineralization materials and mechanisms have led to
the development of new courses of action concerning the promotion of demineralized
enamel regeneration. The introduction of casein phosphopeptide-amorphous calcium
phosphate (CPP-ACP) as a remineralizing agent marked a major breakthrough in arresting
early carious lesions [16]. The usage of CPP-ACP makes the stabilization of calcium
phosphate on dental surfaces and in dental plaques possible. CPP-ACP creates non-
cariogenic plaques that release calcium and phosphate ions, promoting remineralization in
acidic environments [17]. These findings have led to the release of varnishes containing
both CPP-ACP and high amounts of fluorides.

Nano-hydroxyapatite, which resembles the structure of apatite crystals found in hard
dental tissues, can replace the natural mineral content of enamel [18,19]. Its advantages are
primarily due to its size, as nanosized particles dissolve better, enabling a faster reaction.
Additionally, particles of that size fit better into enamel-induced defects; thus, creating a
more compact surface and preventing further demineralization [20,21]. However, there is
still no proof that any of the nano-hydroxyapatite-containing products are more effective
than fluorides [22,23].

Enamel remineralization can be observed by testing its microhardness and conducting
scanning electron microscopy in conjunction with energy dispersive X-ray spectroscopy
(SEM/EDS), both of which are useful for observing the surface of enamel and determining
its mineral composition [24,25].

The rising number of commercially available products for enamel remineralization
can create confusion for operators, as there have not been enough studies conducted to
suggest the most appropriate one. As such, this study aims to determine the effects of
three widely used varnish materials which are labeled as bioactive (containing fluorides,
CPP-ACP, and nano-hydroxyapatite) on enamel remineralization.

The null hypotheses are:

1. There will be no difference in the effect on enamel microhardness between the tested
materials.

2. There will be no difference in the mineral composition of the specimens treated with
the tested materials.

3. The micro-surface of all specimens will be the same.

2. Materials and Methods

The protocol for the current study was approved by the Ethics Committee of the
School of Dental Medicine, University of Zagreb (No. 05-PA-30-XXVII-5/2021), Zagreb,
Croatia. In total, 33 healthy human third molars were collected at the Department of Oral
Surgery, School of Dental Medicine, University of Zagreb, Zagreb, Croatia.

2.1. Sample Preparation

Prior to use, the teeth were thoroughly cleaned using a scaler and brushes and were
stored in saline solution at room temperature. The tested materials are listed in Table 1.

Table 1. List of the materials used in the study and their respective active ingredients.

Material Active Ingredients Manufacturer

3M™ Clinpro™ White Varnish 22,600 ppm fluoride 3M ESPE, St. Paul, MN, USA

MI Varnish® Casein phosphopeptide-amorphous calcium
phosphate (CPP-ACP), 5% sodium fluoride GC Corporation, Tokyo, Japan

Megasonex® Nano-hydroxyapatite Panaford B.V., Rotterdam,
The Netherlands
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The teeth were embedded in autopolymerizing acrylic resin (Heraus Kuzler Gmbh,
Hanau, Germany) and left to set for 24 h, forming rectangular blocks. The samples were
then polished using a Mintech 233 (Presi, Le Loche, Switzerland) polishing machine at a
speed of 300 RPM, with water cooling. Standard metallographic grinding paper was used,
from rough to fine (P320, P600, P1200, and P2400), exposing the smooth enamel surface,
in order to perform optimal microhardness testing and SEM/EDS analysis. The samples
were randomly divided into three groups for the evaluation of microhardness (n = 10).
One additional specimen for each group was used in order to make samples for SEM/EDS
analysis. These were cut into thin slices of approximately 1.5 mm thickness using an IsoMet
1000 Precision Cutter (Buehler, Lake Bluff, IL, USA) and an IsoMet Diamond Wafering
Blade with 12.7 mm arbor size and 0.5 mm thickness (Buehler, Lake Bluff, IL, USA), at a
speed of 250 rounds per minute.

2.2. Demineralization and Remineralization Cycle

The exposed buccal enamel surface was demineralized using 37% phosphoric acid
(DiaDent Group International, Chungcheongbuk-do, Korea) for three minutes. The samples
were then washed and air-dried.

Three different remineralizing agents were then applied twice a day for two minutes,
using a soft applicator brush (3M ESPE, St. Paul, IL, USA), and stored in saline (Croatian
Institute of Transfusion Medicine, Zagreb, Croatia) at room temperature over a period of
14 days. Saline was freshly prepared every two days.

2.3. Vickers Microhardness Measurement

Microhardness of samples was determined using the Vickers microhardness tester
KBW 1-V (KB Prüftechnik GmbH, Hochdorf-Assenheim, Germany) and was performed
at the Department of Endodontics and Restorative Dentistry, School of Dental Medicine,
University of Zagreb. This method is based on observing the enamel’s resistance to plastic
deformation. Microhardness was measured at three stages: baseline value, after dem-
ineralization, and after the remineralization period. The load used for the microhardness
measurement was 100 g (HV0.1) and was applied for 10 seconds, as suggested by Fa-
rooq [26]. On each sample, three indents were made, and the mean value was calculated.

2.4. SEM/EDS Analysis

SEM/EDS analysis was performed on one specimen for each material tested at the
Rud̄er Bošković Institute, Division of Materials Chemistry, Zagreb, Croatia. The microscope
model used was the JSM-7000F (JEOL Ltd., Tokyo, Japan), and the Inca 350 EDS System
(Oxford Instruments, High Wycombe, UK) was used for EDS. Preceding the examinations,
the samples were polished using a brush and air-dried. The surfaces of the samples, as
well as the share of certain chemical elements, were observed.

2.5. Statistical Analysis

The results were analyzed using descriptive statistics (mean, standard deviation), and
statistical inferences were made using a mixed-design ANOVA, which included repeated
measures testing (for microhardness changes due to demineralization and remineralization)
and independent sample analysis to compare differences across groups. The post hoc
differences were calculated using Scheffe’s post hoc test, for analysis, where the ANOVA
results were significant. Since differences between microhardness were found in different
sub-samples before intervention, the effects of initial hardness were assessed using the
Pearson correlation coefficient.

3. Results

The results of microhardness testing are shown in Table 2. The baseline values for
all three groups were statistically significantly different from each other (ANOVA test
for three groups regarding initial microhardness values, p = 0.000). All differences are
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statistically significant, with p = 0.024 for the first group vs. the second group, p = 0.008
for the first group vs. the third group and 0.000 s vs. third group (Scheffe’s post hoc test).
The correlations between these variables are not statistically significant, which indicates
that the level of hardness at the beginning does not affect the level of hardness at the end
(r = −0.301, p = 0.106), nor does it affect the level of hardness after demineralization. This
is further proven by the fact that there is no significant difference among the groups tested
after demineralization (ANOVA test p = 0.362).

Table 2. Microhardness of the three different groups in three stages (HV 0.1).

Microhardness Groups Baseline After Demineralization After Remineralization

3M™ Clinpro™ White Varnish 366.00 ± 18.93 190.30 ± 23.71 236.57 ± 19.41
MI Varnish® 343.52 ± 26.66 192.73 ± 16.37 286.65 ± 34.07
Megasonex® 393.05 ± 16.14 201.90 ± 15.30 237.97 ± 32.52

After remineralization, the differences between the groups were statistically significant
(ANOVA test for three groups and the mean microhardness values after demineralization,
p = 0.000)—in the sense that the difference was significant between the samples in the
second group (MI Varnish®) compared with the other two (Scheffe’s post hoc test, p = 0.001
for both comparisons)—while the first and third groups, 3M™ Clinpro™ White Varlish
and Megasonex®, did not differ from each other (Scheffe’s post hoc test, p = 0.97).

SEM analysis showed normal enamel surfaces prior to demineralization (Figure 1).
Much more diverse surfaces were observed after remineralization (Figure 2), with uneven
patterns, porosities, material deposits, and debris.

3M™ Clinpro™  
White Varnish  

MI Varnish®  Megasonex® 

   

Figure 1. Representative SEM images (accelerating voltage of 5 kV, working distance of 10 mm,
magnification of 500×) of the sample surfaces before remineralization.

3M™ Clinpro™ 
White Varnish  MI Varnish®  Megasonex® 

   

Figure 2. Representative SEM images (accelerating voltage of 5 kV, working distance of 10 mm,
magnification of 500×) of the sample surfaces after remineralization.

Figure 3 shows the results of EDS analysis, before and after remineralization, with the
share of particular elements varying greatly among the samples tested.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3. Representative results of EDS elemental analysis, following demineralization and reminer-
alization of the samples treated with 3M™ Clinpro™ White Varnish (a,b), MI Varnish® (c,d) and
Megasonex® (e,f).

4. Discussion

The present study evaluated the microhardness of enamel in order to determine the
extent of remineralization. This method has also been used by other authors [27,28].

In order to create an artificial demineralized lesion, 37% phosphoric acid was used,
as suggested by Sorozini [29]. Within the limitations of this study, this was considered
sufficient, as it has been shown that absolute simulation of oral conditions is almost im-
possible due to other variables, including the speed of saliva flow and its buffering ability,
dynamic pH cycles in the mouth, and behavioral changes [28,30,31]. As expected, the
application of acid led to a significant decrease in microhardness values due to mineral
loss, lowering the values in each group to similar levels. Regarding the duration of reminer-
alization during the trial, multiple timespans have been used: from 24 h by Ali et al. [32]
to 30 days by Balakrishnan [33]. In the present study, we opted for a 14-day duration to
obtain more comparable results with previous studies, as it has been shown that the extent
of remineralization increases over time [33,34].
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The study results show that the usage of MI Varnish® leads to higher microhard-
ness values compared with the other two materials; accordingly, the first null hypothesis
was rejected.

While all three materials tested lead to certain microhardness increases, MI Varnish®

stands out, possibly due to its high CPP-ACP and high fluoride content. CPP-ACP binds
firmly to the enamel surface and subsequently arrests fluoride ions, keeping them closer
to the enamel surface for a longer period [35]. The use of fluoride as a remineralizing
agent is based on its formation of fluorapatite, which requires large amounts of calcium
and phosphate ions. Therefore, a lack of those ions is possible when fluoride alone is
applied topically [34]. This could explain why the microhardness values obtained for
3M™ Clinpro™ White Varnish, which contains only fluorides as an active ingredient, are
lower. These findings were previously confirmed by Reynolds et al. [15]. As suggested
by Wegehaupt et al. [36], an increase in microhardness in both cases is caused by the
accumulation of fluoride-containing compounds on enamel.

Alternatively, the results from Vyavhare et al. [37] revealed that CPP-ACP did not
show superior surface remineralization compared with fluorides, claiming that it mostly
causes subsurface remineralization by allowing calcium and phosphate ions to penetrate
deeper; thus, leading to remineralization throughout the entire lesion [38]. However, the
present study included a CPP-ACP material, which also contained fluoride ions. The
combination of both CPP-ACP and fluorides creates stabilized amorphous calcium fluoride
phosphate, resulting in the increased incorporation of fluoride ions and increased amounts
of calcium and phosphate ions on the enamel surface [34,39,40].

When it comes to nano-hydroxyapatite-containing Megasonex® toothpaste, the ob-
tained microhardness values were similar to those of 3M™ Clinpro™ White Varnish, which
contains only fluorides. Juntavee [41] and Amaechi [42] reported similar results. These
findings suggest that nano-hydroxyapatite could be used as an alternative to products
containing only fluoride [43]. This is important, as fluorides have recently been recognized
as a possible neurotoxin [44]; therefore, increasing numbers of people are avoiding it [44].
However, further investigation of this topic is required.

Huang et al. [45] concluded that different concentrations of nano-hydroxyapatite
were able to remineralize enamel at each time point in pH cycling; moreover, the optimal
concentration of nano-hydroxyapatite for enamel remineralization proved to be a 10%
suspension [46].

Another important factor to consider regarding the use of nano-hydroxyapatite is its
particle size. A study by Huang et al. [45] showed that suspensions containing particles
ranging from 10 nm to 20 nm in diameter only caused remineralization of the superficial
layer in demineralized lesions. Since a previous study by Tschoppe et al. showed that
nano-hydroxyapatite particles >20 nm enhance remineralization throughout the lesion [21],
in the present study, the particle size was 20–50 nm in diameter.

As a method to gain insight into the changes in mineral content of the samples,
SEM/EDS analysis was performed. SEM is useful for observing the changes in surface
structure, whereas EDS is considered the gold standard for observing the loss and gain of
minerals during the remineralization of an artificial demineralized lesion [47].

Since there were noteworthy differences in the surface microstructure and mineral
content of the tested samples after remineralization, the second and third null hypotheses
were partially rejected.

In order to avoid influencing the appearance of the samples’ micro-surfaces and their
mineral contents, they were polished using only a brush prior to SEM/EDS. Markings made
by the saw during the cutting process are visible. Additionally, clusters of different minerals
and possibly additives from the tested materials can be observed. A smearlike layer, which
was probably created during sample preparation, was found on all tested specimens.

EDS analysis provided insight into the chemical changes that occurred during the
demineralization and remineralization processes. Following demineralization, lower con-
centrations of calcium and phosphate were observed, confirming the expected mineral
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loss. However, compared with findings by Wang et al., [48] the values in the present study
are significantly higher. This is because samples in the present study were demineralized
using only phosphoric acid, without pH cycling, and because the examined surface was
enamel, which contains more minerals than dentine.

In all three groups, increased calcium and phosphate were observed when analyzing
the EDS results after demineralization: the highest was in the MI Varnish® group, where
fluoride was also found. This is possibly due to the fact that CPP-ACP from the material
arrested fluoride on the surface, which was then identified during analysis.

Within their limitations, such as the sample size and the lack of pH cycles, these types
of in vitro studies provide insight into the effects that bioactive materials can produce,
allowing an evaluation of their possible behavior in clinical settings; however, the results
should be observed with a consideration of the experimental conditions. As such, further
research is required to obtain more explanations and examples of their abilities.

5. Conclusions

MI Varnish®, a CPP-ACP and fluoride-based material, shows a higher capacity to rem-
ineralize enamel—as seen in its influence on the microhardness and chemical composition—
compared with 3M™ Clinpro™ White Varnish and Megasonex® toothpaste, which contain
only fluorides and nano-hydroxyapatite, respectively, as active ingredients. The joint effect
of CPP-ACP and fluorides is a promising combination and a vital agent for the treatment
of demineralized lesions.
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Abstract: Background: this study evaluates the clinical outcomes of a novel approach in treating
deep intrabony defects utilizing papilla preservation techniques with a combination of hyaluronic
acid (HA) and deproteinized porcine bone mineral. Methods: 23 patients with 27 intrabony defects
were treated with a combination of HA and deproteinized porcine bone mineral. Clinical attachment
level (CAL), pocket probing depth (PPD), gingival recession (REC) were recorded at baseline and
6 months after the surgery. Results: At 6 months, there was a significant CAL gain of 3.65 ± 1.67 mm
(p < 0.001) with a PPD reduction of 4.54 ± 1.65 mm (p < 0.001), which was associated with an increase
in gingival recession (0.89 ± 0.59 mm, p < 0.001). The percentage of pocket resolution based on
a PPD ≤4 mm was 92.6% and the failure rate based on a PPD of 5 mm was 7.4%. Conclusions: the
present findings indicate that applying a combined HA and xenograft approach in deep intrabony
defects provides clinically relevant CAL gains and PPD reductions compared to baseline values and
is a valid new approach in treating intrabony defects.

Keywords: hyaluronic acid; periodontal regeneration; intrabony defects; microsurgery; periodontitis;
surgical flaps

1. Introduction

Periodontitis is a non-communicable chronic inflammatory disease caused by peri-
odontal pathogenic biofilm [1–4] and with 743 million affected people worldwide in its
severe form, it is the sixth most prevalent disease globally [5,6]. If left untreated, the disease
leads to tooth loss and has a significant social and economic impact [7].

Following non-surgical therapy, it is common that some deep intrabony defects remain,
presenting an increased risk of disease progression with further attachment loss that could
lead to tooth loss [8,9].

Therefore, one of the ultimate goals in periodontology is to achieve periodontal re-
generation and change the prognosis of questionable or hopeless teeth to maintainable.
Over the last several decades, periodontal regenerative procedures have seen a change
in flap designs and materials used to promote periodontal regeneration [10]. Human
histological studies have shown that different materials can promote periodontal regener-
ation to various success [11]. In addition, several clinical studies have shown long-term
stability of clinical attachment gain of periodontally compromised teeth when treated with
regenerative procedures benefitting the patient in retaining their teeth [12–16].

Results from systematic reviews evaluating the clinical outcomes obtained with vari-
ous biologics/growth factors for regenerative periodontal therapy have shown positive clin-
ical effects evidenced by the gain of clinical attachment and pocket-depth reduction [17,18].
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Based on the accumulating evidence on the benefits of periodontal regenerative proce-
dures and the current evidence related to the use of these procedures, very recently Nibali
pointed out that periodontal regenerative procedures should be the treatment of choice for
intrabony defects [19].

Over the last several years, another emerging molecule serving as a potential candi-
date for periodontal regeneration is the hyaluronic acid (HA), a key extracellular matrix
component involved in cell migration. As a major component of the extracellular matrix,
it is expressed in various cells of the periodontium [20]. Furthermore, its main receptor,
CD44, a cell surface molecule, is expressed by PDL cells and cementoblasts [21–24]. Of
importance for periodontal regeneration, it has been shown that the interaction between
CD44-HA in PDL cells is critical for the proliferation and migration of these cells [23,24].
Furthermore, data from other in vitro studies revealed that HA induces early osteogenic
differentiation of PDL cells [25], increases the migratory and proliferative properties of
gingival fibroblasts [26] and maintains the stemness of mesenchymal stromal cells and
pre-osteoblasts, making it a valid candidate for bone and periodontal regeneration [27].
In addition, HA can induce proliferation and osteogenic differentiation of bone marrow
stromal cells and pre-osteoblastic cells, having an important role in the early and late stages
of bone formation [28,29]. Recent animal studies have shown an increase in bone formation
and improved wound healing after applying HA in chronic pathology-type extraction
sockets, comparable to that observed following the use of BMP-2 [30,31]. These findings
are in line with those from two animal studies evaluating the effects of HA in the treatment
of intrabony and recession defects revealing periodontal regeneration evidenced through
the formation of cementum, periodontal ligament and bone [32,33].

Thus, taken together, the current evidence suggests that HA may not only positively
influence periodontal regeneration but may also have a potential role in bone formation.
Indeed, recent systematic reviews have shown that the adjunctive use of HA in both
non-surgical and surgical periodontal therapy may have a positive effect on the clinical out-
comes evidenced by pocket probing depth (PPD) reduction, clinical attachment level (CAL)
gain and reduction of bleeding on probing (BOP). However, the authors also suggested a
need for further studies that would investigate HA in different clinical scenarios [34,35].

A recent randomized clinical study with a 24-month follow-up provided further evi-
dence of a positive effect HA has on CAL gains when enamel matrix derivative (EMD) was
compared with HA in the surgical treatment of intrabony defects. The study showed that
both materials may lead to comparable clinical results in terms of PPD reductions and CAL
gains [36]. To further improve the clinical outcomes of regenerative therapy by stabilizing
the blood clot and providing space for periodontal regeneration, bone replacement grafts
were combined with an enamel matrix derivative (EMD). The combination of EMD and
bone replacement grafts resulted in an additional gain of CAL (i.e., 1mm) when compared
to the use of EMD alone [37]. Interestingly, when HA was used alone or combined with
a volume stable collagen matrix, the combination approach yielded a higher but not sta-
tistically significant amount of new cementum, new periodontal ligament and new bone
compared to the use of HA alone [33]. These very recent findings suggest that a filler
material might be beneficial for periodontal regeneration when using HA, thus stabilizing
the blood clot and providing flap support to prevent its collapse into the intrabony defect
and creating more space for periodontal regeneration.

However, no clinical data are currently available evaluating the combined use of HA
with a bone replacement graft in intrabony defects. Therefore, this pilot case series aimed
to clinically evaluate, for the first time, the healing of intrabony defects treated with a
combination of HA and a bone replacement material.

2. Materials and Methods

2.1. Study Setting and Ethical Considerations

The study was conducted at the Department of Periodontology, School of Dental
Medicine, University of Zagreb, between June 2019 and December 2020. All clinical

35



Materials 2021, 14, 6795

procedures were performed in full accordance with the Declaration of Helsinki and the
Good Clinical Practice Guidelines. Each patient provided written informed consent. The
study protocol was approved by the Ethical committee of the School of Dental Medicine
University of Zagreb, Croatia (05-PA-30-XXI).

2.2. Study Population

Patients referred to the Department of Periodontology for periodontal treatment
were consecutively screened for study inclusion. Before enrolling, all patients underwent
cause-related therapy, consisting of oral hygiene instructions and scaling and root planing
with machine-driven and hand instruments. Splinting of mobile teeth was performed
if necessary.

The inclusion criteria were as follows: (i) diagnosis of stage III or IV periodontitis;
(ii) good general health with no systemic diseases that could contraindicate surgery, no
medications that could affect the periodontal status, uncontrolled or poorly controlled
diabetes, no pregnancy or lactation; (iii) patients had to have at least one intrabony defect
with PPD ≥ 6 mm, CAL ≥ 6 mm and an intrabony component ≥ 4 mm measured on
digital periapical radiographs that predominantly involved the interproximal area of the
affected tooth; (iv) FMPS and FMBS ≤ 20% following non-surgical treatment [38]; (v) vital
teeth or teeth with properly performed endodontic treatment.

Exclusion criteria were: (i) teeth with degree III mobility, furcation involvement, or inad-
equate endodontic treatment and/or restoration; (ii) heavy smokers (more than 10 cig/day).
We enrolled 23 systemically healthy patients in this case-series study (16 females and
7 males, mean age 54.59 ± 10.24, age range: 35–85 years), 4 of whom were smokers
(<10 cigarettes per day).

2.3. Surgical Procedures

All surgical procedures were performed by an experienced periodontist (D.B.) with
more than 20 years of clinical experience. Following local anesthesia, the defect-associated
papillary area was either accessed with the simplified papilla preservation flap (SPPF) [39]
or with the modified papilla preservation flap (MPPT) [40]. The flap design was chosen
based on the width of the interdental space; when 2 mm or less SPPF was utilized, while
when the interdental space was wider than 2 mm MPPT was used.

The incisions were intrasulcular in order to preserve the width and the height of
the defect-associated papilla. The mesial-distal extension was at least one tooth mesial
and distal to the defect site in order to provide access to the base of the bony defect
and allow proper visualization and debridement of the defect. Periosteal incisions were
never performed.

Following a full-thickness flap reflection, granulation tissue was removed from the
intrabony defect using curettes and microscissors. Scaling and root planing of the root
surface was performed with both hand curettes (Gracey, Hu-Friedy, Chicago, IL, USA) and
power-driven instruments (SONICflex LUX, KaVo Dental GmbH, Biberach, Germany).

2.4. Application of the Hyaluronic Acid (HA) and Xenograft

At the end of the instrumentation, the defect was rinsed with sterile saline and EDTA
(sterile 24% EDTA gel, pH 6.7; PrefGel, Straumann, Basel, Switzerland) was applied on
the instrumented root surface for 2 min. The defect area was then carefully rinsed with
saline and a thin layer of cross-linked HA gel (HYADENT BG®, BioScience, Germany: a gel
formulation containing cross-linked HA (1000 kDA HA monomers) and non-cross-linked
HA (2500 kDA) in a ratio 8:1, made from biotechnologically produced synthetic HA) was
applied on the root surface. Afterwards a 1:1 ratio mixture of HA and deproteinized porcine
bone mineral (THE Graft, Purgo Biologics Inc., Korea) was gently packed into the intrabony
defect to the level of the bone, not overfilling the defect. The flaps were repositioned and
primary wound closure was achieved with a horizontal internal mattress suture at the
base of the papilla and a single interrupted suture to connect the tips of the papillae. The
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papillae were sutured using the monofilament non-resorbable 5-0/6-0 suturing material
(Ethilon‚ Ethicon, Johnson and Johnson, Somerville, NJ, USA) (Figures 1 and 2).

Figure 1. (a,b) Preoperative view and a pocket probing depth (PPD) of 9 mm. (c) Clinical view of the
1-wall intrabony defect and the instrumented root surface with a thin layer of hyaluronic acid (HA)
applied. (d) Mixture of HA and xenograft gently packed in the intrabony defect. (e) HA layer applied
before suturing. (f) Passive primary wound closure. (g) 14 days healing before suture removal.
(h) PPD of 3 mm at 6 months. (i) Pre-operative radiographic finding. (j) Radiographic finding at
6 months.

2.5. Post-Surgical Instructions and Plaque Control

Patients received systemic antibiotic therapy amoxicillin + clavulanic acid 1 g/day for
seven days. Pain control was obtained by 400 mg ibuprofen three times per day for the first
24 h and subsequently based on the patient’s need. Each patient was advised to rinse twice
per day with a 0.2% chlorhexidine gluconate solution (Parodontax extra, GSK, Brentford,
UK) for 4 weeks. Smoking patients were asked to refrain from smoking during the first
4 post-operative weeks. Sutures were removed 14 days following surgery, and the patients
were instructed to brush with a post-surgical soft toothbrush. The use of a soft toothbrush
was discontinued after 3 months when a medium bristled toothbrush was re-introduced.
Each patient received professional tooth cleaning during the monthly control appointments
for the following 6 months.
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Figure 2. (a) Preoperative view and PPD depth of 8 mm. (b,c) Clinical intraoperative view of the
defect with a 7mm depth of the intrabony component. (d) Clinical view of the instrumented root
surface with a thin layer of HA applied. (e) Mixture of HA and xenograft gently packed in the
intrabony defect. (f) HA layer applied before suturing on the surgical area. (g) Passive primary
wound closure. (h) PPD of 2 mm at 6 months. (i) Pre-operative radiographic finding. (j) Radiographic
finding at 6 months.

2.6. Outcome Measures

The primary outcome measure defined in the study was the change in CAL between
baseline and 6 months. The secondary outcomes were changes in PPD and REC.

All clinical measurements were carried out by a single examiner (I.Ć.) at baseline
and 6 months after surgery. Prior to the study, the examiner was calibrated to reduce the
intraexaminer error (=0.893) in order to reach reliability and consistency. Pocket probing
depths and gingival recessions were rounded to the nearest 0.5 mm at the deepest part of
the interproximal site. Clinical attachment level was calculated as a sum of PPD and REC.
For the first month after the surgery, the primary closure of the surgical sites was evaluated
on a weekly basis.
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2.7. Statistical Analysis

The assumption of normality of distribution was evaluated using Shapiro-Wilk’s test
and the inspection of normal Q-Q plots. Homogeneity of variances was verified using
Levene’s test. For PPD, CAL, and REC, baseline values were compared to the values
measured after 6 months using paired t-tests. The relationships for binary combinations
of outcome variables were explored using Pearson’s correlation analysis, except for the
variable EHI, which was analyzed using Spearman’s correlation due to the violation of
normality. p-values lower than 0.05 were considered statistically significant. The statistical
analysis was performed using SPSS (version 25, IBM, Armonk, NY, USA).

3. Results

3.1. Baseline Data

A total of 27 defects were treated with 17 intrabony defects located in the maxilla, and
10 were in the mandible (8 incisors, 3 canines, 9 premolars, 7 molars).

The mean distance from the cementoenamel junction (CEJ) to the bottom of the
defect (CEJ-BD) was 10.54 ± 3.23 mm, and the mean intrabony component (IB) was
7.24 ± 2.46 mm. The mean intrabony width of the osseous defect (IBW) was 3.44 ± 0.96,
and the mean value of the radiographic defect angle was 26.4 ± 8.43◦. From 27 intrabony
defects, 13 were 2-wall, 7 were 1-wall, 6 were 3-wall and one was a crater defect. Patient
and defect characteristics are presented in Table 1.

Table 1. Patient and defect characteristics (respectively, n = 23 and n = 27).

Study population

Age (years, mean ± SD) 54.59 ± 10.24
Gender (male/female) 7/16

Smoking (yes/no) 4/19

Defect characteristics

Dental arch (maxillary/mandibular) 17/10
Tooth type (incisor/canine/premolar/molar) 8/3/9/7

CEJ-defect bottom (mean ± SD, mm) 10.54 ± 3.23
Intrabony component (mean ± SD, mm) 7.24 ± 2.46

Intrabony width (mean ± SD, mm) 3.44 ± 0.96
X-ray angle (mean ± SD, degree) 26.4 ± 8.43

Defect configuration

1-wall 7
2-wall 13
3-wall 6
Crater 1

CEJ, cementoenamel junction; SD, standard deviation.

3.2. Early Wound Healing

Primary closure of the incision lines was achieved in 100% of the cases. We assessed
the early wound healing index (EHI) during wound healing [41]. At the 2-week suture
removal time of the 27 treated sites, 13 sites had an EHI score of 1, 10 sites had EHI 2, 3 sites
had an EHI score of 4, and 1 site had a score of 3. Spearman’s correlation analysis found no
significant relationship between EHI score and CAL gains and PPD reductions.
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3.3. Clinical Outcomes at 6 Months

Six months after the surgery, the results showed statistically significant changes for
PPD, CAL and REC (p < 0.001). The mean residual PPD after 6 months was 3.35 ± 0.72 mm
with a decrease of 4.54 ± 1.65 mm. Of the 27 treated sites 14 sites had a residual PPD of
2–3 mm, 11 sites had 4 mm and 2 sites had a PPD of 5 mm. The CAL also significantly
changed from baseline to 6 months with an average CAL gain of 3.65 ± 1.67 mm. Twelve
sites showed CAL gains of 2–3 mm, and 3 sites had 4mm of CAL gain and 11 sites reached
CAL gains of ≥5 mm. At 6 months, there was a mean increase of 0.89 ± 0.59 mm in REC
compared with the baseline value (0.83 ± 0.67 mm). Clinical baseline data and outcomes
6 months after treatment, and the frequency distribution of CAL gains, residual PPD and
REC after 6 months are shown in Tables 2 and 3.

Table 2. Clinical outcomes at baseline and 6 months after treatment (n = 27).

Variable Baseline 6 Months Change Significance, p a

PPD (mm) 7.89 ± 1.60 3.35 ± 0.72 4.54 ± 1.65 <0.001
CAL (mm) 8.72 ± 1.82 5.07 ± 1.28 3.65 ± 1.67 <0.001
REC (mm) 0.83 ± 0.67 1.72 ± 0.90 0.89 ± 0.59 <0.001

a Paired t-test. PPD, pocket probing depth; CAL, clinical attachment level; REC, gingival recession.

Table 3. Frequency distribution of CAL gains and residual PPD after 6 months.

CAL Gain Residual PPD

n % n %

0–1 mm 1 3.7 0 0
2–3 mm 12 44.4 14 51.9

4 mm 3 11.1 11 40.7
5 mm 6 22.2 2 7.4
≥6 mm 5 18.5 0 0

CAL, clinical attachment level; PPD, pocket probing depth.

A separately conducted statistical analysis was done for the four smoking patients
for CAL gains, PPD reductions and REC changes and no statistical significance was found
compared to the non-smoking patients.

Correlations among interval variables were analyzed and CAL gain significantly and
positively correlated with preoperative PPD and CAL (respectively: r = 0.812, p < 0.001,
r = 0.731, p < 0.001), PPD reduction (r = 0.936, p < 0.001), IB component (r = 0.494, p < 0.009)
and CEJ-BD (r = 0.526, p < 0.005).

Similar correlations were found for PPD reduction, where PPD reduction strongly
correlated with preoperative PPD and CAL (respectively: r = 0.903, p < 0.001, r = 0.815,
p < 0.001), CAL gain (r = 0.936, p < 0.001), IB component (r = 0.484, p < 0.01) and CEJ-BD
(r = 0.601, p < 0.001).

The correlations with the highest Pearson’s coefficient are shown in Figure 3.
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Figure 3. Correlations among interval variables. (a) CAL gain compared to preoperative CAL. (b) PPD reduction compared
to preoperative CAL. (c) CAL gain compared to preoperative PPD. (d) PPD reduction compared to preoperative PPD.

4. Discussion

This case-series study shows that the combination of HA and a xenograft can yield
substantial clinical improvements in deep interdental intrabony defects. Utilizing well-
established surgical techniques to obtain primary closure and wound stabilization, the
results of this study appear to point to the potential relevance of HA to achieve clinically rel-
evant improvements in terms of CAL gains and PPD reductions in deep intrabony defects.

HA is a molecule that has been reported to stimulate the proliferation of gingival fi-
broblasts, PDL cells, induce osteogenic differentiation of bone marrow stromal cells (BMSC)
and is well known for promoting angiogenesis and neovascularization [26,29,42]. Recent
histological animal studies that evaluated HA for periodontal regeneration confirmed that
the application of HA can promote periodontal regeneration in 2-wall and dehiscence
defects [32,33], possibly by interacting with CD44 during the early phases of periodontal
tissue regeneration [43].

In recent decades’ various biological agents, either alone or combined with bone grafts,
have gained much interest in regenerative periodontal surgery, and clinical trials have
shown their efficacy in achieving significant CAL gains and PPD reductions [17,44–46]. All
studies have shown that when biologics are combined with bone grafts greater CAL gains
and PPD reductions are achieved, further improving clinical outcomes.

Recently HA has gained attraction with several clinical trials conducted to assess
its efficacy in periodontal regeneration [36,47,48]. Of particular interest to our results
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is the study by Pilloni since they used the same hyaluronic acid as we did. In their
randomized clinical trial comparing EMD to HA over 24 months, they achieved CAL
gains of 2.19 ± 1.11 mm in the HA group and 2.94 ± 1.12 mm in the EMD group and PD
reductions of 4.5 ± 0.97 mm for EMD and 3.31 ± 0.70 mm for HA.

Comparing the present results to those mentioned above, it appears that the use of
HA combined with a bone grafting material may further improve the clinical outcomes
compared to the use of HA alone (i.e., CAL gains of 3.65 ± 1.67 mm vs. 2.19 ± 1.11 mm,
and PD reductions of 4.54 ± 1.65 mm vs. 3.31 ± 0.70 mm). One of the reasons for these
observed differences could be due to the fact that HA, similar to other biologics, has a fluid
consistency which then prevents it to possess a sufficient space-making potential needed
for periodontal regeneration. This could then lead to the collapse of the mucoperiosteal
flap and subsequently limit the outcomes of regenerative surgery. By combining a bone-
grafting material with HA this could then provide sufficient support to the mucoperiosteal
flap preventing its collapse into the defect, thus stabilizing the blood clot and providing
additional space needed for periodontal regeneration. These results are in line with those
of a recent systematic review that analyzed the application of EMD with and without bone
grafts (46). When EMD was combined with bone grafts the CAL gains were 3.76 ± 1.07 mm
compared to 3.32 ± 1.04 mm when EMD was used alone while the PPD reductions were
4.22 ± 1.20 mm in the combination group compared to 4.12 ± 1.07 mm when EMD was
alone. However, the increase in REC amounted 0.76 ± 0.42 mm, which is comparable to
our value of 0.89 ± 0.59 mm. The reason for such an increase in the recession in our study
could be due to the fact that the majority of our defects were 1- and 2-wall or combinations
of the two with little support of the surrounding tissues. This assumption is in line with
those of a previous study by De Leonardis and Paolantonio where they reported CAL
gains of 3.47 ± 0.65mm and PPD reductions of 4.00 ± 0.42 mm following the combination
of EMD with a bone graft in 1- and 2-wall defects [49]. The importance of intrabony
defect morphology, number of walls, radiographic angle and depth of the intrabony
component was recently analyzed in a systematic review and meta-analysis [50]. The
authors concluded that these parameters affect the clinical outcomes, indicating that deeper,
narrower defects and defects with more walls are associated with improved clinical and
radiographic outcomes. To overcome the issue of a negative effect of a defect morphology
on the clinical outcome, the additional use of filler material is recommended in these non-
space maintaining defects to increase the stability of the blood clot and create space for the
regeneration process. In this context, the present study results in terms of CAL gains and
PPD reductions are comparable to those of other studies that have utilized different growth
factors combined with bone grafting materials, thus supporting the use of combination
approaches for periodontal regeneration [17,44–46].

However, CAL gain changes alone have to be considered carefully, especially if pe-
riodontal pockets deeper than 4mm still remain since they may represent a significant
risk factor for long-term disease progression/recurrence [9]. Therefore, in a recent publi-
cation, Trombelli et al. [51] proposed a composite outcome of combined CAL gains and
PPD ≤ 4 mm examining the frequency of these clinically relevant outcomes. Furthermore,
in a recent systematic review by Aimetti et al. the authors assessed the frequency of re-
ported pocket resolution (PPD ≤ 3 mm and PPD ≤ 4 mm) outcomes in the regenerative
treatment of intrabony defects utilizing papilla preservations techniques (PPTs) [52]. Their
final analysis included 12 randomized clinical trials and found that the pocket resolution
with a PPD ≤ 3 mm was achieved in 61.4% and with a PPD ≤ 4 mm in 92.1%. However,
for the PPD ≤ 3 mm, the results ranged from 28.6% to 93.3%, while for PPD ≤ 4 mm, the
range was less variable, ranging from 71.4% to 100%. In the present study, we found that in
51.9% of the sites we had a remaining PPD ≤ 3 mm, and in another 40.7% of the sites a PPD
of 4 mm, with two sites having a PPD of 5 mm, 7.4%. However, when we consider PPD
of 4mm as the cut-off value, the overall percentage of pocket resolution is 92.6%, which
is in line with the aforementioned systematic review. When we compare the 6 months
results from Trombelli et al. [51] to our 6 months’ results, similarities in terms of CAL gains,
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pocket closure percentages and failure rates, defined as PPD > 4 mm, are observed. CAL
gains in the Trombelli study were 3.7 mm, compared to our 3.65 mm, the average residual
PPDs were 3.7 mm compared to our 3.35 mm, and failure rates indicated by a PPD > 4 mm
were 7% compared to our 7.4%. When we look at pocket closure percentages, the authors
reported 79.6% compared to 92.6% in our study. This discrepancy could be due to the
bigger number of treated sites in their study n = 103, compared to n = 27 in our study.
However, these results show that the combined approach using HA + xenograft with PPTs
is able to achieve clinically relevant PPD reductions, CAL gains and pocket resolution
compared to other clinical studies.

Limitations of the present study are the lack of a control group treated with HA alone
and the short-term follow-up of 6 months, although there are a number of multicenter
clinical trials with 6 months of follow-up [44,45,51]. Furthermore, although radiographs
were taken, they were not standardized and, therefore, no precise hard tissue measurements
were possible.

5. Conclusions

In conclusion, the application of a combined approach of HA and a xenograft in deep
intrabony defects provides clinically relevant CAL gains and PPD reductions with over
90% of pocket closure based on a PPD of 4 mm. It can thus be anticipated that this approach
may represent a new treatment option for deep intrabony defects. Therefore, randomized
clinical trials comparing the use of HA alone with HA plus bone graft are warranted to
shed light on the clinical relevance of this novel treatment approach.
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Abstract: The present study aimed to synthesize biphasic calcium phosphate ceramics (CaPs)
composed of β-tricalcium phosphate (β-TCP) and hydroxyapatite (HAp) from the propagated
Scleractinian coral and dicalcium phosphate anhydrous using a solid-state reaction followed by heat
treatment at a temperature of 1100 ◦C for 1 h to 7 days. The as-prepared coral and coral-derived bipha-
sic CaPs samples were characterized through scanning electron microscopy, X-ray diffractometry,
Fourier transform infrared spectroscopy, and Raman spectroscopy. The cell response of the biphasic
CaPs was evaluated by in vitro cytotoxicity assessment using mouse fibroblast (L929) cells. The
bilateral femoral defect rabbit model was used to assess the early local reaction of the coral-derived
biphasic CaPs bone graft on tissue. The results confirmed that the co-existence of β-TCP and HAp
was formed at 1100 ◦C for 1 h. The ratio of HA/β-TCP increased as the heat-treatment time increased.
The coral-derived biphasic CaPs comprising 61% HAp and 39% β-TCP (defined as HT-3) were not
cytotoxic. Furthermore, no significant differences in local tissue reaction were observed between
the HT-3 sample and autogenous bone. Therefore, the synthesized coral-derived biphasic CaPs is a
candidate for bone grafting due to its good biocompatibility.

Keywords: bioactive materials; bioceramics; biocompatibility; composites; calcium phosphate
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1. Introduction

Coral exoskeletons possess unique interconnected porous architecture including tubu-
lar cavities ranging from 100 to 250 mm in length, similar to human bones and teeth, and
have consequently attracted attention in orthopedics and maxillofacial surgery [1,2]. The
presence of macropores greater than 150–500 μm in diameter facilitates nutrient diffusion,
enables osteogenesis, and enhances bone formation [3]. Coral exoskeletons are crystals
composed of calcium carbonate in the form of aragonite or calcite; their resorption rate
as a bone growth rate is too fast to allow sufficient bone ingrowth, which limits clinical
applications [4–6].

Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is more similar to bone and teeth and shows
lower solubility than calcium carbonates in the body fluids [7–9]. Therefore, biomimetic
synthesis methods have been explored to include HAp and other CaP with the calcium
carbonate microstructure with the interconnected macroporosity [10–14]. Both in vitro and
in vivo studies have demonstrated that the bioceramics from these biogenic sources have
dual functions of osteoconduction and osteoinduction [13,14].

The co-existence of HAp and β-tricalcium phosphate (β-TCP, Ca3(PO4)2) was often
observed under the routes to synthesize the pure HAp or β-TCP [15]. β-TCP has a compa-
rable chemical composition to HAp; however, it is considered resorbable in vivo due to its
faster release of Ca2+ and PO4

3− ions when exposed to physiological fluids [16,17]. As bone
graft substitutes, mixtures of the stable HAp with Ca/P ratio of 1.67 and the soluble β-TCP
with Ca/P ratio of 1.5 have demonstrated higher efficacy for degradation rate to match the
new bone formation rate when compared with single-phase HAP or β-TCP [18–20].

Hydrothermal conversion is the preferred method for the production of coral-derived
HAp. However, this synthetic process is inappropriate for commercial manufacturing
because this process is slow, has complicated pH adjustments, and limited β-TCP batch
size [21–23]. Under the solid-state reaction route, a homogeneous mixture of calcium and
phosphate precursors can be mixed in water at room temperature to synthesize a biphasic
CP with a controlled ratio of HAp to β-TCP using various heat-treatment temperatures
and durations [21,24]. Highly crystalline and biphasic CaPs synthesized were suitable for
mass production, high reproducibility, and low processing cost [25].

The present study aimed to synthesize highly crystalline biphasic CaPs from propa-
gated Scleractinian coral [26] and dicalcium phosphate anhydrous (DCPA, CaHPO4) using a
solid-state reaction followed by heat treatment. The influence was investigated of the heat-
treated durations on the formation of the crystalline CaPs and their respective cytotoxicity
properties. The rabbit bone defect model was used to assess the potential of coral-derived
CPs as bone grafting.

2. Materials and Methods

2.1. As-Prepared Coral Granules

DCPA was used as a phosphate precursor. The propagated Scleractinian coral was
purchased (Popeye Marine Biotechnology Limited, New Taipei City, Taiwan). Organic sub-
stances were removed using a self-developed cleaning process, and the coral was manually
crushed and sieved using a 595 μm-mesh sieve. These deproteinized coral granules were
washed thoroughly using the demineralized water, neutralized with phosphate-buffered
saline (PBS), and sterilized in an autoclave. A commercial coral calcium powder, hereafter
denoted as SMP-44 (Biomed herbal, Taichung, Taiwan), was used for comparison.

2.2. Coral-Derived Biphasic CaPs

The as-prepared coral granules and DCPA with the Ca to P (designated as Ca/P)
molar ratio of 1.50 were mixed in demineralized water and homogenized in a brushless
stirrer at a rotation speed of 450 rpm for 4 h. After filtering and drying, the mixture was
heat-treated at 1100 ◦C in the high-temperature furnace (JH-4, Kingtech Sciencetific, Taipei,
Taiwan) for a specified duration. The samples herein were referred to as HT-0.1, HT-3, and
HT-7 when the heat treatment was for 1 h, 3 days, and 7 days.
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2.3. Surface and Microstructure Analysis

Crystallinity analysis and phase identification of the heat-treated samples were per-
formed using X-ray diffractometry (XRD; Rigaku 2200, Tokyo, Japan) operated with Cu
Kαradiation operated at 50 kV and 250 mA. Crystalline phases were identified by compar-
ing the database from the Joint Committee on Powder Diffraction Standards (JCPDS) [27].
The mass fraction was semi-quantified using the area of the peaks from β-TCP (0210) and
the sum of the area of the peaks from HA (211) and β-TCP (0210). The chemical bonding
information of the samples was characterized via Fourier-transform infrared spectroscopy
(FTIR; Perkin-Elmer Spectrum 100, Shelton, CT, USA) with a spectral resolution of 4 cm−1.
Surface morphology of the samples was examined using scanning electron microscopy
(SEM; JEOL-6500F, Tokyo, Japan) using an accelerating voltage of 20 kV [28,29]. Raman
spectra were recorded at room temperature using Raman and a scanning near-field, optical
microscope equipped with a 633 nm excitation laser source (Horiba HR800, Protrustech
Co., Ltd., Taipei, Taiwan) [24,30].

2.4. In Vitro Cytotoxicity Evaluation

The mouse fibroblast cell line (L929 RM60091, Bioresource Collection, and Research
Center, Hsinchu, Taiwan) was adopted in this experiment according to ISO 10993-5 spec-
ification [31]. The cells were seeded in culture dishes at a density of 5 × 104 cells per
100 μL in α-Minimum Essential Medium (MEM; Level Biotechnology, New Taipei City,
Taiwan). Cells from passage 2 were harvested at 80% confluence and used for further
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolim bromide (MTT) assay. The extracts of
the investigated samples were placed in an orbital shaker maintained at 37 ◦C for 24 h with
a mass to volume extraction ratio of 0.2 g/mL, which was followed by filtering and sealing
in sterile bottles. L929 cells at a density of 1 × 104 cells/well were cultured in MEM and
seeded on the 24-well culture plates. After obtaining a confluent monolayer, the medium
was replaced by 0.1 mL sample extracts and incubated for 24 h at 37 ◦C in an atmosphere
of 5% CO2 (n = 3). Subsequently, a 10 μL MTT assay kit (R&D system, Minneapolis, MN,
USA) was added to each well and incubated for 2 h. The optical density (OD) value of each
plate was read at 570 nm using a microplate reader (ELx800, BioTek, Winooski, VT, USA).
The cell viability is expressed as shown in Equation (1):

Viability rate (%) =
ODHT − ODb
ODnc − ODb

× 100% (1)

where HT represents the measured OD of the samples, and nc and b represent the measured
ODs of the negative control (NC) and the blank. The culture medium with 10% (v/v)
dimethyl sulfoxide (DMSO) and an extract from high-density polyethylene were used as
positive control (PC) and NC [32].

For qualitative evaluation, L929 cells at a density of 5 × 104 cells/well were seeded
on the 24-well culture plates and incubated for 24 h at 37 ◦C in an atmosphere of 5% CO2.
The original culture medium was replaced by 0.5 mL sample extracts and incubated for
24 h at 37 ◦C in an atmosphere of 5% CO2 (n = 3). Then, the cells were stained with the
neutral red solution (Merck Taiwan, Taipei, Taiwan). Changes in cell morphology, cell
lysis, and membrane integrity were observed using the inverted fluorescence microscope
(FV1000/IX81, Olympus, Tokyo, Japan) under different magnifications.

2.5. A Pilot Study of the Rabbit Model for In Vivo Biocompatibility Assessment

A pilot study was carried out at Master Laboratory Co., Ltd. (Hsinchu, Taiwan)
according to the standard of ISO 10993-6:2016 “Biological evaluation of medical devices—
Part 6: Tests for local effects after implantation”. Five New Zealand white rabbits weighing
2.8–3 kg (Livestock Research Institute, Tainan, Taiwan) were used to assess in vivo local
tissue reaction using a bone defect model at the distal femur where autogenous bone
was used for comparison. Before implantation, rabbits were sedated by intramuscular
injection of tiletamine–zolazepam (10 mg/kg, Virbac Taiwan, Taipei, Taiwan) and xylazine
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hydrochloride (10 mg/kg, Bayer Taiwan, Taipei, Taiwan); then, they were anesthetized
with isoflurane under aseptic conditions. Bone defects were created with a diameter of
4 mm and depth of 5 mm in the bilateral condyle of the femur using a motorized drill (Frios
Unit S, Dentsply Sirona Taiwan, New Taipei City, Figure 1a). The bone graft sample was
implanted into the defect site on the right femur, and the autogenous bone was implanted
into the left femur (Figure 1b) by a well-trained veterinary. The rabbit was euthanized with
carbon dioxide 4 weeks post-operatively. Bone blocks were collected from the adjacent
and bottom regions of original bone defects for histological analysis. The bone blocks were
fixed in 10% neutral-buffered formalin, dehydrated using ethanol, embedded in methyl
methacrylate (MMA), sectioned into 4 to 5 μm-thick slices, stained with hematoxylin and
eosin (H&E), and observed via using the Aperio CS pathology scanner (Leica Biosystems,
Buffalo Grove, IL, USA).

Figure 1. (a) Surgical model and (b) a schematic implantation design in the right distal femur
of rabbit.

2.6. Statistical Analysis

The SPSS statistic software (Version 19.0., SPSS Inc., Chicago, IL, USA) was used to
analyze the experimental data. The difference between groups was determined by one-way
analysis of variance followed by Tukey’s HSD post hoc test. A p value of less than 0.05 was
considered as statistically significant.

3. Results

3.1. Characterizations of the Propagated Coral Granules

The SEM image in Figure 2a reveals the as-prepared coral granules with interconnected
pore sizes of 100 to 250 μm. A polycrystalline and fibrous morphology was observed at the
highly magnified image; as shown in Figure 2b–d, the SMP-44 sample of commercial coral
calcium powder did not have the interconnected pores.

Figure 3a shows that the as-prepared coral exhibited a fully crystalline, single phase
of aragonite (JCPDS 01-076-0606), which is similar to the literature [4]. The diffractogram
of the SMP-44 sample shown in Figure 3b showed crystalline peaks corresponding to
(Ca,Mg)CO3, but the peaks slightly shifted to larger diffraction angles (JCPDS 00-005-0622).

FTIR spectra revealed that the as-prepared coral exhibited the characteristic bands for
aragonite at 712 (in-plane bending mode, ν4), 854 (out of plane bending mode, ν2), 1082
(symmetric stretching mode ν1), and 1472 (asymmetric stretching, ν3) cm−1, as shown in
Figure 4a. The Raman spectroscopy confirmed the phases present, as shown in Figure 4b.
The characteristic Raman symmetric stretching band (ν1) at 1087.6 cm−1 and the in-plane
bending mode (ν4) at 705.8 cm−1 of the Raman spectra also indicate that the as-prepared
coral granules were aragonite.
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Figure 2. Comparisons between as-prepared coral and commercial coral calcium powder samples.
(a) SEM image of the as-prepared coral, (b) a higher magnification SEM image of the as-prepared
coral, (c) SEM image of the commercial coral calcium sample, and (d) a higher magnification SEM
image of the commercial coral calcium sample.

3.2. Effects of Heat-Treated Duration on the Formation of Biphasic CaPs

Figure 5 shows the XRD patterns of the samples prepared by the heat treatment of
as-prepared coral and DCPA at various durations. The diffraction spectra of all heat-
treated samples were similar. A complete decomposition of CaCO3 took place; these
diffraction peaks were absent after heat treatment. Only β-TCP (JCPDS 00-009-0169)
and HAp (JCPDS 01-084-1998) phases were observed for all heat-treated samples. The
diffraction intensity of the peaks corresponding to β-TCP decreased with longer heat-
treated time. Table 1 presents the results of semi-quantification of the crystalline phases in
biphasic CaPs, showing that longer heat treatment created more HAp.

Table 1. Relative phase content (%) in biphasic CaP synthesized for varying durations.

Phase HT-0.1 HT-3 HT-7

HAp 39.8 61.0 62.6
β-TCP 60.2 39.0 37.4

Figure 6 shows the effect of heat treatment duration on the FTIR spectra. The spectra
of all heat-treated samples were similar, having the hydroxyl (OH−) and phosphate (PO3−

4 )
groups characteristic of CaPs. The sharp peak at 3643 cm−1, belonging to the stretching
vibration motion of the OH− groups, was observed for all heat-treated samples. The bond
regions of PO3−

4 groups at 611–540 cm−1 and 1139–944 cm−1 were also observed in all heat-
treated samples, as were the asymmetrical stretching bands ν3 (1139 cm−1), the symmetric
stretching bands ν1 (944 cm−1), and the bending bands ν4 (611, 586 and 543 cm−1), which
were related to PO3−

4 groups of β-TCP [13,29]. All samples also presented the asymmetrical
P-O stretching mode (ν3) at 1086 cm−1, the asymmetrical bending modes (ν4) at 600 and
568 cm−1, and the symmetric stretching modes at 962 (ν1) and 474 (ν2) cm−1, which
are distinguishable peaks in the PO3−

4 groups of crystalline HAp [18]. Two peaks were
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exhibited at 3544 cm−1 and 3571 cm−1 that represented the stretching vibrations of the
OH− groups in crystalline HAp. A trace of the symmetric stretching vibration of the
HPO2−

4 groups at 877 cm−1 appeared in all heat-treated samples.

Figure 3. XRD pattern of (a) the as-prepared coral and (b) the commercial coral calcium sample.
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Figure 4. (a) FTIR and (b) Raman spectra of the as-prepared coral sample.
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Figure 5. XRD patterns of the samples prepared by the heat treatment of as-prepared coral and DCPA
at various durations, including reference spectra for JCPDS 01-084-1988 and 00-009-0169.

Figure 6. FTIR spectra of the samples prepared by the heat treatment of various durations of as-
prepared coral and DCPA. Green areas indicate the bond regions of PO3−

4 groups; gray areas indicate
the bond regions of OH− groups; pink areas indicate the bond regions of CO2−

3 groups.
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Figure 7 has the Raman spectra of the samples prepared by calcination of the as-
prepared coral and DCPA at different durations in the fingerprint region (900–1100 cm−1).
All heat-treated samples exhibited the main vibration modes associated with PO3−

4 groups:
a wideband representing symmetric P-O stretching mode (ν1) located in 930–990 cm−1, and
the asymmetric stretching (ν3) was at 1030–1080 cm−1. Some differences were observed in
the range between 950 and 980 cm−1. The HT-0.1 sample displayed major peaks at 950, 972,
and 1048 cm−1 that could be assigned to the vibrational internal modes of PO3−

4 groups of
β-TCP. Some peaks at 964 and 1088 cm−1 were observed in the HT-0.1 sample, indicating
the formation of HAp. With the increasing heat-treated time, the peak intensity at 964 cm−1

increased, and that at 1048 cm−1 decreased.

Figure 7. Raman spectra of the investigated samples prepared by the heat treatment of as-prepared
coral and DCPA at different durations.

3.3. In Vitro Cytotoxicity Response

Based on the above investigations, the HT-3 sample was selected for the study of
the heat-treatment conditions discussed in the in vitro cytotoxicity response and in vivo
bone defect test. Table 2 has the OD values of cells that were co-cultured with extracts
from the HT-3 sample for 24 h. No significant differences in cell viability were observed
among the blank, NC, HT-3, and 50% HT-3 groups, and the cell viabilities were higher
than those of the PC group. The cell viabilities of both 50% and 100% extracts of the
HT-3 sample were higher than 70%, indicating that the HT-3 sample possessed no acute
cytotoxic potential. Figure 8 shows the cell morphology variations of the tested samples.
Cells had long spindle shapes with good density in the blank and NC groups (Figure 8a,b),
whereas round cells and nearly destruction of the cell layers were observed in the PC group
(Figure 8c). The HT-3 group (Figure 8d) had a cell morphology and density similar to the
blank and NC groups.
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Table 2. The results of MTT assay for evaluation of cell viability.

OD570 nm Viability (%) Cell Lysis (%)

Blank 0.986 ± 0.002 100 0
NC 0.984 ± 0.003 100 0
PC 0.098 ± 0.001 10 90

HT-3 0.929 ± 0.035 94 6
50% HT-3 0.963 ± 0.028 98 2

Figure 8. Optical images of the cell morphologies on the investigated samples: (a) blank, (b) negative
control, (c) positive control, and (d) HT-3.

3.4. Bone Tissue Reaction Features

Figure 9 shows the histological images of the defects. No abnormal behavior or
wound infection were found in the two graft materials, the coral samples, or autogenous
bone, 4 weeks after the bone graft. Lymphocytes in the HT-3 group were higher than the
autogenous bone group, although no significant differences were observed in the overall
tissue reaction between the two materials (Table 3). These findings indicate that the HT-3
samples were considered non-responsive to tissues compared to autogenous bone samples
after 4 weeks of implantation. The investigated HT-3 sample had no adverse effect on the
tissue response and was comparable to that of the autogenous bone sample.

Figure 9. H & E staining results of the investigated samples after 4 weeks of implantation: (a) control
and (b) HT-3.
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Table 3. Histological findings and irritant-ranking scores according to ISO 10993-6: 2016.

HT-3 (n = 10)
Autogenous Bone

Group (n = 10)
p Value

Polymorphonuclea 1.2 ± 1.8 0.8 ± 1.1 0.68
Lymphocytes 4.4 ± 0.9 3.6 ± 0.9 0.20
Plasma cells 0 0

Macrophages 0 0
Giant cells 0 0
Necrosis 0 0

Neovascularization 0 0
Fibrosis 0.6 ± 0.5 0.6 ± 0.5 >0.05

Fatty infiltrate 2.2 ± 0.5 2.4 ± 0.9 0.67

4. Discussion

Coral-derived CaP composed of HAp and β-TCP were obtained after heat treating
the mixture of the propagated Scleractinian coral and DCPA at 1100 ◦C for as little as
1 h. The DCPA suspension with NaOH, NaF, or NaCl was transformed into HAp or TCP
after hydrolysis for seven days; however, this process was slow and had complicated
pH adjustments [21,22]. Furthermore, traditional porous-forming technologies were hard
and relatively rare to realize the complex structures, which were structurally similar to
human bone and tooth enamel [10,11]. The present study used the propagated Scleractinian
coral as a calcium precursor and provided the calcium carbonate microstructure with the
inter-connected microporosity.

β-TCP may be formed at 800 ◦C through the dehydration of DCPA to β-Ca2P2O7 and
decomposition of CaCO3 to CaO [21,24]. Rhee et al. [25] synthesized mixtures of HAp
and β-TCP using mechanochemical treatments. No noticeable changes of the initial two
powders, Ca2P2O7 and CaCO3, were observed after 8 h of milling, but the surface area
increased, which caused the speculation. Similar results were observed in the present study.
A dominant component of the raw material used, the propagated Scleractinian coral, was
aragonite CaCO3. The heat treatment for 1 h resulted in the complete decomposition of the
starting materials into only two crystalline phases: HA and β-TCP. The relative amount of
β-TCP was higher than HAp after 1 h of heat treatment and decreased with longer heat
treatment, implying that β-TCP was easily formed. The structural similarity between the
starting materials and β-TCP facilitated the transformation from CaCO3 into β-TCP [16].
In additional, the Ca/P ratio of the starting materials also provided favorable conditions
for β-TCP formation [17].

The relatively greater proportion of HAp after increasing heat treatments may result
from the instability of β-TCP [20]. With higher heated temperature, slight hydration and a
slight deficit of hydration water in DCPA facilitated to form HAp, as shown in the following
reaction [25]:

4Ca3(PO4)4 + 2H2O → Ca10(PO4)6(OH)2(surface) + 2CaHPO4.

The diffraction peaks of CaP-based mixtures were overlapped because of the similar
chemical structures. Therefore, the vibrational spectroscopies helped characterize vibra-
tions for these materials’ amorphous species or crystalline phases [15,29]. The FTIR and
Raman spectra results were in good agreement with the XRD findings in the present study.
The presence of the Raman (Figure 5) OH− peaks at 3645 cm−1 may result from the ad-
sorbed moisture due to the highly hygroscopic property of phosphates and the appearance
of the ambient air atmosphere during heat treatment [24]. The OH− peak decreased with
longer heat treatment, suggesting that the conversion of β-TCP to HA was formed due to
the existence of water and the supply of additional hydroxyl groups [25].

The mixture heat-treated for 3 days (HT-3) contained 61% HAp and 39% β-TCP, and
there was no significant difference in HAp/β-TCP ratio between HT-3 and HT-7 samples
(Table 2). DMSO was used as a positive control because it was cytotoxic. High-density
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polyethylene was used as a negative control to clear the background response of the
cells [32]. These results and the MTT assay demonstrated that heat treatment for 3 days
was sufficient to generate biphasic CaP with the stable phase composition and excellent
biocompatibility properties [16]. The results of qualitative visual cellular characterization
shown in Figure 7 from the cytotoxicity test agreed with those of MTT assay analysis
regarding the toxicity of the cells. The cell layer reactivity that resulted from biomaterial
extracts can be scored from 0 (no reactivity) to 4 (severe reactivity) [31]. L929 cells exposed
to HT-3 showed no reactivity (Grade 1) and were considered cytocompatible.

The pilot study of rabbit femur defects revealed that the HT-3 sample did not induce
an irritant response 4 weeks after rabbit femur bone implantation. It had the same biological
effect (without adverse effect) as the autogenous bone sample. Therefore, it is believed that
the coral-derived biphasic CaPs comprising 61% HAp and 39% β-TCP (i.e., HT-3 sample)
not only exhibited good biocompatibility but also possessed the potential to facilitate bone
tissue regeneration. More studies should be performed to validate the present findings.

5. Conclusions

Biphasic calcium phosphates containing β-TCP and HAp were synthesized by stir-
ring solutions of propagated coral and dicalcium phosphate anhydrous followed by heat
treatments at 1100 ◦C for 1 h to 7 days. The synthesized biphasic CaPs samples displayed
no cytotoxic effects. Implantation in bone defects in the rabbit model did not induce locally
adverse tissue reactions and had new bone formation. The coral-derived biphasic CaPs
with 61% HAp and 39% β-TCP sample are a useful bone graft substitute for bone defect
treatment applications.
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Abstract: The objective was to evaluate new commercially available ion-releasing restorative materials
and compare them to established anti-cariogenic materials. Four materials were tested: alkasite
Cention (Ivoclar Vivadent) in self-cure or light-cure mode, giomer Beautifil II (Shofu), conventional
glass-ionomer Fuji IX (GC), and resin composite Tetric EvoCeram (Ivoclar Vivadent) as a control.
Flexural strength, flexural modulus, and Weibull modulus were measured one day, three months, and
after three months with accelerated aging in ethanol. Water sorption and solubility were evaluated
for up to one year. Degree of conversion was measured during 120 min for self-cured and light-
cured Cention. In this study, Beautifil II was the ion-releasing material with the highest flexural
strength and modulus and with the best resistance to aging. Alkasite Cention showed superior
mechanical properties to Fuji IX. Weibull analysis showed that the glass-ionomer had the least reliable
distribution of mechanical properties with the highest water sorption. The solubility of self-cured
alkasite exceeded the permissible values according to ISO 4049. Degree of conversion of light-cured
Cention was higher than in self-cure mode. The use of alkasite Cention is recommended only in the
light-cure mode.

Keywords: flexural strength; modulus; water sorption; solubility; degree of conversion; alkasite;
giomer; glass-ionomer; long-term

1. Introduction

In recent years, restorative dentistry has gradually shifted from “biocompatibility”
to “bioactivity”. With the advancement of minimally invasive dentistry, scientific interest
in restorative materials with ion release also increases [1–5]. Restorative materials should
possess anti-demineralizing and remineralizing properties to fight against caries while
retaining their stability over time and resistance to occlusal load, thermal changes, and
enzymatic influences in the oral cavity.

The term “bioactive dental restorative materials” is still a matter of debate. While
some biomaterial scientists claim that a bioactive material should be able to form a hy-
droxyapatite precipitate at its surface [6], others discard this idea [7]. At the same time,
they should create an active interface with biological tissue [8]. Glass-ionomers were the
first dental restorative materials able to satisfy some of the properties desired for the bioac-
tive restorative material [9,10]. Fluoride release is considered accountable for promoting
biomineralization of mineral-depleted hydroxyapatite [6,11], while self-adhesion to tooth
substrate enables their direct interaction with hard dental tissues [9]. Glass-ionomers are
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hydrophilic materials and need water for their setting reaction. Still, they are also sensitive
to dehydration (leading to cracking of the material surface) [12] and excessive water uptake
(leading to the dissolution of metal cations) [13]. The clinical applicability of glass-ionomers
is limited to low-stress bearing areas because of poor flexural strength, toughness, and
wear [14,15].

Aiming to improve the mechanical properties and durability of conventional glass-
ionomers to the level of resin composites [16–18], a variety of ion-releasing materials
based on fluoroaluminosilicate glass as a filler component has been made: cermets, fiber-
reinforced glass-ionomers, resin-modified glass-ionomers, compomers, and giomers [14,19].
The coupling of functional fillers and the methacrylate matrix is desirable to allow quick and
on-demand hardening of a material. Giomers typically contain a resin-based matrix and
unique pre-reacted glass-ionomer (PRG) fillers, which have a conventional glass core with a
surface glass-ionomer layer pretreated with polyalkenoate acid and a completed acid–base
reaction. PRG fillers are afterward dehydrated and silanated to ensure copolymerization to
the resin [10]. Besides PRG fillers, giomers contain conventional silanated macro- and micro-
fillers. This approach seems to be highly successful in terms of the giomer’s high fracture
toughness and flexural strength [19,20]. The fluoride release depends on the material’s
water sorption after placement in the moist environment and is therefore significantly lower
than in resin-modified glass-ionomers or compomers [10,19]. Their behavior is considered
very similar to resin composite, and their clinical performance is satisfactory [21].

Recently, a new class of resin-based ion-releasing materials appeared on the market,
named alkasite materials. The name is derived from their alkalizing properties due to
the release of hydroxide (OH−) ions. The only material in that class is produced by
Ivoclar Vivadent (Schaan, Liechtenstein), whose composition was modified over time.
Cention N (Ivoclar Vivadent) was the first material that appeared on the market in the
hand-mix version. Cention (Ivoclar Vivadent) and Cention forte (Ivoclar Vivadent) are
their successors in a capsulated version. According to the manufacturer, the composition
of Cention is the same as that of Cention forte, the difference being in the application
mode (Cention forte is recommended for use with a special adhesive system). Three
main types of fillers are present: silanized inert barium aluminum silicate glass, calcium
barium aluminum fluorosilicate glass similar to glass-ionomers, and calcium fluorosilicate
glass or “alkasite” glass. Besides these components, the manufacturer states that Cention
also contains ytterbium trifluoride and a prepolymerized filler termed Isofiller, similar to
other materials from the same manufacturer. The liquid phase consists of dimethacrylates
without any acidic groups that would impart self-adhesive properties [10]. Cention is a
bulk-fill restorative material with photoinitiators and chemical catalysts enabling a dual-
cure polymerization mechanism. This material releases Ca2+, F− and PO4

3− ions in neutral
and acidic conditions, leading to apatite formation on its surface [22,23]. A series of
studies by Par et al. showed that Cention has an acid-neutralizing capability [4] and
prevented demineralization of enamel [24] and dentine [25] when subjected to lactic acid
over a prolonged period. Presently, this material is considered the only true commercially
available bioactive composite [10,23]. Clinical studies are still lacking, as well as the
investigations on the influence of mineral deposits at the surface of the restoration on
proper oral hygiene maintenance and the antimicrobial action [26,27].

The release of ions or any other substances from a restorative material always raises
concerns about the possible dissolution of functional filler particles. In the set material
placed in an aqueous environment, this could create voids and facilitate water sorption,
propagating further dissolution. Internal porosities lower the resistance of restoration to
occlusal forces and facilitate their fracture [28]. A compromise between satisfactory mechan-
ical properties and the ion-releasing benefits is needed. While mechanical properties of resin
composites [18,29,30], glass-ionomers [14,15], and giomers [19,21] are sufficiently explored,
studies focused on alkasite materials are scarce and mainly investigate the powder-liquid
hand-mixed Cention N [31–34]. Besides the work of Par and co-workers [4,22,24,25] that
focused on ion-releasing properties of Cention, a PubMed search of articles including
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the capsulated version of Cention resulted in finding only three papers studying fluoride
release [35], wear behavior [36], or biologic effects on pulp cells [37]. The data about the
long-term mechanical behavior of capsulated alkasite Cention used in either self-cure or
light-cure mode is still lacking, especially considering the compositional modifications of
the capsulated version in contrast to the predecessor Cention N.

This study was thus conducted to examine the long-term influence of water and aging
on the mechanical properties of currently available ion-releasing materials. Six parameters
were tested: flexural strength and modulus, Weibull modulus, degree of conversion, water
sorption, and solubility. The null-hypotheses were: (I) there is no difference between
different materials in any of the tested parameters, (II) for any given parameter, there is no
difference between different time points, and (III) there is no difference between Cention
when light-cured or self-cured in any of the tested parameters.

2. Materials and Methods

Four materials were tested in this study (Table 1), but with five testing groups, as one
material, alkasite Cention, was tested in a light-cured (LC) and self-cured (SC) mode.

Table 1. The composition of the tested materials provided by the manufacturers.

Type
Product Name
(Manufacturer)

Composition Curing Mechanism

Alkasite Cention (Ivoclar
Vivadent)

Powder: inert barium alumino-boro-silicate
glass, ytterbium fluoride, a calcium

fluoro-alumino-silicate glass, and a reactive
SiO2-CaO-CaF2-Na2O glass

Liquid: UDMA, aromatic aliphatic UDMA,
DCP, and PEG-400-DMA

Initiator system: hydroperoxide, Ivocerin,
and acyl phosphine oxide
Filler content: 58–59 vol%

Dual-cure

Giomer Beautifil II (Shofu Dental
GmbH)

Fillers: s-PRG (aluminofluoro-borosilicate
glass), Al2O3

Resin: bis-GMA, TEGDMA
Filler content: 69 vol%

Light-cure

Glass-ionomer Fuji IX GP Fast
(GC Europe)

Powder: fluoro-alumino-silicate glass
Liquid: Polybasic carboxylic acid (copolymer

of acrylic and maleic acid), tartaric acid,
water

Self-cure

Composite (control) Tetric EvoCeram
(Ivoclar Vivadent)

Fillers: Barium glass filler, ytterbium fluoride,
mixed oxide, prepolymers

Resin: bis-GMA, UDMA, bis-EMA
Filler content: 53–55 vol%

Light-cure

Abbreviations: Bis-GMA—bisphenol-A-glycidyldimethacrylate; TEGDMA—triethylene glycol dimethacrylate;
UDMA—urethane dimethacrylate; bis-EMA—ethoxylated bisphenol A-dimethacrylate; s-PRG—surface-modified
pre-reacted glass-ionomer fillers.

2.1. Study Protocol

Three tests were performed (degree of conversion, three-point bending, and water
sorption), and six parameters were measured: flexural strength, flexural modulus, Weibull
modulus, water sorption, solubility, and degree of conversion (only for Cention). The study
design is depicted in Figure 1.
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Figure 1. Flow chart of the study design.

2.2. Three-Point Bending Test

For the three-point bending test, bar-shaped specimens with dimensions 16 × 2 × 2 mm
were made [24]. Unset materials were filled in a custom-made silicone mold (Elite HD+Putty,
Zhermack, Badia Polesine, Italy) in excess, pressed with a polyethylene terephthalate (PET)
foil, and a microscope cover glass and flash material was removed. Light-curing was
performed for Cention LC, Beautifil II, and Tetric EvoCeram using Bluephase G2 (Ivoclar
Vivadent) with 950 mW/cm2 for 20 s, with three overlapping exposures on each side,
making six irradiations in total. The radiant exitance of the curing unit was measured using
a calibrated and NIST-referenced UV–Vis spectrophotometer (MARC; BlueLight Analytics,
Halifax, NS, Canada) and amounted to 952 mW/cm2 with peak intensities at 405 and
457 nm. Cention SC and Fuji IX were left to set at room temperature for 15 min in the dark.
All specimens were then immersed in distilled water and stored at 37 ◦C in the dark.

Sixty specimens per group were subjected to a three-point bending test using a cus-
tomized universal testing machine (Ultratester, Ultradent Products Inc., South Jordan, UT,
USA). Twenty specimens in each group were tested after one day in distilled water. Another
20 specimens were tested after three months (90 d) in distilled water, while the remain-
ing 20 specimens were tested after storage in distilled water for three months, followed
by immersion in absolute ethanol for three days. Flexural strength and modulus were
calculated [25]. The Weibull analysis (reliability analysis) was performed by plotting the
function ln:

ln (1/(1 − Pf)) = m (ln σ − ln σθ) (1)

where Pf = probability of failure, m = Weibull modulus σ = strength at failure, and
σθ = characteristic strength.
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2.3. Water Sorption and Solubility

Ten disk-shaped specimens per material were made (2 mm high and 6 mm in diameter)
in Teflon molds. The setting of the materials was performed similarly to the three-point
bending test: Cention LC, Beautifil II, and Tetric EvoCeram were light-cured with the
identical curing unit for 20 s on each side. At the same time, Cention SC and Fuji IX were
left to set at room temperature for 15 min in the dark.

After initial drying in the desiccator, the specimens were weighted with an analytical
scale (NBL 254 i, Adam Equipment, Milton Keynes, UK). The obtained values were desig-
nated as the initial mass of the specimen (m1). Afterward, the specimens were individually
placed in conical-shaped Eppendorf tubes with 4 mL of distilled water. They were stored
for one year (365 days) at 37 ◦C in the dark. The mass of the specimens was weighted after
1, 7, 14, 90, 180, and 365 days (m2(t), t—time). After the immersion, the specimens were
again dried in a desiccator. Their mass was regularly monitored until stable values (not
differing from a previous measurement for more than 0.1 mg) were achieved. The final
mass of the specimens after drying was marked as m3.

Water sorption and solubility were calculated according to the formula provided by
ISO 4049 [25]:

water sorption = (m2(eq) − m3) (g) (2)

solubility = m1 − m3 (g) (3)

where m2(eq) represents mass equilibrium.

2.4. Degree of Conversion

The degree of conversion was measured for alkasite Cention in self-cure or light-cure
mode, using Fourier transform infrared (FTIR) spectrometer (Nicolet iS50, Thermo Fisher,
Madison, NJ, USA) with an attenuated total reflectance (ATR) accessory. Cention capsules
were mixed, and the material was extruded directly on the diamond ATR crystal using
custom-made silicone molds at room temperature (22 ± 1 ◦C). The specimens (d = 6 mm,
h = 1.5 mm) were covered with PET strips and left to self-cure or light-cured for 20 s using
Bluephase G2. The curing unit was positioned perpendicularly and in direct contact with
the composite specimen surface. FTIR spectra were continuously collected at a rate of
2 spectra per second for 120 min after the placement of the material or start of light-activated
curing, with 4 scans and a resolution of 8 cm−1 [26]. Five specimens per experimental
group were tested (n = 5).

The ratio between the peak heights of aliphatic (1638 cm−1) and aromatic (1608 cm−1)
bands were used to calculate the degree of conversion (DC) for each spectrum for uncured
and cured specimens. The degree of conversion was plotted against time.

DC (%) =

(
1 − (1638 cm−1/1608 cm−1) after curing

(1638 cm−1/1608 cm−1) before curing

)
× 100% (4)

2.5. Statistical Analysis

The normality of distribution was evaluated using Shapiro Wilk’s test and the in-
spection of normal Q-Q diagrams. Since the data for flexural strength and modulus data
violated the assumption of normality, the comparisons performed were statistically ana-
lyzed using the Kruskal-Wallis test with Bonferroni post-hoc adjustment. Weibull statistics
were performed to examine the reliability of the materials. For water sorption and solubility,
data were normally distributed, hence why the mixed-model ANOVA with Tukey and
Bonferroni corrections (for independent and dependent observations, respectively) were
used for statistical analysis. The degree of conversion data for Cention SC and Cention LC
were normally distributed and compared using a t-test for independent observations. SPSS
(version 20, IBM, Armonk, NY, USA) was used for the statistical analysis with the level of
significance α = 0.05.
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3. Results

Light-cured materials exhibited the highest flexural strength, followed by self-cured
materials, in a decreasing manner: Tetric EvoCeram = Beautifil II > Cention LC > Cention SC
> Fuji IX. Figure 2 shows that the flexural strength of the Cention LC was the highest after 1
day (104 ± 32 MPa) and after 3-month water exposure (99 ± 13 MPa), while significantly
decreasing (p = 0.003) after ethanol immersion (84 ± 13 MPa). On the contrary, the same
material showed a flexural strength increase when left to self-cure, so the 1-day values
(62 ± 13 MPa) were significantly lower (p < 0.001) than values after 3-month water exposure
(78 ± 16 MPa) and an additional ethanol immersion (87 ± 21 MPa, p < 0.05). Beautifil
II demonstrated unexpectedly higher flexural strength values after 3-month water and
ethanol exposure than after 3-month exposure to water only (p = 0.032).

Figure 2. Flexural strength as a function of time for tested materials (mean values ± standard
deviation, n = 20). Identical uppercase letters denote p > 0.05 for the same material between different
time points; identical lowercase letters denote p > 0.05 between materials at the same time point.

A similar pattern was noted for the flexural modulus, as depicted in Figure 3. Cention
LC demonstrated a significant drop down (p < 0.001) in modulus after 3 mth (4.2 ± 0.3 GPa)
and 3 mth + eth (3.4 ± 0.3 GPa) groups compared to 1-day values (5.6 ± 1.7 GPa). The flex-
ural modulus of Cention SC was significantly lower (p = 0.001) after 1 day (2.8 ± 0.5 GPa)
than after 3 mth (3.3 ± 0.5 GPa) and 3 mth + eth (3.5 ± 0.6 GPa). Beautifil II showed a
higher modulus (p < 0.001) after ethanol exposure (5.8 ± 0.5 Gpa) than after 3-month water
exposure (5.4 ± 0.6 GPa). Fuji IX had the significantly lowest (p < 0.001) flexural strength
(7.9–12.0 MPa) and the lowest flexural modulus (0.5–2.7 GPa).

Material reliability was calculated by the Weibull analysis (Figure 4). All light-cured
groups showed high reliability and similarly narrow distribution of values, except after one
day of water immersion. Unlike them, Cention SC had higher reliability with closely dis-
tributed values for one day. The Cention SC group demonstrated similar values, but these
values were slightly lower compared to Cention LC. Fuji IX showed a wide distribution of
data and, therefore, much lower reliability than other materials in this study.
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Figure 3. Flexural modulus as a function of time for tested materials (mean values ± standard
deviation, n = 20). Identical uppercase letters denote p > 0.05 for the same material between different
time points; identical lowercase letters denote p > 0.05 between materials at the same time point.

Figure 5 shows the results of water sorption and solubility. Fuji IX exhibited the
highest water sorption (127.6 μg/mm3), followed by Cention SC (73.6 μg/mm3), Cention
LC (40.5 μg/mm3), while Tetric EvoCeram (31.6 μg/mm3) and Beautifil II (30.4 μg/mm3)
had the lowest sorption (p < 0.001). The highest solubility was demonstrated by Cention
SC (193.9 μg/mm3), which was significantly reduced (p < 0.001) by photo-polymerization
in Cention LC (21.9 μg/mm3). Full water saturation was achieved after 90 days for Tetric
EvoCeram and Cention LC, and after 180 days for Cention SC. After 365 days, a plateau
of mass change was not reached for Beautifil II and Fuji IX, as visible from Figure 6. The
highest mass gain for Fuji IX was accomplished during the first day (Figure 7), while
the weight of Cention SC continuously dropped after the seventh day and continued
falling for six months. At the 3-month point, Cention SC was the material with the lowest
mass (p = 0.001–0.082), indicating mass loss. At the same time, Fuji IX had the highest
mass (p < 0.001), while light-cured groups (Tetric EvoCeram, Beautifil II, and Cention LC)
behaved statistically similarly.

The increase in the degree of conversion for Cention LC started immediately after
activation of the curing unit, while for Cention SC, it started 11 min after mixing (Figure 8).
The degree of conversion after 120 min was significantly higher (p = 0.007) for Cention LC
(65.0 ± 2.1%) than for Cention SC (59.7 ± 2.5%).
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Figure 4. Weibull plots for tested materials and time points of measurement.
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(a) (b) 

Figure 5. Water sorption (a) and solubility (b) for tested materials (mean values ± standard deviation,
n = 10). Identical uppercase letters denote p > 0.05.

Figure 6. Mass change over one year of water immersion for tested materials. Error bars denote
standard deviations.

67



Materials 2022, 15, 4042

Figure 7. Mass changes over three months of water immersion. Error bars denote standard deviations.

Figure 8. Degree of conversion as a function of time for Cention LC (green line) and Cention SC
(blue line).

4. Discussion

This study examined the evolution of mechanical properties of ion-releasing materials
over three months and after accelerated aging in ethanol, while water sorption and solubility
were evaluated over one year. It was found that the flexural properties of the new bioactive
composite Cention were higher than those of a high-viscosity glass-ionomer and lower
than those of a conventional resin composite. When left to self-cure, this dual-cure bulk-fill
material exhibited a slow increase in flexural strength and modulus as well as increased
solubility. On the contrary, when light-cured, Cention showed slightly lower values than
other light-cured materials in terms of mechanical properties and water sorption.

The distinct behavior of Cention in the self-cured and light-cured mode likely origi-
nated from different polymerization kinetics and resulting polymer networks. While the
polymerization rate is the highest during light irradiation for the light-cured composites,
redox polymerization in the self-curing modality has a delayed onset [38]. Ilie showed
that initiation of polymerization of Cention N (hand-mixed) in a self-cure mode is lagging
for 3.5 min after hand mixing, and that 11 min is needed to attain the same degree of
conversion as in the light-cured mode [33]. However, our polymerization kinetics data on a
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capsulated Cention demonstrate the 11-min delay in initiating the polymerization of the
self-cure mode, which prolongs the manufacturers’ claimed working time from 2 to 11 min
and extends the claimed setting time of 6.5 min. In this study, the polymerization reaction
was monitored over two hours, and the self-cured Cention never reached the same degree
of conversion as when light-cured. This is in accordance with two recent studies that found
a significantly lower degree of conversion of self-cured vs. light-cured for a majority of
tested dual-cured resin composites [34,38].

A delay in the polymerization activation of Cention SC led to a quick drop in mass
of the water sorption specimens, indicating high solubility. The solubility of Cention was
likely related to the dissolution of the functional fillers in an aqueous environment. It is
necessary to underline that the present study diverged from the ISO 4049 recommendations
for self-cured polymer materials (Class 1) in preparing the specimens [39]. While the
ISO recommends the 60 min setting time, we opted for a more clinically relevant 15 min
setting. The apparent instability of the self-cured specimens was reflected in the initially
low flexural strength (62 ± 13 MPa) and modulus (2.8 ± 0.5 GPa) of the 1-day specimens.
This is in contrast to the previous study on a predecessor material Cention N that allowed
the 60 min setting and found much higher 1-day values (~100–120 MPa flexural strength
and ~4–5 GPa modulus) [33]. The observed discrepancies are evidently related to the study
design and the compositional modifications that had to be made for adjustment to the
trituration of a capsulated Cention. The mass loss of Cention SC continued at a 3-month
time point, reaching the equilibrium only after 6 months. However, mechanical properties
improved over time despite the solubility.

This behavior could be explained by the fact that dense and highly cross-linked
polymer network yields higher strength and modulus of a resin-based composite [40,41].
Even though no long-term measurements of degree of conversion were made, we can
hypothesize that the gradual development of polymer cross-linking could have contributed
to a delayed increase in flexural strength and modulus in Cention SC. At the same time, self-
curing enabled uniform polymerization throughout the entire specimen, which apparently
led to a close distribution of flexural strength values and practically no aging-induced
change in reliability for Cention SC. Unfortunately, initial flexural strength and modulus
values fall below the values recommended by ISO 4049, so using this material without
the additional light-curing is not advised. Light-curing of the surface could act as an
umbrella, protecting the deeper layers from the detrimental influence of water. However,
the flexural strength and modulus gradient could cause an uneven distribution of forces
and material fracture during the service life of the restoration. Further investigations in
this field are necessary.

In the present study, accelerated aging in ethanol diminished flexural strength only
in the light-cured Cention specimens, but not the self-cured. This phenomenon could be
attributed to a significantly higher refractive index of alkaline fillers in contrast to conven-
tional inert glass fillers [33]. Due to large filler/resin refractive index discrepancy, higher
opacity of Cention in comparison to other bulk-fill composites is noted. Consequently, low
light transmission is found, leading to only 13% light penetrating the material at 2 mm
depth and 3% at a 4 mm level [33]. Considering that the photoinitiators in Cention are
dibenzoyl germanium derivative and an acyl phosphine oxide, photoactivation in the violet
part of the spectrum around 409 nm is optimal. Unfortunately, violet wavelengths reach
shorter depths than blue due to exponential light attenuation. Higher opacity and lower
light transmission could have led to an inhomogeneous polymer network with a decreasing
cross-linking density. Such heterogeneous networks consist of highly crosslinked microgel
agglomerates surrounded by less cross-linked polymer [41,42]. Ethanol as an organic sol-
vent quickly penetrates the parts of the polymer network with fewer chemical cross-links,
separates physical (hydrogen) bonds, and causes plasticization of the resin [43,44]. This
degradation of the polymer network was probably reflected in the reduction in strength
and modulus for light-cured Cention in the 3 mth + eth group. Contrary, self-cured Cention
presumably achieved more uniform cross-linking throughout the entire thickness of the
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specimen. However, the polymerization reaction for Cention SC occurred at a much slower
pace, which led to statistical difference in flexural strength and modulus between 1-day
and both 3 mth and 3 mth + eth groups.

Similar to Cention SC, an unexpected rise of flexural strength and modulus was
observed for giomer Beautifil II after artificial aging in ethanol. In the present study, the
specimens were subjected to ethanol exposure to provoke maximum plasticization of the
organic matrix and thus give the worst possible outcome of flexural properties [43,45].
Beautifil II has the highest filler volume in this study and, therefore, less organic matrix
that could be susceptible to plasticization [19]. Still, this is not a complete explanation for
the unusual behavior demonstrated after ethanol exposure. To the authors’ knowledge,
there are no studies that subjected Beautifil II to long-term water storage and ethanol after
long-term water storage. However, its predecessor, Beautifil, was studied by Yap et al. [46].
They compared 30 days of water storage at 37 ◦C and 5000 thermal cycles varying between
temperatures from 15 ◦C, 35 ◦C, and 45 ◦C. They found increased modulus and hardness
after thermal cycling, explained by the post-cure polymerization due to heat exposure [46].
This explanation cannot be applied to the present study. Considering that the Beautifil II
contains a traditional bis-GMA/TEGDMA matrix, we can only speculate that the ethanol-
related increase can be associated with the unique S-PRG filler. However, the exact answer
is still to be elucidated in future studies.

On the other hand, glass-ionomer Fuji IX was predictably the least reliable material in
the study, with wide flexural strength data distribution, the highest water sorption, and
generally lowest flexural properties. Such behavior is well described in the literature and
can be attributed to high water sorption due to increased mobility of the sodium ion in
the functional glass at room temperatures. Sodium is exchanged for hydrogen ions and
causes hydrolytic instability and high solubility [14]. In addition to the hydrophilicity of
glass-ionomers, internal porosities were identified as the origins of water accumulation,
dissolution, and degradation of mechanical properties [14,15]. High water sorption of
Fuji IX in the present study was thus expected and within the range of values described
earlier [47–49]. Negative solubility for Fuji IX indicates incomplete water evaporation.
Water was likely permanently bound during the cement’s maturation as this hydrophilic
material uses water in the setting process [50]. Similar behavior, but to a smaller extent,
was noted for the reference composite material Tetric EvoCeram. These negative solubility
values were reported in previous studies for the same material [18,51]. The literature
describes that the water remained bound by the hydrogen bonds to the -OH groups in the
methacrylates of the resin matrix [52].

According to ISO 4049, the maximum allowed water sorption for a polymer-based
restorative material is 40 μg/mm3 and 7.5 μg/mm3 for solubility [39]. Both self-cured
materials in this study overstepped these limits, even though ISO 4049 does not apply to
conventional glass-ionomers. Cention SC showed the highest solubility (194 ± 24 μg/mm3),
while Fuji IX had the highest water sorption (127 ± 12 μg/mm3). The insufficient curing
could again explain the solubility of Cention SC compared to Cention LC. Water absorbed in
partially polymerized specimens could cause leaching out of the unpolymerized monomers
and, to a smaller extent, dissolution of functional fillers, loss of mass, and higher solu-
bility [50]. The most significant weight loss of Cention SC specimens occurred during
the first six months after water immersion but continued up to one year, as illustrated
in Figures 6 and 7. Cention LC, on the other hand, behaves similarly to other light-cured
materials. Thus, it is essential to reiterate that Cention should always be light-cured when
placed in the oral cavity.

The hydrolytic deterioration of mechanical properties of polymer-based materials
is significant [45,53], especially in ion releasing materials [54]. The time factor plays an
important role in the diffusion of water or ethanol throughout the materials. The 24 h
exposure to water proposed by ISO 4049 [39] seems insufficient to estimate the behavior
of a material in a clinical setting [55,56]. Therefore, long-term studies such as the present
one are necessary for evaluating ion-releasing materials. However, water sorption and
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solubility were not correlated to the decline of mechanical properties of all materials in this
study. Previously, water sorption and flexural properties were related to filler type and
amount, monomer composition, silanization and polymer crosslinking density [18,53,55].
The high filler ratio was the probable reason for the high long-term aging resistance of
giomer Beautifil II, comparable or better than the inert reference material. On the other
hand, high water sorption was likely the cause for the deterioration of the mechanical
properties of glass-ionomer Fuji IX. New functional restorative material, alkasite Cention,
showed a similar but slightly lower sorption and mechanical behavior pattern as an inert
composite control, but only when light-cured. Considering the low ion-releasing ability
of giomers [10,19], and poor mechanical properties of tested glass ionomer, it seems that
alkasite Cention could be a viable ion-releasing alternative to conventional composite resins.

5. Conclusions

In conclusion, our results indicate that, when light-cured, Cention’s mechanical and
water sorption properties are satisfactory and better than the mechanical properties of a
glass-ionomer tested here. Leaving the Cention to self-cure will cause lower polymerization
of the material, high solubility, and poor mechanical properties immediately after placement.
Alkasite Cention should be used only in the light-cure mode.
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Abstract: This study aimed to investigate the short- and long-term solubility, alkalizing potential,
and suitability for warm-vertical compaction of AH Plus Bioceramic Sealer (AHBC), and Total Fill BC
Sealer (TFBC) compared to the epoxy-resin sealer AH Plus (AHP). A solubility test was performed
according to ISO specification 6876 and further similar to ISO requirements over a period of 1 month
in distilled water (AD) and 4 months in phosphate-buffered saline (PBS). The pH of the immersion
solution was determined weekly. Sealers were exposed to thermal treatment at 37, 57, 67, and 97 ◦C
for 30 s. Furthermore, heat treatment at 97 ◦C was performed for 180 s to simulate inappropriate
implementation of warm vertical filling techniques. Physical properties (setting time, flow, film
thickness according to ISO 6876) and chemical properties (Fourier transformed infrared spectroscopy)
were assessed. AHBC and TFBC were associated with significantly higher solubility than AHP
over 1 month in AD and 4 months in PBS (p < 0.05). AHBC and TFBC both reached high initial
alkaline pH, while TFBC was associated with a longer-lasting alkaline potential than AHBC. Initial
pH of AHBC and TFBC was higher in AD than in PBS. None of the sealers were compromised by
thermal treatment.

Keywords: AH plus Bioceramic Sealer; alkalizing potential; pH; solubility; Total Fill BC Sealer; warm
vertical compaction

1. Introduction

Calcium silicate-based sealers have emerged as a relevant alternative to epoxy resin
sealers in the past decade. Clinical studies have reported on the successful implementation
of premixed calcium silicate-based sealers in root canal obturation [1,2]. Due to their bene-
ficial properties concerning antimicrobial activity, biocompatibility, and bioactivity, these
sealers have changed the perspective on root canal obturation, but have also demanded
new concepts because their effects mainly rely on a high proportion of sealer inside the
root canal filling [3].

Most of their beneficial properties are based on the solubility of reactional by-products
of calcium silicates over a period of several weeks [4]. Mainly, the dissolution of calcium
hydroxide during the initial setting reaction of calcium silicates with water is the princi-
ple of the advantageous properties [5]. While there is consensus that the aim of a root
canal obturation should be a long-lasting fluid and bacteria tight seal of the root canal
system, drawbacks concerning solubility of calcium silicate-based sealers are a matter
of discussion [6]. High solubility could result in a weaker seal of the root canal system,
allowing tissue fluid to leak into the apical region of the root canal system and byprod-
ucts of trapped bacteria to leak out of the root canal system [6]. A smaller proportion of
sealer achieved by warm compaction of the gutta-percha core materials could address this
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problem. While this would adversely compromise the beneficial properties of calcium-
silicate based sealers, it is also necessary to investigate the thermal stability of sealers before
subjecting them to such techniques [7]. Destruction of the sealer component’s chemical
structure could result in insufficient root canal obturation due to incomplete setting. In
addition, the changes of physical properties, e.g., flow or film thickness, would lead to
insufficient root canal obturation because the sealer may not be able to reach the complete
complex anatomy of the root canal system.

Recently, a new premixed calcium silicate-based sealer, AH Plus Bioceramic (AHBC,
Dentsply Sirona, York, PA, USA), was introduced. While it contains only tricalcium silicate
as a reactive component and not di- and tri-calcium silicates like most other calcium silicate-
based materials such as Total Fill BC Sealer (TFBC; FKG Dentaire, La Chaux-des-Fonds,
Switzerland), AHBC comprises dimethyl sulfoxide as a filler, which is not known from
other calcium silicate-based sealers. This results in a lower proportion of calcium silicates
than in other premixed sealers like TFBC. No data exist to date addressing the formulation
of AHBC in terms of its solubility and alkalizing potential over short and long periods and
its suitability for warm obturation techniques.

The aim of this study was to measure the short- and long-term solubility, pH, and
thermal stability of the new AHBC compared to a contemporary well-investigated calcium-
silicate-based sealer TFBC and the epoxy resin-based sealer AH Plus (AHP, Dentsply Sirona).

2. Materials and Methods

AH Plus Bioceramic Sealer and Total Fill BC Sealer were investigated. Both sealers are
premixed products, and no preparations were needed. AH Plus, which was mixed using
the AH Plus Jet, served as the control.

2.1. Sample Size Calculation

Power calculation using G*Power 3.1 (Heinrich Heine University, Düsseldorf, Ger-
many) indicated a sample size of at least nine samples per group. Thus, 10 samples were
prepared per group for solubility evaluation. Concerning the physical properties after
thermal treatment, three tests were carried out for each temperature level and each sealer
and the mean was calculated according to ISO 6876 [8].

2.2. Solubility (Long-Term)

To evaluate the long-term solubility, sealer specimens were immersed in distilled water
(AD) and in phosphate buffered saline solution (PBS, Pharmacy of the University Hospital,
Münster, Germany), and the specimens’ change in weight was recorded in a modification of
a methodology described previously [4]. Stainless steel ring washers (height 1.6 ± 0.1 mm,
internal diameter 20.0 ± 0.1 mm) were cleaned in an ultrasound bath with acetone for
15 min and a teflon band was fixed on each washer. The prepared washers were weighed
three times (accuracy ± 0.0001 g; Sartorius 1801 MPS, Göttingen, Germany), and the mean
was calculated. The washers were placed on a glass plate and filled to slight excess with
sealer dispensed from the syringes. To ensure complete setting of all sealers before testing,
glass plates and samples were placed on a gauze immersed in physiological solution (PBS)
in a closed container at 37 ◦C for 24 h. The proper setting was evaluated in preliminary
experiments. After setting of the sealers, excess material was trimmed to the surface level
of the washer by using silicon carbide paper (600 grit). The specimens were weighed three
times before the immersion of the samples and the sealer weight was calculated. Twenty
samples were prepared for immersion in AD and 40 samples for immersion in PBS (150 mL)
were prepared from each sealer. Each of the 10 samples were immersed in AD for 14 and
28 days and in PBS for 24 h, 14 and 28 days, and 2 and 4 months. Twenty washers for
each group were prepared for immersion in AD or PBS (n = 10) without any sealer as the
negative control during the entire period of 1 and 4 months, respectively. All samples were
stored in an incubator (Heraeus, Hanau, Germany) at 37 ◦C and 100% relative humidity.
After 24 h, the first fluid change was performed on all samples and all fluids were changed
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every 7 days thereafter. After immersion, the samples were weighed again three times, and
the mass of the sealers was determined. The difference between the original weight of the
material and its final weight was recorded and the percentual mass loss was calculated
as solubility.

2.3. Solubility (Short-Term)

A solubility test was carried out over 24 h according to ISO specification 6876 in
AD and in PBS. Sealer specimens were prepared in ring molds as stated by ISO 6876
specification. After determination of the sealer mass (accuracy ± 0.0001 g; Sartorius
1801MPS), 2 specimens of each sealer were immersed in 50 mL AD in a covered dish and
placed in an incubator (Heraeus) at 37◦C and 100% humidity. After 24 h, the specimens
were washed with AD and dried. The samples were weighed 3 times, and the mean mass
of the sealers was determined. The difference between the original weight of the material
and its final weight was recorded and the percentual mass loss was calculated as solubility.

2.4. pH

The pH value assessment was performed parallel to the solubility test [4]. The pH
value was determined with an electrode pH meter (PB 11, Sartorius, Göttingen, Germany).
The accuracy of the pH meter was controlled with calibration solutions (pH 4, 7, and
10; Merck, Darmstadt, Germany). After each individual measurement, the electrode was
flushed with AD. The pH measurement was carried out after 24 h, and weekly before
renewal of the test liquids at 37 ◦C fluid temperature.

2.5. Thermal Treatment—Physical Properties

Setting time, film thickness, and flow were assessed similar to ISO specification 6876
and after thermal treatment, as described previously [7,9]. Portions of 0.5 mL of each
sealer were dispensed directly into a 2 mL plastic tube (Safe-Lock Tubes, Eppendorf,
Hamburg, Germany). A K-type thermocouple (GHM Messtechnik, Regenstauf, Germany)
was placed into the sealer, and the samples were heated in a thermo-controlled water bath
until temperatures of 37 ◦C, 57 ◦C, 67 ◦C, and 97 ◦C were achieved inside the samples.
These temperatures were selected in accordance with recently published data [7,9,10].
The temperature of the sealer was controlled by GSVmulti software (version 1.27, ME-
Meßsysteme, Hennigsdorf, Germany) at a frequency of 50 Hz using the thermocouple. All
samples were retained for 30 s at the respective temperatures and were cooled to 37 ◦C in
a second water bath afterward. For the evaluation of the influence of elongated heating,
sealers were also heated to 97 ◦C for 180 s. The described procedure took about 3 min.

The setting time was assessed by dispensing the preheated sealer specimens onto glass
plates inside a stainless-steel ring (d = 10 mm, h = 2 mm). After transfer to an incubator
at 37 ◦C and 100% humidity, a stopwatch was used to determine the setting time of the
material. A cylindrical indenter with a flat end tip diameter of 2 mm and a mass of 100 g
was used as defined in ISO 6876. The materials setting point was defined as the point
when the needle left no indentation on the sealer’s surface anymore. A film thickness test
was carried out similar to ISO 6876 with slight modifications of the temporal process due
to the preheating of the sealers. After the thermal treatment, a portion of each specimen
was placed on a glass plate measuring 40 mm × 40 mm and 5 mm in thickness. A second
glass plate of 5 mm thickness and a surface area of 200 mm2 was placed centrally on top.
A load of 150 N was generated vertically on the top plate by a universal testing machine
(Lloyd LF Plus, Ametek, Berwyn, PA, USA) for 10 min. The thickness of the two assembled
glass plates was measured before each test and after the testing procedure using a digital
micrometer. Due to a higher viscosity of the sealers reported at high temperatures [9],
the sealers were portioned by weight instead of volume. Using a precision scale and a
graduated pipette, 0.05 mL of sealer was found to correspond 0.1285 g of AHBC, 0.1265 g
of TFBC [9], and 0.140 g of AHP [7], respectively, at 20 ◦C. A portion of each specimen
was placed on a glass plate measuring 40 mm × 40 mm and 5 mm in thickness. A second
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glass plate with the same dimension and a weight resulting in a total mass of 120 g were
placed on top centrally and the assembly was left for 10 min. The maximum and minimum
diameters of the compressed sealer phase were measured using a digital caliper. If the
maximum and minimum diameters were within 1 mm, the mean was calculated. Three
tests were carried out for each temperature level.

2.6. Thermal Treatment—Chemical Properties

For Fourier transform infrared spectroscopy, the specimens were stored on glass plates
in an incubator for 8 weeks at 37 ◦C and 100% humidity. The set specimens were powdered
using a mortar. Then, 0.002 g of sealer powder were added to 0.2 g potassium bromide
and pressed to a pill. Fourier transform infrared spectroscopy was performed using the
Vertex 70v with a mercury cadmium telluride MCT detector (Bruker, Billerica, MA, USA) by
256 scans per test 2 times at each temperature level. One result was selected for evaluation
in case no difference occurred between the spectra [9].

2.7. Statistical Analysis

Data of solubility were normally distributed (Kolmogorov–Smirnov-test) and analyzed
with ANOVA and Scheffé post hoc test (p = 0.05). Data concerning physical properties
(setting time, film thickness, and flow) were analyzed using Kruskal–Wallis test at p = 0.05.

3. Results

3.1. Solubility (Long-Term)

After 14 days and 28 days AHBC and TFBC showed higher solubility (about 30%) in
AD with an increase over time, while AHP was not associated with relevant solubility. The
difference between the calcium silicate-based sealers AHBC and TFBC was significant at
14 and 28 days (p < 0.05). After 28 days, TFBC was associated with significantly higher
solubility than AHBC (p < 0.05), while no such difference was observed after 14 days.
Immersed in PBS, the solubility of AHBC and TFBC was lower at 14 and 28 days compared
to AD. Over a 4-month period in PBS, the solubility of AHBC and TFBC was significantly
higher than of AHP at all measurement times (p < 0.05). Significant differences between
AHBC and TFBC were only detected after 14 days in PBS, when AHBC presented with
significantly higher solubility (p < 0.05) (Table 1).

Table 1. Means and standard deviations: solubility of AH Plus Bioceramic Sealer, Total Fill BC Sealer,
and AH Plus in AD over 28 days and in PBS over 4 months, respectively. Superscript letters indicate
statistically significant differences at measurement dates in AD and PBS (p < 0.05).

AD PBS

AH Plus
Bioceramic Sealer

Total Fill BC Sealer AH Plus
AH Plus

Bioceramic Sealer
Total Fill BC Sealer AH Plus

14 days 30.44 ± 1.00 A 32.75 ± 5.26 A 0.55 ± 0.17 B 19.24 ± 2.56 A 14.05 ± 2.35 B 0.02 ± 0.23 C

28 days 33.09 ± 0.81 B 35.55 ± 1.35 A 0.48 ± 0.20 C 20.80 ± 2.01 A 20.64 ± 2.87 A 0.28 ± 0.16 B

2 months 16.82 ± 2.38 A 14.78 ± 4.02 A 0.30 ± 0.18 B

4 months 18.40 ± 1.91 A 20.50 ± 9.23 A 0.32 ± 0.08 B

3.2. Solubility (Short-Term)

The results of the solubility test according to ISO 6876 are presented in Table 2. While
AH Plus presented with negligible weight loss both in AD and PBS, the calcium silicate-
based sealer AHBC and TFBC were associated with relevant loss up to 34.3%. The solubility
of AHBC and TBC presented similarly high in AD and PBS after 24 h.
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Table 2. Solubility of AH Plus Bioceramic Sealer, Total Fill BC Sealer, and AH Plus after 24 h in AD
according to ISO 6876, and in PBS.

AH Plus Bioceramic Sealer Total Fill BC Sealer AH Plus

AD PBS AD PBS AD PBS

Solubility (%) 33.2 33.7 28.7 32.1 0.4 0.5

3.3. pH

AHBC and TFBC reached high pH values above 12 after 24 h in AD. The pH in AD
constantly decreased over 1 month with AHBC showing a more pronounced decrease.
Immersed in PBS, both sealers reached high initial pH values. The pH of TFBC decreased
constantly over a period of 3 months until no relevant alkalization of the buffer solution
was measured. A faster pH decrease was observed, with AHBC reaching close to the
baseline pH after 1.5 months already (Figure 1). AHP did not influence the pH of the
immersion solutions.

Figure 1. pH of AH Plus Bioceramic Sealer, Total Fill BC Sealer, and AH Plus in distilled water (AD)
over 28 days and in PBS over 4 months, respectively.

78



Materials 2022, 15, 7320

3.4. Thermal Treatment—Physical Properties

The setting time, film thickness, and flow of all sealers were not relevantly influ-
enced by any thermal treatment and did not exceed clinically relevant and ISO-defined
thresholds [8] (Tables 3–5). Significant differences in the setting time were observed for all
sealers (p < 0.05), but none of them were following a pattern. The film thickness of neither
AHBC, TFBC, nor AHP was affected significantly by thermal treatment (p > 0.05). The flow
of AHBC decreased with increasing temperature. Significant differences only occurred
between 37 ◦C (30 s) and 97 ◦C (180 s) (p < 0.05). The flow of TFBC slightly decreased with
thermal exposure, showing statistically significant differences between 57 ◦C (30 s) and
97 ◦C (180 s) (p < 0.05). No statistically significant changes of flow were observed for AHP
(p > 0.05).

Table 3. Physical properties in accordance with ISO 6876 of AH Plus Bioceramic (means and standard
deviations (SD)) after thermal treatment. Statistical analysis of setting time, film thickness, and flow
for AH Plus Bioceramic was performed by Kruskal–Wallis test (p < 0.05).

Group
Number

Setting Time (h) Film Thickness (m) Flow (mm)

Mean SD
Different

from Group
Number

Mean SD
Different

from Group
Number

Mean SD
Different

from Group
Number

37 (30 s) 1 9.861 0.369 0.016 0.007 25.7 1.0 5
57 (30 s) 2 10.472 0.243 0.020 0.011 25.5 2.1
67 (30 s) 3 11.156 0.184 5 0.022 0.008 22.8 0.7
97 (30 s) 4 10.850 0.200 0.015 0.002 18.6 0.5
97 (180 s) 5 9.200 0.225 3 0.017 0.005 16.1 0.4 1

Table 4. Physical properties in accordance with ISO 6876 of Total Fill BC Sealer (means and standard
deviations (SD)) after thermal treatment. Statistical analysis of setting time, film thickness, and flow
for Total Fill BC Sealer was performed by Kruskal–Wallis test (p < 0.05).

Group
Number

Setting Time (h) Film Thickness (m) Flow (mm)

Mean SD
Different

from Group
Number

Mean SD
Different

from Group
Number

Mean SD
Different

from Group
Number

37 (30 s) 1 24.383 0.166 5 0.018 0.002 25.1 0.7
57 (30 s) 2 23.850 0.350 0.020 0.002 26.3 1.4 5
67 (30 s) 3 23.507 0.081 0.019 0.003 25.0 0.6
97 (30 s) 4 22.897 0.387 0.017 0.001 23.2 0.3
97 (180 s) 5 21.303 0.160 1 0.017 0.002 21.0 0.7 2

Table 5. Physical properties in accordance with ISO 6876 of AH Plus (means and standard deviations
(SD)) after thermal treatment. Statistical analysis of setting time, film thickness, and flow for AH Plus
was performed by Kruskal–Wallis test (p < 0.05).

Group
Number

Setting Time (h) Film Thickness (m) Flow (mm)

Mean SD
Different

from Group
Number

Mean SD
Different

from Group
Number

Mean SD
Different

from Group
Number

37 (30 s) 1 9.77 0.30 5 0.027 0.002 22.1 0.5
57 (30 s) 2 9.59 0.15 0.028 0.007 23.3 0.4
67 (30 s) 3 8.61 0.21 0.026 0.003 23.1 0.8
97 (30 s) 4 8.14 0.25 0.025 0.001 24.8 0.7
97 (180 s) 5 7.41 0.28 1 0.026 0.001 23.2 0.9

3.5. Thermal Treatment—Chemical Properties

No changes of the chemical structure of AHBC, TFBC, and AHP were indicated by the
spectroscopic plots of FT-IR spectroscopy at any thermal treatment level (Figure 2). Both
AHBC and TFBC spectroscopic plots indicated the presence of water by a broad absorption
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band around 3400 cm−1 and a peak at 1650 cm−1 [9,11]. Carbonates were detected for
AHBC and TFBC at 878 cm−1 and between 1400 and 1500 cm−1 [12]. A calcium hydroxide
band (O-H-stretch at 3646 cm−1) was not detected in AHBC and TFBC. Absorption between
970 and 1000 cm−1 was observed with AHBC and TFBC, as this indicated the formation of
calcium silicate hydrate [12]. Characteristic peaks at ~2874 cm−1 and 2923 cm−1, which
are assigned to symmetric stretching of -CH3 and C-H-stretching of -CH2-, respectively,
were found in TFBC but not in AHBC [13]. A peak at 1044 cm−1 indicated the presence of
dimethyl sulfoxide solely in AHBC specimens [14] (Figure 2).

Figure 2. Spectroscopic plots of FT-IR spectroscopy after thermal treatment of AHBC, TFBC,
and AHP.

4. Discussion

In previous studies evidence was found that the solubility, alkalizing potential, and
bond strength of calcium silicate-based sealers depend on the immersion solution [4,15]. It
was assumed that the precipitation of hydroxy apatite on the surface of calcium silicate-
based materials after contact to phosphate concludes in a decrease of solubility [4]. A
long-term study on the solubility and pH of the two-component calcium silicate-based
sealer BioRoot RCS (Septodont, St. Maur-des-Fossés, France) corroborated this thesis.
So, far no comparisons of long-term-solubility and pH investigations exist on premixed
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calcium silicate-based sealers. Therefore, the purpose of this study was to investigate the
long-term solubility of premixed calcium-silicate-based sealer TFBC and AHBC in AD and
PBS over 1 and 4 months, respectively, and to compare these results with a 24 h-testing
protocol according to ISO specification 6876 in AD and PBS.

The solubility tests were performed similar to the ISO 6876 testing protocol. While the
ISO specification 6876 demands solubility testing in AD only, the test was also performed in
PBS. As immersion in AD is not capable of predicting solubility in isotonic body fluids in the
in vivo situation [16], PBS was used to simulate a proper environment. In addition, the ISO
specification 6876 demands testing only for a period of 24 h, while calcium silicate-based
materials are known for prolonged setting reactions [17]. Therefore, tests were performed
in AD for up to 28 days and in PBS for 4 months to evaluate the clinical effect of solubility
and alkalization.

In general, solubility is investigated in AD after 24 h of immersion. Still, the results
published on solubility of TFBC show a wide range [18]. While some studies reported
solubility less than 3% [19,20], others found solubility of more than 20% [21]. According
to the present results, the solubility of TFBC was high both in AD and PBS with 28.7%
and 32.1%, respectively. Subsequently, AHBC was associated with high solubility of 33.2%
(AD) and 33.7% (PBS) after 24 h. The type of immersion solution did not influence the
high initial solubility of TFBC and AHBC. In the follow-up period of 28 days in AD, the
solubility of AHBC and TFBC did not relevantly increase, indicating that premixed calcium
silicate-based sealers show high solubility during the initial setting phase and are stable
hereafter. Still, the solubility of TFBC was significantly higher than that of AHBC after
28 days in AD. A possible explanation could be the lower proportion of calcium silicates
in AHBC. Corroborating results can be found after immersion in PBS, when the solubility
did not increase over a 4-month period. Percentual solubility presented even lower after
14 days to 4 months compared to 24 h, which could be explained by the precipitation of
hydroxy apatite on the specimens’ surface increasing the sealers’ weight.

AHBC and TFBC showed a high initial alkalizing potential after 24 h. In accordance
with previous results, pH values determined in AD were higher than in PBS [4]. It was
hypothesized that leaked calcium hydroxide from the sealer matrix, which is the main
reason for the alkalizing potential of calcium silicate-based sealers, is buffered in PBS when
it reacts with phosphate from the solution forming hydroxy apatite [5]. This reaction may
not occur in AD, allowing more calcium hydroxide to dilute into the immersion solution.

In AD, TFBC was capable of remaining highly alkaline over the period of 28 days,
while pH of AHBC started to decline after 14 days. This was also observed in PBS. After
6 weeks, AHBC nearly decreased to the initial pH of the PBS solution. In contrast, the pH
of TFBC decreased more slowly, keeping the alkaline pH for nearly 4 months. Long-term
alkalization could coincide with the formulation of the investigated sealers. While TFBC
contains about 27 to 50% calcium silicates and 1 to 4% calcium hydroxide as stated by the
manufacturer, the percentual proportion is only 5 to 15% calcium silicates in AHBC. The
more calcium silicates are present, the more calcium hydroxide can be generated from their
setting reaction. As the setting reaction of calcium silicates is known to last for several
weeks, a higher proportion of calcium silicates could be an indicator for the longer lasting
alkalization. A high pH is even prolonged when di-calcium silicates are present, as in
TFBC, because di-calcium silicates present with slower reaction kinematics. Meanwhile,
tri-calcium silicates, which are the only source of calcium hydroxide in AHBC, are more
reactive in the initial phase of the calcium silicate setting reaction.

The alkaline pH caused by calcium silicate-based sealers is regarded as one of their
major advantages. Calcium hydroxide is the major factor in biocompatibility as it leads
to the formation of hydroxy apatite on the sealer surface after coming in contact with
body fluid, and it also plays a role in the eradication of microorganisms still present after
chemo-mechanical preparation in niches of the infected root canal system [22]. Calcium
hydroxide also slowly affects microorganisms. Therefore, a long-lasting replenishment of
calcium hydroxide from a calcium silicate-based sealer could be regarded beneficial and
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compensate for disadvantages such as high initial solubility. Furthermore, the alkaline
pH is capable of inducing apical healing and mineralization of the apical alveolar bone
structure. Accordingly, good biocompatibility was reported for AHBC and TFBC [23]. Still,
a higher mineralization potential was associated with TFBC compared to AHBC [23], which
is consistent with the higher and prolonged alkaline pH caused by the elution of calcium
hydroxide observed in the present study.

When it comes to the investigation of the effect of heat on sealer stability, choosing
a clinically relevant temperature and exposure period is crucial for interpretation of the
results [10]. Thus, a range of temperatures and application times was investigated as
described previously [7,9]. While a resistance to the thermal treatment of TFBC and
AHP in terms of its physical properties and its chemical structure has been previously
reported [7,9,11,24], no such data is available for the new AHBC. In addition to the stability
of the physical properties and the FTIR spectra at all temperature levels, the presence
of carbonates in the FTIR spectra is a sign of the formation of calcium hydroxide and
indicates that the setting reaction of calcium silicates was not influenced by the thermal
treatment. Calcium hydroxide reacts with carbon dioxide under atmospheric storage
forming carbonates. Additionally, the bands indicating organic molecules are present
in all spectra of AHBC and TFBC, indicating that the organic fillers used as thickening
agents are able to withstand short period thermal stress. In accordance with the results for
other premixed calcium silicate-based sealers [9,11,24,25], AHBC was found to be resistant
against the thermal treatment performed in this study.

Premixed calcium silicate-based sealers presented with higher solubility and pH than
the epoxy-resin sealer AH Plus. Still, among the premixed calcium silicate-based sealers,
differences in the alkalizing potential both in AD and PBS were found to correspond to
the sealer formulations. Premixed calcium silicate-based sealers were resistant to the heat
ranges that occur during warm obturation techniques.

5. Conclusions

High solubility is inherent with premixed calcium silicate-based sealers. This results
in high alkalizing potential, which is a major benefit in the application of calcium-silicate-
based sealers. The higher the proportion of di- and tri-calcium silicates, the longer the
alkaline pH can be observed. AHBC and TFBC can be considered as safe for warm-
vertical compaction.
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Abstract: Periodontitis is recognized as one of the most common diseases worldwide. Non-surgical
periodontal treatment (NSPT) is the initial approach in periodontal treatment. Recently, interest has
shifted to various adjunctive treatments to which the bacteria cannot develop resistance, including
Manuka honey. This study was designed as a split-mouth clinical trial and included 15 participants
with stage III periodontitis. The participants were subjected to non-surgical full-mouth therapy,
followed by applying Manuka honey to two quadrants. The benefit of adjunctive use of Manuka
honey was assessed at the recall appointment after 3, 6, and 12 months, when periodontal probing
depth (PPD), split-mouth plaque score (FMPS), split-mouth bleeding score (FMBS), and clinical
attachment level (CAL) were reassessed. Statistically significant differences between NSPT + Manuka
and NSPT alone were found in PPD improvement for all follow-up time points and CAL improvement
after 3 and 6 months. These statistically significant improvements due to the adjunctive use of Manuka
amounted to (mm): 0.21, 0.30, and 0.19 for delta CAL and 0.18, 0.28, and 0.16 for delta PPD values
measured after 3, 6, and 12 months, respectively. No significant improvements in FMPS and FMBS
were observed. This pilot study demonstrated the promising potential of Manuka honey for use as
an adjunct therapy to nonsurgical treatment.

Keywords: periodontitis; manuka honey; nonsurgical periodontal therapy

1. Introduction

Periodontitis is a chronic inflammatory disease affecting the teeth’s supporting ap-
paratus. Bacterial biofilm and the associated periodontal pathogenic bacteria, mainly
Gram-negative anaerobes, are the main etiological factor of the disease [1].

The main goal of periodontal treatment is to reduce the number of periodontal
pathogens and arrest the inflammatory process. The contemporary gold treatment standard
is non-surgical periodontal therapy (NSPT), which involves scaling and root planning using
manual and machine-driven (sonic or ultrasonic) instruments [2]. The literature suggests
that this therapy is highly effective in eliminating the infection. The latest systematic review
article by Suvan et al. on subgingival instrumentation for periodontitis treatment estimates
a weighted range of pocket depth reduction of 1.0–1.7 mm and a ratio of pocket closure of
57–74% after 3/4 and 6/8 months, respectively, that was achieved through non-surgical
periodontal treatment only [3]. Although NSPT can effectively reduce the number of peri-
odontal pathogens, microbial recolonization commonly occurs, and residual pockets are
expected to remain after NSPT [2].
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Various systemically administered and locally delivered adjuncts to NSPT have been
suggested, including systemic and local antibiotics, antiseptics, probiotics, lasers, and pho-
todynamic treatment. However, the latest guidelines on the treatment of periodontitis stage
I–III do not support the use of adjuncts. The exception in terms of open recommendations
is given for locally administered sustained-release chlorhexidine and antibiotics and the
use of systemic antibiotics in specific patient groups [2].

The fact that bacteria are becoming increasingly resistant to antibiotics and antiseptics
has shifted the interest of medicine to alternative treatment methods against which bacterial
resistance cannot be developed. This approach includes using honey, which is increasingly
used in medicine. Since the 1990s, when the first studies appeared on the therapeutic
effects of honey, particular interest has been focused on its antibacterial properties against
infections and antibiotic-resistant bacteria. This effect is consequential mainly of the high
sugar concentration of honey, its low pH value, and the formation of hydrogen peroxide
that occurs in the enzymatic breakdown of glucose by the glucose oxidase enzyme [4].
Contemporary research on the effects of honey focuses predominantly on one specific honey
type, leading to the medicinal use of Manuka honey due to its antibacterial properties [5].
This is an endemic type of honey produced by bees in Australia and New Zealand from the
flowers of the plant Leptospermum scoparium [6].

The concentration of hydrogen peroxide in Manuka honey is lower than in other types
of honey [7]. The specific antibacterial activity in Manuka honey is based on methylglyoxal
(MGO), a compound proven to be a very efficient bactericide, virucide, and fungicide.
Furthermore, Manuka honey is highly effective against antibiotic-resistant bacteria [8]. The
antibacterial potency of Manuka honey was found to be related to its Non-Peroxide Activity
(NPA), trademarked as Unique Manuka Factor (UMF) rating, a classification system which
reflects the equivalent concentration of phenol (%, w/v) required to produce the same
antibacterial activity as honey, and it is correlated with the methylglyoxal and total phenols
content [9]. In addition to its antimicrobial properties, published literature suggests that
MGO also has immunomodulatory effects which may positively impact wound healing
and tissue regeneration [10,11].

Therapeutic Manuka honey has not yet been investigated as a possible adjunct to NSPT.
Therefore, this pilot study aims to evaluate the effects of a product containing Manuka
honey on periodontal parameters when applied to periodontal pockets after nonsurgical
periodontal treatment in patients with stage 3 periodontitis.

2. Materials and Methods

2.1. Experimental Design

This study was designed as a single-center prospective pilot trial with a 12-month
follow-up. A split-mouth study model was used. Two quadrants were randomly assigned
to the test treatment of NSPT + product containing Manuka honey or NSPT-only.

This pilot study was approved by the Ethics Committee of the School of Dental
Medicine, University of Zagreb, Croatia; approval No. 05-PA-30-IX-9/2019. All parts of the
study were conducted in full accordance with the World Medical Association Declaration
of Helsinki on ethical principles for medical research involving human subjects.

2.2. Population Screening and Inclusion

Patients who sought or were referred for periodontal therapy at the Clinical Depart-
ment of Periodontology, University Hospital Zagreb, between September 2019 and March
2021, were screened for possible inclusion in the study. The inclusion criteria were: (1) sys-
temically healthy patients of both genders, between the age of 18 and 70; (2) non-smokers;
(3) presence of at least 20 teeth; and (4) untreated generalized advanced chronic periodon-
titis according to the 1999 Classification 1999 [12], i.e., generalized stage III periodontitis
according to the 2007 Classification [13]. Exclusion criteria were: (1) pregnant and nursing
women; (2) antibiotics prescribed for dental or non-dental diseases six months before the
start of the research; (3) systemic diseases or the use of drugs known to affect periodontal tis-
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sues; and (4) acute oral or periodontal inflammation or infection (pericoronitis, necrotizing
periodontal diseases, etc.). Following inclusion, a periodontal examination was performed
by one calibrated periodontist (D.B.). Assessments were done at six sites using a UNC-15
periodontal probe (HuFriedy, Chicago, IL, USA). The following parameters were measured
and recorded: probing pocket depth (PPD), recession of the gingival margin (REC), clinical
attachment loss (CAL; calculated as the sum of PPD and REC), split-mouth bleeding score
(SMBS; calculated as the percentage of positive bleeding sites on probing and expressed for
NSPT + Manuka and NSPT-only quadrants, respectively) and split-mouth plaque score
(SMPS; calculated as the percentage of sites with present plaque and expressed for NSPT
+ Manuka and NSPT-only quadrants, respectively) [14,15]. Third molars, if present, were
excluded from data analysis.

All participants have given written informed consent to study participation.

2.3. Periodontal Treatment

Nonsurgical treatment was performed by standardized protocol by a single operator
(D.O.). All patients received identical oral hygiene instructions, presuming the use of
appropriately sized interdental brushes and manual toothbrushes with regular fluoride-
containing toothpaste. The use of mouthwashes of any formulation was not allowed
during the study period. Mechanical subgingival instrumentation was performed using an
ultrasonic instrument (Piezon, E.M.S. Electro Medical Systems S.A., Nyon, Switzerland)
and curettes (BioGent, Hu-Friedy, Chicago, IL, USA). Local anesthesia (Ubistesin 40 mg/mL
+ 0.005 mg/L, 3M Deutschland GmbH, Seefeld, Germany) was provided to all participants.
Instrumentation was performed according to the individual situation and without any time
limitation. All treatments were concluded within the timeframe of 24 h.

The adjunctive treatment used in this study was a novel commercial product (Pocket
Protect, CleverCool B.V., Lijnden, The Netherlands) containing therapeutic Manuka honey
and hydrogen peroxide. The two substances mix within a double-barrel syringe before
deposition within the pocket.

The product was administered in all pockets (depths ≥ 4 mm) in the two active
quadrants as per the instructions of the manufacturer. Once the inserted syringe reached
the bottom of the periodontal pocket, the product was extruded until the excess was
observed in the sulcus. Subjects were not allowed to consume drinks or food for at least
30 min following the procedure.

All subjects were required to report possible adverse effects.
The patients were scheduled for recall visits after three, six, and 12 months when PPD

and CAL were re-evaluated. In the first three months only were the patients scheduled
for supportive treatment at one-month intervals. The supportive treatment consisted of
OH re-instructions, if deemed necessary, and supragingival scaling and polishing. The
collected data were pseudo-anonymized immediately after collection. Only the clinician
performing the treatment had the access to the patient’s identifying information.

2.4. Randomization and Blinding

Randomization of patients was done using a computerized random number generator.
Each quadrant was allocated to receive one of the two treatments (Manuka + NSPT or
NSPT-only), with the allocation ratio forced to 1:1. The concealment was achieved using
sealed and numbered envelopes. A researcher not involved in the operative phases of the
study performed the random allocation sequence and intervention assignment.

Blinding was not possible during the experimental period (operator, subjects) due to
the specific design of the product-delivery syringe and product’s taste.

The examiner was unaware of the treatment allocation at any point during the ongoing
study period. Blinding was also done for statistical analysis.
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2.5. Statistical Analysis

As the assumption of normality of distribution was verified by inspecting normal
Q-Q plots, the comparisons between the NSPT + Manuka and the NSPT-only quadrants
were performed using a two-tailed t-test for independent samples with the assumption
of homoskedasticity. PPD and CAL values were compared between the NSPT + Manuka
and the NSPT-only quadrants at each time point (baseline, three months, six months, and
12 months). The changes in the parameters PPD and CAL (denoted as delta PPD and delta
CAL, respectively) were calculated for each time point by subtracting the baseline values
from the values measured after three months, six months, and 12 months. The obtained
delta values were statistically compared between the NSPT + Manuka and the NSPT-only
quadrants using a two-tailed t-test for independent samples. BoP index and plaque index
were represented as percentages of sites that were positive for bleeding or the presence of
plaque, respectively. These percentages of positive sites were compared between the NSPT
+ Manuka and the NSPT-only quadrants using the chi-square test.

The statistical analysis was performed using SPSS (version 25; IBM, Armonk, NY,
USA) at a level of significance of 0.05.

3. Results

A total of 86 patients were screened for inclusion and 15 participants (eight males and
seven female) were recruited for this pilot study. However, three of them were excluded
from the study due to not showing up at the follow-up appointment at 3 months (two
participants) and 6 months (one participant). Hence, a total of 12 participants (five males
and seven female) were included. The mean age was 43.1 years (range 31–49), with a mean
number of teeth at 26, and 1331 sites with increased PPD (≥4 mm); 4–6 mm at 905 sites and
>6 mm at 426 sites. All patients were non-smokers.

Table 1 shows the PPD and CAL values, and the corresponding delta values represent-
ing differences from baseline measured after 3, 6, and 12 months. There were no statistically
significant differences in baseline values for PPD and CAL between the sites treated with
NSPT + Manuka and the sites treated with NSPT-only. In addition, no significant differ-
ences were observed for PPD and CAL in the comparisons with the sites treated with NSPT
+ Manuka and the sites treated with NSPT-only at each of the follow-up time periods (3, 6,
and 12 months). However, statistically significant differences between NSPT + Manuka and
NSPT-only were identified in delta PPD values for all follow-up time points, as well as for
delta CAL values for the time points of 3 and 6 months. The delta CAL values calculated for
12 months could be considered marginally significant at the selected level of significance
of 0.05. These statistically significant further improvements due to the adjunctive use of
Manuka amounted to (mm): 0.21, 0.30, and 0.19 for delta CAL and 0.18, 0.28, and 0.16 for
delta PPD values measured after 3, 6, and 12 months, compared to NSPT-only.

Table 2 shows FMPS and FMBS values measured at baseline, 3, 6, and 12 months. At
baseline, the quadrants that received NSPT-only had significantly greater values of plaque
and bleeding. No significant differences between the quadrant groups were identified, with
the exception of lower bleeding scores at 6 months in the NSPT + Manuka quadrants.

One patient reported generalized dentine hypersensitivity that spontaneously de-
creased until the 1-month check-up. No other adverse effects were reported.
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Table 1. Measured values of periodontal pocket depth, clinical attachment level, and changes of these
parameters from the baseline values. All data are represented as mean values with 95% confidence
interval limits in parentheses.

Variable Time Point NSPT + MANUKA NSPT-Only p-Values

PPD (mm) baseline 4.27 (4.12, 4.43) 4.07 (3.93, 4.21) 0.060

3 months 2.81 (2.72, 2.91) 2.82 (2.73, 2.92) 0.846

6 months 2.57 (2.48, 2.65) 2.66 (2.57, 2.74) 0.140

12 months 2.53 (2.45, 2.61) 2.52 (2.44, 2.60) 0.825

ΔPPD (mm) 3 months −1.46 (−1.56, −1.36) −1.25 (−1.34, −1.15) 0.002

6 months −1.71 (−1.81, −1.60) −1.41 (−1.51, −1.31) <0.001

12 months −1.74 (−1.85, −1.63) −1.55 (−1.66, −1.44) 0.016

CAL (mm) baseline 4.30 (4.14, 4.45) 4.11 (3.97, 4.25) 0.080

3 months 2.91 (2.81, 3.02) 2.91 (2.81, 3.01) 0.952

6 months 2.69 (2.60, 2.79) 2.78 (2.68, 2.88) 0.201

12 months 2.66 (2.57, 2.75) 2.63 (2.54, 2.72) 0.609

ΔCAL (mm) 3 months −1.38 (−1.49, −1.28) −1.20 (−1.30, −1.10) 0.012

6 months −1.61 (−1.72, −1.49) −1.33 (−1.43, −1.22) <0.001

12 months −1.64 (−1.72, −1.52) −1.48 (−1.59, −1.37) 0.052

PPD—periodontal pocket depth; CAL—clinical attachment level; Δ—delta.

Table 2. Measured values of split-mouth bleeding score and split-mouth plaque score, represented as
percentages of positive sites in respective quadrants (%).

Variable Time Point NSPT + MANUKA NSPT-Only p-Values

SMBS (%) baseline 82.1 86.5 0.007

3 months 46.7 43.7 0.178

6 months 44.8 50.8 0.007

12 months 54.6 55.8 0.575

SMPS (%) baseline 92.7 95.4 0.009

3 months 30.9 31.2 0.990

6 months 46.7 47.4 0.775

12 months 51.3 52.2 0.678
SMBS—split-mouth bleeding score (number of positive sites/all measuring sites × 100 in Manuka or NSPT-only
quadrants); SMPS—split-mouth plaque score (number of positive sites/all measuring sites × 100 in Manuka or
NSPT-only quadrants); %—percentage.

4. Discussion

This pilot study investigated the impact of Manuka honey as an adjunct to NSPT.
It showed statistically significant improvements in terms of PPD reduction and CAL
gain after 3, 6, and 12 months of follow-up, compared to the outcomes of the NSPT-only.
Improvements in bleeding and plaque scores were also observed in both quadrant groups.

The present study was motivated by numerous literature reports on the beneficial
effects of Manuka honey when used for various medical purposes. Accelerated wound
healing was reported after the topical use of Manuka honey for the treatment of ulcers,
bed sores, and other skin infections [4]. In addition, Manuka honey was demonstrated
to promote healing in infected wounds that do not respond to conventional therapy,
i.e., antibiotics and antiseptics, including wounds infected with methicillin-resistant S.
aureus [16]. Manuka honey may promote the repair of the damaged intestinal mucosa,
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stimulate the growth of new tissues, and work as an anti-inflammatory agent [16]. Clinical
observations have reported reduced symptoms of inflammation when Manuka honey
is applied to wounds [17]. The removal of exudate in wounds dressed with honey was
helpful for managing inflamed wounds [4]. The aforementioned effects encouraged our
investigation of the possible effects of Manuka honey on periodontitis treatment.

Although the effects of Manuka honey on oral bacteria have not been investigated
in vivo, there are several in vitro studies that convincingly indicated its antibacterial ac-
tivity. The study by Safii et al. was based on the minimum amount of honey required
to kill bacteria or inhibit their growth on blood agar, as evaluated by the minimum bac-
tericidal concentration or minimum inhibitory concentration (MBC/MIC), and showed
a high antibacterial potential of Manuka honey, especially against Gram-negative anaer-
obic bacteria [18]. Similar results were published in the in vitro work of Schmidlin et al.
on the antimicrobial effect of Manuka honey compared to other types of honey against
three common pathogens present in the oral cavity (S. mutans, P. gingivalis, and A. actino-
mycetemcommitans). Antibacterial activity was analyzed on blood agar, and Manuka honey
demonstrated a stronger antibacterial effect compared to other types of honey due to its
specific non-peroxidase activity mediated by methylglyoxal, to which P. gingivalis was
found to be especially sensitive [17].

The research by Badet and Quero analyzed in vitro adhesion of oral cavity bacteria
exposed to different concentrations of Manuka honey on glass and hydroxyapatite surfaces
immersed in saliva. The results showed that Manuka honey with higher methylglyoxal
concentrations inhibits the adhesion of S. mutans [19]. Sigrun et al. compared the effec-
tiveness of Manuka honey and regular honey on P. gingivalis, which is one of the most
important periodontal pathogenic bacteria. It was shown that the planktonic form is
extremely sensitive to exposure to Manuka honey, which additionally substantiates its
antibacterial properties [20].

The only in vivo study on the use of Manuka honey in the oral cavity is reported in the
article by Al-Khanati et al. who investigated the analgesic effect of Manuka honey applied
to the post-extraction alveolus following the extraction of impacted third molars. Their
randomized split-mouth study showed a statistically significant reduction in postoperative
pain on the side where Manuka honey was applied [21]. This finding suggests favorable
analgesic properties and potential anti-inflammatory activity of Manuka honey.

A recent systematic review and meta-analysis analyzed the adjunctive effects of locally
delivered antimicrobials in the nonsurgical treatment of periodontitis. The meta-analysis
for studies of 6–9-month follow-ups showed statistically significant benefits in terms of
PPD reduction (WMD = 0.365) and CAL gain (WMD = 0.263). For long-term studies of
12 to 60 months, significant differences were only observed for PPD (WMD = 0.190). The
authors highlighted that the heterogeneity was significant due to a great number of different
active agents and a difference in study design. The products with the largest observed
benefits were those containing doxycycline or tetracycline [22]. The improvements in the
treatment outcome following the adjunctive use of Manuka honey in the present study
can be compared to the systematic review’s results in terms of PPD reduction, as the mean
difference at 6 and 12 months were 0.30 and 0.19, respectively.

Although the differences between the two quadrant groups in our study seem small
and that the baseline values might also seem low, it is interesting to note that in a recent
multicenter clinical trial investigating the flapless application of enamel matrix derivative in
non-surgical therapy when the authors sub-analyzed CAL changes at 12 months including
all pockets, and not only the deep ones, the difference between the control and test group
was only 0.1 mm in favor of the enamel matrix derivative, with overall CAL changes of
0.8 mm and 0.9 mm, respectively. However, when they analyzed only pockets of 5–8 mm,
CAL changes were significantly higher, 2.1 mm for the control group and 2.2 mm for the
test group [23]. If we compare the results from the above-mentioned study on all sites to
ours, we can see that our CAL changes in the test quadrants were 1.64 mm and 1.48 mm in
the control quadrants which is higher than in the Schallhorn study.
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Another observation in our study was the continuous improvements in both PPD
reductions and CAL values at 3, 6, and 12 months. However, statistical significance between
the two groups was only found at 6 months in favor of the test quadrants for both variables.
At 3 months, PPD changes were −1.46 mm for the test quadrants and −1.25 mm coming
very close to statistical significance (p = 0.002) with a further improvement to −1.74 mm
in test quadrants and −1.55 mm in the control quadrants at 12 months with p values still
not significant. This difference in the lack of significance at 3 and 12 months compared to 6
months, although the actual numbers in differences are 0.21 mm, 0.30 mm, and 0.19 mm,
could be due to the pressure during probing which cannot be entirely controlled although
clinical measurements were done by an experienced and calibrated periodontist.

Both quadrant groups presented with an initial reduction in plaque and bleeding
scores following treatment. After 3 months, at re-evaluation, the reduction of bleeding
was 35.4% in the Manuka + NSPT and 42.8% in NSPT-only quadrants. These values are
lower than previously reported by the systematic review of Suvan et al., of a weighted
mean reduction of 56.7% at 3/4 months after non-surgical treatment [3]. At 6 months,
while the Manuka + NSPT quadrants presented a further, albeit minimal, reduction of 1.9%
in bleeding scores, the NSPT-only quadrants presented a rise in bleeding scores of 7.1%.
From 6 to 12 months, quadrants treated with both treatment modalities presented with
an increase in bleeding scores. The observed reduction of plaque (SMPS) at 3 months was
61.8% in the Manuka + NSPT quadrants and 64.2% in the NSPT-only quadrants, which is as
expected following nonsurgical treatment [24]. At 6 and 12 months, quadrants treated with
both modalities expressed an increase in plaque score. The increase in both parameters
at later follow-ups could be explained by the omission of intensive supportive treatment
at 1-month intervals and lack of patients’ motivation. It needs to be highlighted that the
data on the effects of these two treatment modalities and the direct comparison between
the two treatments on plaque and bleeding have to be interpreted with caution, as there
was a statistically significant difference in these parameters between the Manuka + NSPT
and NSPT-only quadrants at baseline. As per the effects of Manuka honey on plaque and
bleeding, a pilot study by Molan et al. showed that Manuka honey has a positive effect
on reducing the amount of dental plaque and the incidence of gingivitis compared to the
control group that did not use Manuka honey [7].

The commercial product used in this research combines Manuka honey and hydrogen
peroxide. Thus, the effect of the adjunctive cannot be attributed solely to Manuka. The
extent of these substances’ sole or combined impact on clinical outcomes would need to be
evaluated in an appropriately designed RCT. Schmidlin et al., however, reported a greater
antibacterial effect of Manuka above the NPA value of 15 compared to “regular” honey,
whose activity relies on peroxide-based antimicrobial factors [17]. Hydrogen peroxide as an
adjunct to non-surgical treatment for pocket irrigation failed to show further improvements
in clinical outcomes when compared to subgingival debridement alone [24]. Research on
the use of 1.7% hydrogen peroxide in custom trays and H2O2 photolysis (irradiation of 3%
H2O2 with 405 nm light or diode laser) showed promising results in terms of significantly
greater PPD reduction in test groups compared to controls [25–28].

Adding hydrogen peroxide in the commercial product definitely facilitates clinical
handling as it decreases the honey’s viscosity and the application inside the periodontal
pockets.

The main limitation of this pilot study is the small sample size (n = 12). However,
despite the small sample size, the included subjects represent a specific population of
patients with severe inflammation and advanced forms of periodontitis, for which it was
possible to identify a small but statistically significant improvement in the reduction of
PPD at sites treated with Manuka honey compared to the control sites. An analogous
improvement was identified for CAL in the sites treated with Manuka honey.

Furthermore, microbiological analysis was not conducted in this research. So far,
antibacterial efficacy of Manuka on periodontal pathogens was shown only in in vitro
studies [17,18]. Thus, further data is needed from studies on humans. Studies with mid-
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and long-term follow-ups may show possible prolonged effects of this adjunctive on the
subgingival microbial composition compared to subgingival debridement alone.

The statistical analysis was performed at the level of individual periodontal sites,
meaning that the statistical unit was represented by the site instead of the patient. When
individual sites are considered as statistical units, the actual sample size becomes 2025
(12 subjects × 28.125 teeth per subject on average × 6 sites per tooth = 2025 sites in total).
Calculating the “delta” values for PPD and CAL and using these values instead of the
original pooled PPD and CAL values measured at each individual time point provided
higher statistical power for identifying significant differences in the comparisons of the
NSPT + Manuka and the NSPT-only quadrants. By calculating the differences in PPD
and CAL at the level of the individual site, the heterogeneity among sites becomes less
influential, as the “net” effect is isolated for each site and used for the statistical analysis
rather than pooling the original PPD and CAL values measured at individual time points.
This reasoning explains why the significant effects of Manuka honey were identified only
for delta PPD and delta CAL variables and not for the original PPD and CAL variables.
Furthermore, the authors are aware of the possible disadvantages of the split-mouth design.
As both sides received some modality of treatment and the product itself comes in a highly
viscous form and is delivered locally, the possibility of the carry-across effect (i.e., bacterial
contamination from an untreated sides/possible effect of the Manuka honey on the NSPT-
only quadrants) was minimized [29,30]; however, we do recognize a risk of it happening.
A relatively high number of teeth (20 teeth) set as an inclusion criterion also positively
influenced the similarity between randomization units.

5. Conclusions

This pilot study indicated a promising potential of Manuka honey as an adjunct
in NSPT. Despite the improvement in outcomes appearing modest in absolute terms, it
was statistically significant for all follow-up time points, indicating the potential use of
Manuka honey as a simple and affordable adjunct to non-surgical periodontal therapy.
Furthermore, the product is considered a safe adjunct and no adverse events related to its
use were reported during the study period. Encouraging results from this pilot study led
to a further randomized clinical study on a larger sample that is currently being performed
by our group.

Author Contributions: D.B.—study conception, experimental design, funding acquisition, per-
formed experiments, formal analysis and data interpretation, statistical analysis, visualization, and
wrote manuscript; D.O., L.M., A.B., and A.Š.—experimental design, performed experiments, data
acquisition and interpretation, and revised and approved final manuscript; D.B.—study conception,
experimental design, supervision, data interpretation, project administration, resources, and revised
and approved final manuscript. D.B.—experimental design, data acquisition and interpretation, su-
pervision, resources, and revised and approved final manuscript. D.O. and L.M.—study conception,
experimental design, supervision, data interpretation, project administration, resources, and revised
and approved final manuscript. D.B.—study conception, supervision, resources, data interpretation,
project administration, and revised and approved final manuscript. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of the School of Dental Medicine, University of
Zagreb, Croatia; approval No. 05-PA-30-IX-9/2019.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

91



Materials 2023, 16, 1248

References

1. Chapple, I.L.C.; Mealey, B.L.; Van Dyke, T.E.; Bartold, P.M.; Dommisch, H.; Eickholz, P.; Geisinger, M.L.; Genco, R.J.; Glogauer,
M.; Goldstein, M.; et al. Periodontal Health and Gingival Diseases and Conditions on an Intact and a Reduced Periodontium:
Consensus Report of Workgroup 1 of the 2017 World Workshop on the Classification of Periodontal and Peri-Implant Diseases
and Conditions. J. Periodontol. 2018, 89, S74–S84. [CrossRef]

2. Sanz, M.; Herrera, D.; Kebschull, M.; Chapple, I.; Jepsen, S.; Berglundh, T.; Sculean, A.; Tonetti, M.S.; EFP Workshop Participants
and Methodological Consultants. Treatment of Stage I–III Periodontitis—The EFP S3 Level Clinical Practice Guideline. J. Clin.
Periodontol. 2020, 47, 4–60. [CrossRef] [PubMed]

3. Suvan, J.; Leira, Y.; Moreno Sancho, F.M.; Graziani, F.; Derks, J.; Tomasi, C. Subgingival Instrumentation for Treatment of
Periodontitis. A Systematic Review. J. Clin. Periodontol. 2020, 47, 155–175. [CrossRef] [PubMed]

4. Carter, D.A.; Blair, S.E.; Cokcetin, N.N.; Bouzo, D.; Brooks, P.; Schothauer, R.; Harry, E.J. Therapeutic Manuka Honey: No Longer
So Alternative. Front. Microbiol. 2016, 7, 569. [CrossRef] [PubMed]

5. Maddocks, S.E.; Jenkins, R.E. Honey: A Sweet Solution to the Growing Problem of Antimicrobial Resistance? Future Microbiol.
2013, 8, 1419–1429. [CrossRef] [PubMed]

6. Mandal, M.D.; Mandal, S. Honey: Its Medicinal Property and Antibacterial Activity. Asian Pac. J. Trop. Biomed. 2011, 1, 154–160.
[CrossRef] [PubMed]

7. Adams, C.J.; Manley-Harris, M.; Molan, P.C. The Origin of Methylglyoxal in New Zealand Manuka (Leptospermum Scoparium)
Honey. Carbohydr. Res. 2009, 344, 1050–1053. [CrossRef]

8. Norton, A.M.; McKenzie, L.N.; Brooks, P.R.; Pappalardo, L.J. Quantitation of Dihydroxyacetone in Australian Leptospermum
Nectar via High-Performance Liquid Chromatography. J. Agric. Food Chem. 2015, 63, 6513–6517. [CrossRef]

9. Alvarez-Suarez, J.; Gasparrini, M.; Forbes-Hernández, T.; Mazzoni, L.; Giampieri, F. The Composition and Biological Activity of
Honey: A Focus on Manuka Honey. Foods 2014, 3, 420–432. [CrossRef]

10. Tashkandi, H. Honey in Wound Healing: An Updated Review. Open Life Sci. 2021, 16, 1091–1100. [CrossRef]
11. Minden-Birkenmaier, B.; Bowlin, G. Honey-Based Templates in Wound Healing and Tissue Engineering. Bioengineering 2018, 5,

46. [CrossRef] [PubMed]
12. Armitage, G.C. Development of a Classification System for Periodontal Diseases and Conditions. Ann. Periodontol. 1999, 4, 1–6.

[CrossRef] [PubMed]
13. Tonetti, M.S.; Greenwell, H.; Kornman, K.S. Staging and Grading of Periodontitis: Framework and Proposal of a New Classification

and Case Definition. J. Clin. Periodontol. 2018, 45, S149–S161. [CrossRef] [PubMed]
14. Ainamo, J.; Bay, I. Problems and Proposals for Recording Gingivitis and Plaque. Int. Dent. J. 1975, 25, 229–235.
15. O’Leary, T.J.; Drake, R.B.; Naylor, J.E. The Plaque Control Record. J. Periodontol. 1972, 43, 38. [CrossRef] [PubMed]
16. Niaz, K.; Maqbool, F.; Bahadar, H.; Abdollahi, M. Health Benefits of Manuka Honey as an Essential Constituent for Tissue

Regeneration. Curr. Drug Metab. 2017, 18, 881–892. [CrossRef] [PubMed]
17. Schmidlin, P.R.; English, H.; Duncan, W.; Belibasakis, G.N.; Thurnheer, T. Antibacterial Potential of Manuka Honey against Three

Oral Bacteria in Vitro. Swiss Dent. J. 2014, 124, 922–924.
18. Safii, S.H.; Tompkins, G.R.; Duncan, W.J. Periodontal Application of Manuka Honey: Antimicrobial and Demineralising Effects In

Vitro. Int. J. Dent. 2017, 2017, 9874535. [CrossRef]
19. Badet, C.; Quero, F. The in Vitro Effect of Manuka Honeys on Growth and Adherence of Oral Bacteria. Anaerobe 2011, 17, 19–22.

[CrossRef]
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Abstract: The aim of this study was to compare the potential of standard ion-releasing materials
to repair demineralized lesions with recently introduced alkasite and glass hybrid materials. Glass
ionomer (GC Fuji TRIAGE), two glass hybrids (EQUIA Forte HT, Riva SC), calcium silicate cement
(Biodentine) and an alkasite (Cention Forte) were tested. A total of 72 human third molars were
used for sample preparation; on the dentine surface, a class-I cavity was prepared, and one half was
covered with nail varnish. The teeth were subjected to a demineralization protocol, filled with the
examined materials, and cut in half. The evaluation included a dentine microhardness assessment
(n = 10) and SEM/EDS analysis (n = 2). The results were analyzed using SPSS 22.0 statistical software
and compared using an analysis of variance and Scheffe post-hoc test. The statistical significance level
was set to 0.05. Mean microhardness values (HV0.1) after 14 and 28 days were, respectively: EQUIA
Forte HT (26.7 ± 1.45 and 37.74 ± 1.56), Riva Self Cure (19.66 ± 1.02 and 29.58 ± 1.18), Cention
Forte (19.01 ± 1.24 and 27.93 ± 1.33), Biodentine (23.35 ± 1.23 and 29.92 ± 1.02), GC Fuji TRIAGE
(25.94 ± 1.35 and 33.87 ± 5.57) and control group (15.57 ± 0.68 and 15.64 ± 0.82). The results were
significantly different between most groups (p < 0.001). SEM/EDS revealed varying patterns, material
deposits and distinct elemental variations. To conclude, all materials increased microhardness and
affected the dentine surface appearance and chemical composition; EQUIA Forte HT demonstrated
the most pronounced effects.

Keywords: dentine; ion-releasing materials; microhardness; glass-ionomer cements; glass hybrids;
alkasite

1. Introduction

Dentine formation is a complex process. It results in different types of dentine, each
with its own characteristics [1]. Unlike enamel, dentine has a higher proportion of organic
content, around 20%, most of which is collagen [2]. This complex organic matrix is what
makes dentine remineralization a challenging process [3]. Demineralization of dentine, usu-
ally associated with the progression of a carious lesion, is initiated by a drop in pH. On the
other hand, dentine remineralization requires the harmonious reparation of collagen and
inorganic apatite, resulting in the intrafibrillar mineralization of collagen [4]. Furthermore,
to restore the mechanical features of dentine, the processes of demineralization and rem-
ineralization need to be in synergistic connection to enable a precise mineral precipitation,
both within the collagen intrafibrillar and interfibrillar spaces [5,6].

The contemporary approach to caries removal favors the usage of methods and
materials that preserve hard dental tissue and promote its reparation, minimizing the risk
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of unintended pulp chamber exposure [7,8]. Additionally, previous research has shown
that tissue preservation significantly improves the longevity of restorations [9]. Therefore, a
growing emphasis has been placed on ion-releasing materials that elicit a specific biological
response and bond to hard dental tissue, thus leading to tissue replacement that can
reduce the susceptibility of tooth minerals to dissolution and/or is capable of restoring its
attributes [6]. That group includes many different materials with various mechanisms of
action. However, all of them are based on delivering ions into mineral-deprived lesions,
aiming to repair them. Standard materials in this category are glass ionomer (GIC) and
calcium silicate cements. Initially introduced in the 1970s [10], GICs have since been used
in different areas of dental medicine due to their properties, which include biocompatibility,
bioactivity, and fluoride release, making them efficient in promoting tissue repair and caries
prevention [11]. However, their poor mechanical features and low resistance to wear and
erosion have prevented them from becoming a long-term restorative material in permanent
dentition [12–15]. To overcome these issues, glass hybrids have been introduced; they are
reinforced by adding more reactive, smaller silica particle, and a higher molecular-weight
acrylic and acid molecule, all of which increases the matrix cross-linking and improves
their mechanical properties [16]. In addition, such materials also come with a resin-based
coat, further improving their durability.

Before quick-setting modifications were developed, calcium silicate-based cements
have mostly been used in endodontics, such as for the treatment of perforated roots, due to
their high biocompatibility and ability to promote the formation of minerals [17]. Nowa-
days, some tri-calcium silicate-based cements are used as restorative materials and dentine
replacements, as they induce mineral precipitation dentine formation [6]. While most of the
previously listed materials are self-cured, alkasites, a group of recently introduced materials,
are dual-cured. They contain an alkaline filler, thus releasing acid-neutralizing ions, as well
as fluorides, hydroxyl ions and calcium in an acidic oral cavity environment [18].

Previous research has shown that the mechanical properties of dentin are best repaired
when minerals are incorporated into the collagen fibrils, as the mere deposition of minerals
into the demineralized lesion does not guarantee functional remineralization [19,20]. The
present study assesses the biomechanical properties of dentine by testing microhardness
and using scanning electron microscopy in conjunction with energy-dispersive X-ray
spectroscopy (SEM/EDS).

We aimed to compare the potential of standard ion-releasing materials (glass ionomer
and calcium silicate cements) to repair demineralized lesions with recently introduced
alkasite and glass hybrids.

The null hypotheses were:

1. There is no difference in dentine microhardness values among the tested materials.
2. There are no differences in the mineral composition of the specimens treated with the

tested materials.
3. There are no differences in the micro-surface appearance between groups.

2. Materials and Methods

The Ethics Committee of the School of Dental Medicine, University of Zagreb approved
the protocol for the current study (05-PA-30-III-12/2021). The research was conducted at the
University of Zagreb, School of Dental Medicine, the Rud̄er Bošković Institute in Zagreb,
the Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, and
the Charite—Universitätsmedizin in Berlin. A total of 72 human third molars that were
used in this study were collected at the Department of Oral Surgery, Clinical Hospital
Centre Zagreb. Extracted teeth were thoroughly examined to ensure the absence of any
carious lesions. Before use, the samples were placed in 0.5% chloramine solution at room
temperature for up to three months.
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2.1. Sample Preparation

Before the sample preparation, the teeth were meticulously cleaned using brushes, a
scaler, and discs. The tested materials are listed in Table 1 (the type of material is provided
by the manufacturer).

Table 1. Materials used in the study.

Material Type Manufacturer

EQUIA Forte® HT Glass hybrid GC Corporation, Tokyo, Japan

Riva Self Cure Glass hybrid/glass ionomer cement [21] SDI Limited, Melbourne, VI, Australia

Cention Forte Alkasite Ivoclar Vivadent AG, Schaan, Liechenstein

Biodentine™ Tricalcium silicate-based material SEPTODONT, Saint-Maur-des-fossés Cedex, France

GC Fuji TRIAGE® Glass ionomer cement GC Corporation, Tokyo, Japan

A non-bioactive composite material, 3M™ Filtek™ Universal Composite (3M ESPE,
St. Paul, MN, USA), was used in the control group. The collected teeth were randomly
divided into two groups for each of the five materials tested and a control group, as each of
the two tests (after 14 and 28 days) used different specimens. Ten samples were obtained
for each group in a single testing period for microhardness testing (n = 10). Two additional
samples were prepared for SEM/EDS analysis in each group (n = 2). The occlusal third
of the crown was removed using IsoMet 1000 Precision Cutter (Buehler, Lake Bluff, IL,
USA) and IsoMet Diamond Wafering Blade (Buehler, Lake Bluff, IL, USA) at a speed
of 200 rounds per minute, exposing the dentine surface. A class-I cavity with the floor
ending at mid-coronal dentin (3 mm × 1.5 mm wide, 0.5 mm deep) was prepared in each
tooth using a medium-grit (107 m) diamond bur (Komet, Lemgo, Germany) fixed in a
water-cooled high-speed turbine. Half of the cavity was covered with acid-resistant nail
polish (Markwins Beauty Brands, Inc., Walnut, CA, USA) to enable a direct comparison
of surfaces. The samples were then demineralized by individually immersing them in a
solution containing 0.0476 mM sodium fluoride (NaF), 2.2 mM calcium chloride dihydrate
(CaCl2·2H2O), 2.2 mM potassium dihydrogen phosphate (KH2PO4), 50 mM acetic acid
(CH3COOH), and 10 mM potassium hydroxide (KOH) at pH 5.0 (37 ◦C) for two weeks
in an incubator ES 120 (NÜVE, Ankara, Turkey), as suggested by previous studies [22,23].
The cavities were then rinsed and air-dried, after which they were filled with one of the
materials studied. All the materials were in encapsulated form and were mixed according
to the manufacturer’s instructions in the Silver Mix capsule mixer (GC Corporation Tokyo,
Japan); those treated with Cention Forte were further cured for 40 s with the light cure
unit Woodpecker LED-C (Guilin Tucano Medical Apparatus and Instruments Limited
Company, Guilin, China), curing light output: 850 W/cm2 wavelength: 420–480 nm. The
samples were placed in saline (Croatian Institute of Transfusion Medicine, Zagreb, Croatia)
mixed with the same amount of oral cavity moisturizer (Certmedica International GmbH,
Aschaffenburg, Germany) for 14 and 28 days, respectively, at 37 ◦C. Every 48 h, coronal
surfaces were rinsed with 200-ppm NaF solution. After the incubation period, all samples
were cut with IsoMet 1000 Precision Cutter (Buehler, Lake Bluff, IL, USA) perpendicular
to the joint of the material, in the mesio-distal direction. All the tests were performed two
times: after 14 and 28 days of incubation, respectively.

2.2. Vickers Microhardness Measurement

The microhardness of samples was determined using the Qness—Q10 M—Microhardness
Tester (ATM Qness GmbH, Golling an der Salzach, Austria) using the Vickers method. This
method is based on observing the dentine’s resistance to plastic deformation. After the
incubation period, microhardness was measured on both sides of the specimen. Two values
were obtained for each specimen. The measurement was performed using 100 g (HV0.1) for
10 s. Three indents were made on each specimen, and the mean value was calculated. The
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spacing between the indents was at least three times their diameter. Indents were made in
coronal dentine, no further than 200 μm from the material-dentine junction.

2.3. SEM Analysis

SEM analysis was performed on one specimen for each material, after 14 and 28 days,
using a Phenom XL Scanning Electron Microscope (Phenom-World BV, Eindhoven, The
Netherlands). The acquisition parameters were: 15 KV accelerating voltage, BSD Full
detector, 60 Pa low vacuum, and 3840 × 2160 scan size. Before the examination, the
samples were sputtered with a 10-mm-thick layer of gold. The surfaces of the sample, as
well as the junction between the material and dentine, were observed.

2.4. EDS Analysis

EDS analysis was also conducted on one specimen for each material. The tests were
made after 14 and 28 days, this time using the Inca 350 EDS System (Oxford Instruments,
High Wycombe, UK). Before the examinations, the samples were gently polished with a
soft brush and air-dried.

2.5. Statistical Analysis

The results were analyzed using SPSS 22.0 statistical software (IBM, Armonk, NY,
USA). The values of materials and time points were compared using analysis of variance
(repeated measures) across different materials and a Scheffe post hoc test to compare groups.
The statistical significance level was set to 0.05. Before analysis, the Kolmogorov–Smirnov
test was performed on the distributions, and it was established that they do not significantly
differ from normal values.

3. Results

The results of microhardness testing in the zone that was covered with nail varnish
and was unaffected by the protocols averaged at 66 ± 1.95 (HV0.1) in both testing periods
and did not differ significantly among the groups (p > 0.05). The mean microhardness
values obtained after 14 and 28 days in the zone submitted to the protocols are shown
in Table 2.

Table 2. Mean dentine microhardness and SD values (HV0.1) after 14 and 28 days (p < 0.001).

Material After 14 Days After 28 Days

EQUIA Forte® HT 26.7 ± 1.45 37.74 ± 1.56

Riva Self Cure 19.66 ± 1.02 29.58 ± 1.18

Cention Forte 19.01 ± 1.24 27.93 ± 1.33

Biodentine™ 23.35 ± 1.23 29.92 ± 1.02

GC Fuji TRIAGE® 25.94 ± 1.35 33.87 ± 5.57

Control Group 15.57 ± 0.68 15.64 ± 0.82

The mean microhardness values (HV0.1) obtained after 14 days were significantly
different between most groups (p < 0.001), with several exceptions (Biodentine vs. Cention
Forte p = 0.08, Biodentine vs. Riva SC p = 0.997, Riva Self Cure vs. Cention Forte p = 0.229).
Similarly, after 28 days, there were statistically significant differences between all groups
(p < 0.001), except EQUIA Forte HT and GC Fuji TRIAGE (p = 0.514) and Cention Forte and
Riva Self Cure (p = 0.687).

SEM analysis showed uneven patterns, mineral deposits, debris and cracks on the
sample’s surfaces. Its results are shown in Figures 1 and 2, which represent sample surfaces
treated with different examined materials, obtained after 14 and 28 days of incubation.
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Figure 1. Representative SEM images (accelerating voltage of 15 kV, working distance of 8997 mm,
magnification of 2100×, scale bar represents 50 μm) of the sample surfaces after 14 days of incu-
bation; (a) Control, (b) EQUIA Forte HT, (c) GC Fuji TRIAGE, (d) Biodentine, (e) Riva Self Cure,
(f) Cention Forte.
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Figure 2. Representative SEM images (accelerating voltage of 15 kV, working distance of 8997 mm,
magnification of 2100×, scale bar represents 50 μm) of the sample surfaces after 28 days of incu-
bation; (a) Control, (b) EQUIA Forte HT, (c) GC Fuji TRIAGE, (d) Biodentine, (e) Riva Self Cure,
(f) Cention Forte.

Figure 3 shows the results of EDS analysis for each group after 14 and 28 days of
incubation, with significant element share differences.
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Figure 3. Representative results of EDS elemental analysis after 14- and 28-day incubation period of
the samples in (a,b) the control group, (c,d) EQUIA Forte HT, (e,f) GC Fuji TRIAGE, (g,h) Biodentine,
(i,j) Riva Self Cure and (k,l) Cention Forte.
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4. Discussion

Given the vast number of commercially available products marked as ion-releasing, in
this study, we wanted to contrast more recently introduced materials with standard ones.
Since the results of the present study showed significant differences among the microhard-
ness values obtained for the tested materials, the first null hypothesis was rejected.

In the present study, the material that performed the best in microhardness testing is
EQUIA Forte HT, a glass hybrid, closely followed by GC Fuji TRIAGE, a glass ionomer
cement. This was further proven by the EDS analysis, which was used for observing
the changes in the mineral content of the samples. EDS analysis gave an insight into the
chemical changes that occurred during the demineralization and incubation processes.
Following demineralization, a lower share of calcium and phosphate ions was detected,
and concentrations were observed, as is expected when mineral loss occurs. On the other
hand, in all five groups, increased calcium and phosphate amounts could be observed when
analyzing the EDS results after incubation: the highest was in the EQUIA Forte HT group.
The possible explanation for this is that due to increased matrix cross-linking, glass hybrids
release ions somewhat slower, which eventually results in deeper remineralization of the
lesion and higher microhardness values. However, Schwendicke et al. [24] previously did
not obtain any mineral gain after the usage of GICs, most likely due to differences in the
study design; in the present study, a simpler demineralization protocol was used. Further-
more, the remineralization period in our study was shorter, not allowing precipitated ions
to wash off. Several factors possibly contributed to glass hybrid and glass ionomer cements
performing well. Glass ionomers are already a well-known remineralizing agent, and our
results are similar to others’ findings [25,26]. However, in the present study, two glass
hybrids performed differently, with much higher values obtained for EQUIA Forte HT.
compared to Riva Self Cure. This situation is not unprecedented: Bueno et al. [27] found
that not all materials release fluorides and other ions in the same way. These differences
are mostly attributed to their composition and the kinetics of their setting reaction [28],
as fluoride gets easily trapped within the matrix. The diffusion may vary depending on
the material composition and the extent of the reaction, which eventually determines the
number of ions released [29]. In contrast, Biodentine also increased microhardness, possibly
because it contains particles of a small size of 2811 m2/g for a quick release of calcium
and phosphate ions [30], but its results were inferior to EQUIA Forte HT and GC Fuji
TRIAGE, which was furthermore supported by the findings of Al-Abdi et al. [31]. However,
it should be considered that this is a material that increases TGF-β1 pulp cell secretion in
cell differentiation and mineralization, thus making it more suitable for in vivo studies [32].
The lowest level of mineral gain was observed in the Cention Forte group. Still, it also
increased the mineral share to a certain extent. This can be explained by its properties of a
low monomer conversion and lower cross-linking density of the resin matrix, which can
enhance fluoride diffusion and which have possibly contributed to this result [33,34]. On
the other hand, its inferior results to glass hybrids and glass ionomers are possibly due to
self-cured materials releasing fluorides at a higher rate than dual-cured materials [35].

SEM/EDS analysis was performed to observe the changes in mineral content. SEM is
useful for observing changes in surface structure and appearance, whereas EDS is used for
observing the mineral share rise or fall [36]. Taking into consideration that the differences in
the appearance of the surface structure and the mineral content of the tested samples after
incubation were significant, the second and third null hypotheses were partially rejected.
Samples included in this part of the study were very fragile; to reduce the examiner’s
influence on the outcome, they were only gently polished with a soft brush and air-dried
before SEM/EDS, leaving markings made by the saw during the cutting process visible.
Furthermore, uneven accumulations of minerals can be seen on all specimens, proving the
ion deposition. They penetrate to different extents into the lesion. These differences are
most likely due to the unique and complex features of dentine, as its properties vary greatly
through the tooth. The assessment of microhardness is widely recognized as a straightfor-
ward, dependable, and non-destructive methodology, affording valuable insights into the
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dynamic processes of demineralization and remineralization [37]. Previous research has
proven it to be useful in relation to both dentine and enamel for observing alterations in the
mechanical properties of dental tissues, allowing for the characterization of changes occur-
ring at the microstructural level; thus, it was used in the present study [38,39]. In addition, a
correlation between the mechanical properties of dental hard tissue and its mineral content
was found, making this method useful for determining possible remineralization [34,40–42].
An artificial demineralized lesion was created using a demineralizing solution, which was
suggested by Ten Cate et al. [22]. Within the limitations of this study, this was seen as
sufficient, since it has been shown that an absolute simulation of oral conditions is hardly
achievable, as numerous factors, including the velocity of saliva flow, its buffering capacity,
dynamic pH fluctuations in the oral cavity, and behavioral variations, collectively exert
substantial influence on an authentic oral environment [43,44]. As expected, the exposure
of dentine to the demineralization protocol decreased the microhardness value, which is
shown in the control group. As far as the duration of the remineralization course is con-
cerned, various timespans have been used: Bertassoni’s protocol lasted several hours [19],
while Talwar’s protocol lasted 28 days [45]. In the present study, microhardness was
measured after 14 and 28 days to obtain results comparable to other studies. All tested
materials showed an increase in microhardness in both measuring periods, with higher
values obtained after 28 days. This can be explained by the gradual fluoride release, as
fluoride ions do not react chemically during the setting reaction, which allows them to
diffuse down their concentration gradient [46].

While all the tested materials helped to improve the dentine microhardness, compared
to demineralized lesions, the obtained values were still significantly lower than those
obtained on the unaffected side. This could be attributed to the fact that pulpal defense
and the activity of its cells, such as odontoblasts and fibroblasts is, with the presence of
growth factors, crucial for functional mineral deposition [47], which is another limitation
of the study. Still, the examined materials, with their ability to deploy ions, can be a
valuable clinical asset, due to their buffering effect and anti-microbial effects [48,49]. As the
remineralization of dentine is very complex and often results in the heterogenous formation
of crystals, great differences between studies are possible, making comparisons challenging.
However, such in vitro studies, in which the oral conditions were not utterly simulated,
still gave us an idea of the materials’ capability for releasing ions, which, together with the
pulpal activity, can lead to remineralization. Nevertheless, the results are to be observed
while considering the experimental conditions. Therefore, additional research is needed
to answer a great number of questions that arise regarding this fast-developing group
of materials.

5. Conclusions

Within the limitations of this study, EQUIA Forte HT, a glass hybrid, showed the
highest potential for the release of ions into an artificially demineralized lesion, as evidenced
by its effect on the microhardness and chemical composition when compared to Riva Self
Cure, Cention Forte, Biodentine and GC Fuji TRIAGE. However, all materials tested
increased the mineral content of the lesion, making the use of ion-releasing materials
promising, along with further research that could include longer exposure periods and
different environmental conditions. Finally, conducting comprehensive studies to evaluate
the biological responses and clinical outcomes associated with these materials would
provide valuable insights to support the effective use of these materials.
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and Varnish. Acta Stomatol. Croat. 2018, 52, 307–313. [CrossRef] [PubMed]
47. Galler, K.M.; Weber, M.; Korkmaz, Y.; Widbiller, M.; Feuerer, M. Inflammatory Response Mechanisms of the Dentine–Pulp

Complex and the Periapical Tissues. Int. J. Mol. Sci. 2021, 22, 1480. [CrossRef] [PubMed]

104



Materials 2023, 16, 7310

48. Nyvad, B.; Machiulskiene, V.; Baelum, V. Reliability of a New Caries Diagnostic System Differentiating between Active and
Inactive Caries Lesions. Caries Res. 1999, 33, 252–260. [CrossRef]

49. Slimani, A.; Sauro, S.; Hernández, P.G.; Gurgan, S.; Turkun, L.S.; Miletic, I.; Banerjee, A.; Tassery, H. Commercially Available
Ion-Releasing Dental Materials and Cavitated Carious Lesions: Clinical Treatment Options. Materials 2021, 14, 6272. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

105



Citation: Abe, T.; Kunimatsu, R.;

Tanimoto, K. Comparison of

Orthodontic Tooth Movement of

Regenerated Bone Induced by

Carbonated Hydroxyapatite or

Deproteinized Bovine Bone Mineral

in Beagle Dogs. Materials 2024, 17,

112. https://doi.org/10.3390/

ma17010112

Academic Editor: Antonio Riveiro

Received: 1 November 2023

Revised: 11 December 2023

Accepted: 21 December 2023

Published: 25 December 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

Comparison of Orthodontic Tooth Movement of Regenerated
Bone Induced by Carbonated Hydroxyapatite or Deproteinized
Bovine Bone Mineral in Beagle Dogs

Takaharu Abe 1, Ryo Kunimatsu 2,* and Kotaro Tanimoto 2

1 Department of Orthodontics, Division of Oral Health and Development, Hiroshima University Hospital,
Hiroshima 734-8553, Japan; takabe@hiroshima-u.ac.jp

2 Department of Orthodontics and Craniofacial Developmental Biology, Hiroshima University Graduate School
of Biomedical & Health Sciences, Hiroshima 734-8553, Japan; tkotaro@hiroshima-u.ac.jp

* Correspondence: ryoukunimatu@hiroshima-u.ac.jp; Tel.: +81-82-257-5686; Fax: +81-82-257-5687

Abstract: Orthodontic treatments often involve tooth movement to improve dental alignment. In
this study, we aimed to compare tooth movement in regenerated bone induced by two different
bone fillers, carbonated hydroxyapatite (CAP) and deproteinized bovine bone mineral (DBBM). Four
beagle dogs were used in this comparative study. The first, second, and fourth lower mandibular
premolars (P1, P2, and P4) on both sides of the mouth were extracted, and CAP was implanted
into the extraction site on the left side and DBBM into the right side. Following regenerative bone
healing, orthodontic devices were attached to perform orthodontic tooth movement of the lower
third mandibular premolar (P3) on both sides. X-ray examination, intraoral scan, and histological
analysis were performed. The Mann–Whitney U test was used for statistical analysis, and p < 0.05
was considered significant. Bone regeneration and orthodontic tooth movement were observed in
the CAP and DBBM groups. Histologically, normal periodontal tissue remodeling was observed on
the compression and tension sides of CAP and DBBM. No statistical difference was observed in the
number of osteoclasts around the periodontal ligament and the root resorption area. Orthodontic
tooth movement of regenerated bone induced by CAP and DBBM was therefore achieved.

Keywords: bone regeneration; carbonated hydroxyapatite; deproteinized bovine bone mineral;
orthodontic tooth movement

1. Introduction

Various bone filling materials, such as collagen gel [1], deproteinized bovine bone
mineral (DBBM) [2], hydroxyapatite (HA) [3], and β-tricalcium phosphate (β-TCP) [4],
have been used for alveolar bone regeneration and dental treatment.

For orthodontic purposes, bone filler is typically transformed into physiological bone
after it is grafted into the body, serving its intended metabolic purpose. In contrast to
bone augmentation in implant therapy, a bone filler placed into a tooth socket (followed by
orthodontic treatment) must be bioabsorbable to allow tooth movement.

Of the bone filler candidates, collagen exhibits disadvantages such as low physical
strength and difficulty maintaining its shape within the oral cavity. Similarly, HA does not
allow orthodontic tooth movement at the implantation site because it cannot be replaced
by bone in the long term [5]. Furthermore, β-TCP is hydrolyzed and dissolved in body
fluids, resulting in bone regeneration while maintaining its original shape and density [6].

Jensen et al. [2] reported that DBBM implantation can effectively regenerate bones.
DBBM was approved in Japan in 1999 and is widely used as a bone augmentation material
for implant placement [7]. Studies indicate that DBBM will eventually be replaced by
natural bone over time [8,9]. Araújo et al. [10] reported that DBBM did not interfere with
tooth movement if it was implanted in the tooth extraction site and orthodontic force
was applied.
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Carbonated hydroxyapatite (CAP) is another artificial biomaterial that was approved
for clinical use in Japan in 2017 [11]. CAP contains 6–9% carbonate in its apatite structure
and exhibits high osteoconductivity and remodeling ability [11]. Mano et al. [12] observed
alveolar ridge continuity after CAP implantation. Fukuda et al. [13] demonstrated that
CAP was effective in maintaining the trabecular bone after tooth extraction. Therefore,
owing to these favorable properties, CAP is frequently used in dental treatment. CAP is
currently being applied clinically as a bone filler for bone augmentation and regeneration
of periodontal tissue in implant-bearing regions [14,15].

It has been previously reported that regenerated bone induced by CAP and mes-
enchymal stem cells (MSCs) can produce orthodontic tooth movement [16]. However, no
studies have investigated tooth movement in regenerated bone using CAP without MSCs
and compared it with other bone filler materials. Therefore, in this study, we aimed to
evaluate the effects of DBBM and CAP as bone filling materials on bone regeneration and
tooth movement.

2. Materials and Methods

This study was approved by the relevant ethics review board of Hamley Co., Ltd.
(Ibaraki, Japan) Animal Ethics Committee [Study No. 20-H022].

2.1. Scaffold Implantation

Four dogs (TOYO beagles, 12 months old; Kitayama Labes, Nagano, Japan) were anes-
thetized via intramuscular injection with 0.4 mL/kg of ketamine hydrochloride (Ketalal
500 mg, Daiichi Sankyo Propharma, Tokyo, Japan) and xylazine (Theratal 2% injection,
Bayer Yakuhin, Osaka, Japan) in a 1:1 mixed solution. The same solution was also adminis-
tered to maintain anesthesia.

The operation area was sterilized with an Isodine solution for animals (Mundipharma
Co., Ltd., Tokyo, Japan; 20 mg of Japanese Pharmacopoeia povidone-iodine in 1 mL), and
xylocaine was used to induce local anesthesia. The first, second, and fourth premolars (P1,
P2, and P4) of the mandible were then extracted. CAP obtained from Cytrans Granules®

(GC, Tokyo, Japan) and DBBM obtained from Bio-Oss® (Geistlich Pharma AG, Wolhusen,
Switzerland) were used for the experiments. The bone filling material was implanted in the
extraction sites and the gingiva was sutured to close the wound. DBBM S (0.25–1.0 mm in
size) was implanted on the right side, and CAP S (0.3–0.6 mm) and M (0.6–1.0 mm) mixed
at a 1:1 ratio were implanted on the left side. Healing progress was checked monthly for
3 months after Isodine disinfection.

2.2. Attaching Orthodontic Appliances and Moving Teeth

Healing of the extraction site was confirmed 6 weeks after transplantation, and an
impression was taken using silicone material (Examixfine Regular type; GC) and a tray.
Three months after implantation, an orthodontic appliance manufactured by Wada Seimitsu
Laboratory using a casting method was attached. We used a stainless steel wire measuring
0.019 × 0.025 inches for the appliance, and for the crown on P3, we used 0.022-inch slotted
tubing. Subsequently, the closed coil spring (TOMY International, Tokyo, Japan) was
adjusted to 100 g, and experimental tooth movement was performed. The date of device
attachment was defined as day 0, and observations were conducted every 2 months.

2.3. Intraoral and Radiographic Photographs

After tooth extraction and transplantation, radiographs were taken every month for
3 months to confirm healing and bone regeneration. Dental radiographs and intraoral
photographs were taken at the start of the orthodontic movement and every 2 months
thereafter. Intraoral photographs were captured in the same direction.
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2.4. Evaluation of Tooth Movement by an Intraoral Scanner (IOS)

Tooth movement was recorded at the start of the movement and every 2 months
after using an intraoral scanner (IOS) (Adva IOS 100, GC, Tokyo, Japan), and Viewbox 4
(version 4.1.0.12) (dHAL Software, Kifissia, Greece) was used to assess tooth movement.
The IOS was focused on the canine (C) and first molar (M1): the Z-axis was the center of
P3 when the device was attached; the Y-axis was the direction of the wire; and the X-axis
followed the occlusal plane from the intersection of the Y and Z axes. Using these planes,
the movement distance and inclination angle of the teeth were observed and recorded.
Figure 1 depicts the three-dimensional (3D) superimposition of the IOS images before and
after tooth movement using Viewbox 4. It should be noted that the evaluation of tooth
movement was excluded from the results of this study because a large tilt of the crown was
observed in one dog due to a wire fracture.

Figure 1. The STL data were superimposed, mainly for the canine (C) and first molar (M1). The
Z-axis was the center of P3 with the device attached. The Y-axis was the direction of the wire. The
blue line indicates the Z-axis, the green line indicates the Y-axis, and the orange square line indicates
the X-axis direction. The white arrow indicates the direction of movement of P3.

2.5. Histological Evaluation of Regenerated Bone

At the end of the movement, an excessive amount of thiamylal sodium (Isososol,
Nichi-Iko, Tokyo, Japan) was intravenously administered (50 mg/kg or more) to euthanize
the dogs. Excess bone, teeth, and soft tissue were removed after harvesting. Tissues were
fixed with 4% Paraformaldehyde (PFA), decalcified with ethylenediaminetetraacetic acid
(EDTA) for 1 month. Sections were stained with hematoxylin and eosin (H and E), Masson’s
trichrome (MT), and tartrate-resistant acid phosphatase (TRAP) after being sliced into 5-μm
thick slices. The sagittal section was cut between the P3 and the first posterior molar.
The number of TRAP-positive cells per unit area of alveolar bone on the compression
side of the moved tooth was counted. For H and E staining, the tooth root resorption
area on the compression side of the moved tooth was measured using ImageJ software
https://imagej.net/ij/download.html (accessed 22 December 2023) (National Institute of
Health, Bethesda, MD, USA).

2.6. Statistical Analysis

Results are presented as the mean ± standard deviation (SD). The Mann–Whitney U
test was used for statistical analysis and p < 0.05 was considered significant.
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3. Results

3.1. Intraoral and Radiographic Evaluation

Intraoral photographs and dental radiographs obtained during tooth extraction and
bone filler grafting are shown in Figure 2a,b. One month after implantation, the implanted
bone filler was replaced with bone in both groups; trabecular bone formation was observed
2 months after implantation. Intraoral photographs and dental X-ray images captured
during the orthodontic tooth movement every 2 months are shown in Figure 2c.

 

 

Figure 2. Intraoral photographs and dental radiographs obtained during tooth extraction and bone
filler grafting. (a) Intraoral photograph. Tooth extraction and carrier implantation were performed.
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The state of healing 3 months after transplantation and a photograph of the attached device are shown.
(b) Dental radiographs at the time of transplantation and 1-, 2-, and 3 months post-transplantation.
DBBM was implanted on the right side, and CAP was implanted on the left side. Two months after
the transplantation, trabecular formation was observed. (c) Intraoral and dental X-ray photographs
every 2 months after the movement started.

3.2. 3D Tooth Movement Evaluation

The evaluation of the tooth movement distance and inclination are shown in Figure 3a,b.
There were no marked differences between the DBBM and CAP groups in terms of tooth
movement distance. At the total distal inclination degree, the distal tooth inclination in the
DBBM group tended to be higher than that in the CAP group.

Figure 3. (a) Migration distance of P3 along the Y-axis during centrifugation. No significant dif-
ferences were observed for either schedule. (b) Rotation angle toward centrifugation around the
X-axis. DBBM tended to have a larger centrifugal slope than CAP but no significant differences were
observed. The total movement and inclination indicate the changes between 0 M and 10 M.

3.3. Histological Evaluation

H&E and MT staining images on the compression and traction sides are shown in
Figure 4a,b. On the compressed side, the periodontal ligament fibers were disturbed;
resorption was observed in part of the alveolar bone, cementum, and dentin. On the
tension side, periodontal ligament fibers were elongated, blood vessel permeability was
enhanced, and bone formation was observed perpendicular to the long axis of the tooth
root. Following MT staining, the periodontal ligament was stained blue, and layers of bone
formation were observed around the bone filler. Newly formed bone was stained blue on
the traction side.

Most of TRAP-positive cells were observed around the alveolar bone on the compres-
sion side of the moved tooth (Figure 5a). The number of TRAP-positive cells observed
around the compressed periodontal ligament in the DBBM and CAP groups was 39.0 ± 26.6
and 53.0 ± 17.7, respectively. The root resorption area was 0.23 ± 0.21 mm2 in DBBM and
0.62 ± 0.22 mm2 in CAP. CAP tended to have a larger area resorption, but there was no
statistical difference between the two groups (Figure 5b).
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Figure 4. (a) H and E staining. On the compressed side, resorption was observed in part of the
alveolar bone, cementum, and dentin. On the tension side, bone formation was observed. (b) MT
staining. M1 teeth are shown. The bone is formed in layers around the bone filler. The newly formed
bone is stained blue on the traction side. The blue arrow indicates the direction of tooth traction.
* indicates bone filler, P3 indicates the third premolar AB indicates alveolar bone, and PL indicates
periodontal ligament; scale bar = 250 μm.

Figure 5. (a) TRAP staining. P3 teeth are shown. The arrowheads indicate TRAP-positive osteoclasts.
Osteoclasts were observed around the alveolar bone on the pressing side and around the bone filler.
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No marked difference was observed in TRAP-positive cells. * indicates bone filler, P3 indicates the
third premolar AB indicates alveolar bone, and PL indicates periodontal ligament; Scale bar = 250 μm.
(b) Black areas indicate resorbed roots. No significant difference was observed in the root resorption
area. Scale bar = 500 μm. The blue arrow indicates the direction of tooth traction.

4. Discussion

In this study, a bone substitute was implanted into the tooth extraction site, and
orthodontic tooth movement was performed. Filling a tooth extraction site with bone
filler has been clinically applied for socket preservation, and its effectiveness has been
demonstrated [17]. Numerous reports have documented the application of bone filler
implants for bone regeneration [18]. In this study, orthodontic tooth movement was
performed on regenerated bone.

It has been suggested that the carbonate content of bone filler is one of the factors
contributing to its enhanced osteoconductivity [19]. Furthermore, CAP is stable in vivo
and is rapidly absorbed in the weakly acidic environment (pH 5.3) of osteoclast Howship’s
lacunae. The absorption of carriers by osteoclasts sprouts calcium and carbonate ions, and
the increase in extracellular calcium ion concentrations promotes mineralization of the
matrix by osteoblasts [20]. Sato et al. [21] conducted a study in which CAP, β-TCP, HA, and
DBBM were implanted into a three-walled bone defect and reported that CAP implantation
resulted in the rapid recruitment of osteoclasts and endothelial cells. The rapid induction
of bone regeneration by the early migration of osteoclasts is an important requirement for
graft carriers.

Two months after transplantation, resorption of bone fillers and formation of trabecular
bone due to bone regeneration were observed in both the CAP and DBBM groups via X-ray
examination. Regarding tooth movement and root resorption, only a few granules were
retained, and a complete replacement with bone was expected. However, resorption is
caused by osteoclasts generated by tooth movement. Ishikawa et al. [11] reported that
CAP was more susceptible to osteoclast resorption than DBBM, but the difference was
not significant.

When tooth movement was evaluated using a 3D model, no differences were observed
in the distance of tooth movement between the DBBM and CAP groups. Orthodontic tooth
movement is achieved by bone metabolism of the alveolar bone in the periodontium, and
usually achieved clinically by inclining the crown toward the tooth movement. Subse-
quently, bone resorption of the alveolar bone at the root of the teeth occurs, leading to
migration of the root. However, the mode of tooth movement may vary depending on the
environment in the body and the placement status of the bracket. Specifically, depending on
bone turnover of the alveolar bone, there may be cases in which the translation is beautiful
angle without an inclination occurring, or the roots may be moved first, depending on
the angle of the bracket. In this study, we used an SS wire with highly rigid properties,
which is compatible with individual teeth, and an engineered device for experimental tooth
movement. Angular wires with a size of 0.019 × 0.025 inches, which is large in clinical
terms, and a real multibracket device were used to ensure as little inclination as possible.
However, it is known that even hard wires can bend [22]. In both groups, the angle of tilt
was up to four degrees, and the incidence of tilt was minimal, which is within the clinically
possible extent of tooth movement.

Both bone fillers exhibited high biocompatibility, and a prolonged time period was
required for complete bone replacement. Regarding the remaining bone filler, it is possible
that osteoclasts on the pressure side absorbed the bone filler during orthodontic tooth move-
ment and induced bone remodeling. However, by implanting bone filler and integrating
orthodontic tooth movement, bone formation occurred while maintaining the alveolar bone
level. Therefore, it is important to use correctly remodeled bone filler without impeding
tooth movement or causing excessive root resorption by osteoclasts. It is known that root
resorption occurs in more than 90% of cases as teeth move [23]. There are limited studies
on the histological evaluation of the metabolism of bone grafting materials when teeth are
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moved after implantation. In this study, the bone fillers remained on the compression side
and were remodeled by osteoclasts simultaneously with the alveolar bone. Araújo et al. [10]
reported that the decomposition rate of bone filler increased on the compression side.
Ma et al. [24] similarly reported that orthodontic force promoted the decomposition of
bone substitute material, and that it was most effective after 4 weeks. Alalola et al. [25]
reported that residual bone grafting materials restrict tooth movement and cause tooth
root resorption as a side effect. However, most of the studies have focused on DBBM and
β-TCP, and there are few reports on tooth movement using CAP. In the present study, a
trend towards a larger root resorption area was observed in CAP compared to DBBM. As
reported by Nan et al. [26], increased bone density at the graft site may have caused root
resorption. However, as stated in the limitations, our results were not significantly different,
and due to the small sample size, further research on root resorption is needed with respect
to CAP transplantation.

To improve bone formation, the application of MSCs with CAP can be used to enhance
bone regeneration [27]. Suzuki et al. [28] reported that the use of immature osteoblasts
in combination with a 3D scaffold resulted in good bone regeneration. Furthermore,
when combined with FGF-2, CAP has shown promising results for treating periodontal
tissues [15]. As previously stated [1,29,30] (Putranti et al., 2022; Hiraki et al., 2020b; Naka-
jima et al., 2018), in the future, greater precision of bone regeneration is expected, especially
with the use of stem cells and their supernatant as a transplant carrier. In this study, we
demonstrated that bone regeneration and tooth movement is possible by implanting CAP
and DBBM into a tooth extraction site. An inherent limitation of this study’s design was
the small sample size. We investigated dogs in this study to evaluate the scaffold through
experimental tooth movement in larger animals that are more similar to humans. In ac-
cordance with Russell and Burch’s 3R principle, we used four dogs (n = 4). Moreover,
major damage to the device occurred, so that one animal dropped out of the study. We
performed our experiments under conditions as identical as possible, but there were in-
dividual differences in the actual movement of teeth in vivo due to metabolic differences.
Therefore, the explanation of our study may have been confounded by the small sample
size. Although CAP and DBBM are approved bone grafting materials for implantation
in the human body [2,11], insufficient knowledge has been obtained on orthodontic tooth
movement. The demonstration that tooth movement can be achieved in CAP may open
further prospects for bone augmentation in patients with cleft lip/palate and bone defects.
Future research on tooth movement models in humans should be developed through
specific clinical studies.

5. Conclusions

Carbonated hydroxyapatite (CAP) and deproteinized bovine bone mineral (DBBM)
were implanted into empty tooth sockets, and bone regeneration was observed; orthodontic
tooth movement was initiated and observed. No significant difference was observed
between the movement speed of the teeth and the number of osteoclasts induced on
the compression side and root resorption area. These findings demonstrate that tooth
movement is possible following bone regeneration using CAP and DBBM.
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Abstract: The restoration of endodontically treated teeth is one of the main challenges of restorative
dentistry. The structure of the tooth is a complex assembly in which the materials that make it
up, enamel and dentin, have very different mechanical behaviors. Therefore, finding alternative
replacement materials for dental crowns in the area of restorative care isa highly significant challenge,
since materials such as ceramic and zirconia have very different stress load resistance values. The
aim of this study is to assess which material, either ceramic or zirconia, optimizes the behavior of a
restored tooth under various typical clinical conditions and the masticatory load. A finite element
analysis (FEA) framework is developed for this purpose. The 3D model of the restored tooth is input
into the FEA software (Ansys Workbench R23)and meshed into tetrahedral elements. The presence of
masticatory forces is considered: in particular, vertical, 45◦ inclined, and horizontal resultant forces of
280 N are applied on five contact points of the occlusal surface. The numerical results show that the
maximum stress developed in the restored tooth including a ceramic crown and subject to axial load
is about 39.381 MPa, which is rather close to the 62.32 MPa stress computed for the natural tooth;
stresses of about 18 MPa are localized at the roots of both crown materials. In the case of the zirconia
crown, the stresses are much higher than those in the ceramic crown, except for the 45◦ load direction,
while, for the horizontal loads, the stress peak in the zirconia crown is almost three times as large as
its counterpart in the ceramic crown (i.e., 163.24 MPa vs. 56.114 MPa, respectively). Therefore, the
zirconia crown exhibits higher stresses than enamel and ceramic that could increase in the case of
parafunctions, such as bruxism. The clinician’s choice between the two materials should be evaluated
based on the patient’s medical condition.

Keywords: dental stress analysis; finite element analysis; crown; dentin; crown materials; pros-
thetic dentistry

1. Introduction

Employing artificial crowns is a typical method in prosthetic dentistry for recreating
the natural dental structure to solve problems, such as cavities and other structural in-
juries. Materials such as ceramics and metals have been very commonly used for prosthetic
restoration, supported by natural teeth or implants [1,2]. Enamel makes up the natural
tooth crown of the tooth, grinds food, and protects dentin, which acts as a force absorber
during chewing. Dentin is a hard bone-like material that has an inner structure comprising
a large number of tubules with variable diameter and spacing: this results in its anisotropic
behavior. A study assessed the effect of various acids in cleaning the tooth surface, reveal-
ing that the use of polyacrylic acid is advantageous compared to other acids [3]. Some
researchers [4] studied the influence of dentin tubules on mechanical characteristics. In
particular, Kinney et al. [5] adopted a micromechanics-based approach to study the physical
properties of dentin. Another approach followed in the literature was to take the transverse
tubule of the dentin as a reference system and record the variation in mechanical properties
along the tubule [6–8]. In particular, dentin was assessed to behave as a transversely
isotropic material along the direction of the tubules (×1) (see Figure 1, taken from Ref. [8]).
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Figure 1. Schematic of a premolar tooth and the corresponding dentin microstructure: (a) tooth
longitudinal section; (b) representation of the volume element extracted in the ×1 direction of
the tubule.

In the late1990s, the achieved developments in the field of experimental techniques
allowed the knowledge of dentin micromechanical behavior to be significantly improved [9].
For example, Wang et al. [10] used the intrinsic moiré structure to map strain distributions
in the plane of the applied compressive load. It was found that dentin should be regarded as
a non-homogeneous anisotropic material rather than homogeneous and isotropic. Kinney
et al. [11] investigated the mechanical properties of dentin; in particular, the measured
values of the Young’s modulus were 30 GPa in the direction of the tubule and 15 GPa
transversely to the tubule, with a Poisson’s ratio ranging from 0.3 to 0.4. This suggests that
dentin is stiffer along the direction of the tubule.

Enamel mechanically works to crush food during chewing and protects dentin thanks
to its wear resistance. The elasticity of the underlying dentin prevents enamel from frac-
turing easily. However, because of its ectodermal origin, enamel does not possess vessels
and cells; therefore, it cannot repair or grow once it has been secreted and matured. Hence,
crack propagation due to oblique loads may cause chipping and damage in this layer.
Therefore, when a replacement material for enamel is to be selected, the focus should be on
its hardness and ability to absorb shocks. In recent years, many restorative materials, such
as plastic (acrylic), metal, and porcelain, have been developed for dentistry applications,
even though many patients prefer ceramic crowns because of their excellent biocompat-
ibility, esthetics, and chemical durability [12].Their use has diffused since the 1990s, in
spite of the fact that porcelain is a brittle material characterized by a very high risk of
breakage. In order to solve this problem, porcelain was fused with metal, which prevented
the formation of stress cracks [13]. Zirconia was later introduced to replace ceramics, due
to its remarkable mechanical strength [14–16]. The excellent properties of zirconia derive
from the phase variations occurring during heating and compaction processes. In fact,
zirconia has three crystalline phases: a monoclinic phase at room temperature, which, at
1000 ◦C, turns into a tetragonal phase and, then, becomes stable above 2000 ◦C thanks to
the addition of yttrium (YSZ) or magnesium (MSZ). This fundamental step was designed
to preserve the crystalline structure when zirconia cools after being sintered at high tem-
peratures. The tetragonal phase offers a greater mechanical strength than the monoclinic
phase. In dentistry, yttrium-Stabilized zirconia (YSZ) is the most common formulation for
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the fabrication of dental restorations, such as crowns or bridges, due to its high strength
(800–1200 MPa) and its ability to maintain its shape and size over time. In addition, during
the cooling of zirconia, there is a 3–4% volume expansion that retards crack propagation
(the fracture toughness increases to 6–8 MPa [14]).

The evaluation of the strength characteristics is a fundamental step in assessing the
mechanical behavior of dental restorations. In particular, numerical approaches devel-
oped for dentin usually rely on homogenization. A representative volume element is
extracted from the dentin tissue and its mechanical characteristics are studied using a
micromechanics-based approach. Alternatively, analytical models can be used to solve the
micromechanical problem. One of the most efficient models was developed by Mori-Tanaka
et al. [17], who supplied an empirical model accounting for tubular variation, geometry,
and spatial variation in the tubules. This model allowed a clearer understanding of the
non-uniform behavior of dentin [17,18].

Modern dentistry carefully considers the application of occlusal forces, stress distribu-
tion, and strains because these factors significantly influence the success of the restoration.
In this regard, many experimental approaches as well as numerical techniques have been
developed over the years to study the distribution of stresses in restorative elements under
masticatory loads. In particular, the finite element method (FEM) has been shown to be a
valid complement/alternative to the experimental assessment of the biomechanical behav-
ior of restored teeth [19]. FEM solves an approximate problem defined by discretizing a
geometric model describing the domain of the problem at hand into a 3D mesh comprising
a finite number of elements of finite size and simple geometry. Elements are connected
by characteristic points called nodes at which the structural response is computed. Each
element of the FE model is subject to a set of applied loading conditions and kinematic
constraints with the aim of deciding the global behavior of the discretized body.

Earlier studies published in the technical literature employed FEM to investigate
the 2D biomechanical behavior of enamel, modeling this material as either isotropic or
anisotropic [20] or purely isotropic [21]. Other studies later evaluated the biomechan-
ical behavior of ceramic and zirconia restorative materials used for replacing natural
enamel [22,23]. The present study aims to evaluate, using finite element analyses (FEA), the
3D biomechanical behavior of premolar teeth including restored crowns under axial and
inclined occlusal loads. For that purpose, the stress distributions of restored teeth including
ceramics or zirconia, are compared to those determined for natural teeth including isotropic
enamel. The novelty of this study consists in the comparison between the two restorative
materials and enamel, as all three materials are studied simultaneously. Additionally,
the anisotropic behavior of enamel enhances accuracy. The bone region into which the
premolar tooth is inserted is also modeled, and changes in stress distributions in the bone
tissues are determined for the two restorative materials with respect to the case of natural
teeth. The null hypothesis stating that varying crown material does not affect the results in
terms of stress/deformation is not confirmed.

The rest of the article is structured as follows. Section 2 describes in detail the FE
modeling process of the premolar tooth. Section 3 presents the FE solution options and the
numerical results obtained for the different combinations of occlusal loads and materials.
Section 4 discusses the results of Section 3 in the context of the technical literature. Section 5
summarizes the main findings and highlights the limitations and directions of future
investigations.

2. Materials and Methods

2.1. CAD Model

The computer-aided design (CAD) model was obtained from computed tomography
(CT) scans of real premolar teeth, also considering the modeling conducted by Yoon
et al. [24]. Recomposition and layering were processed using the Autodesk Inventor
2023®CAD (2023, San Francisco, CA 94105, USA) environment. The scan file coded in the
.STL format was later converted into the .STP format. The thickness of the crown was
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selected from the recently published literature [24], where the thickness of the enamel layer
was indicated to range from 0.3 mm to 2.5 mm (see Figure 2).

Figure 2. Cross-sectional view of the crown, showing the spatial variations in the crown thickness.

Subsequently, a 3D model of the premolar tooth suitable for accommodating the crown
was prepared, which was then placed on the dentin [25,26], as it is shown in Figure 3.

Figure 3. Components of the 3D model of the premolar tooth to be analyzed using FEA.

In order to make the FE model of the premolar tooth more reliable, a cylinder was
created that simulated bone (cortical and trabecular) with a diameter of 15 mm and a height
of 20 mm with a cortical bone thickness of 2 mm [27,28] (see Figure 4).

2.2. Finite Element Modeling

The CAD file of the 3D model of the premolar tooth was exported in the STP format
and then input into the ANSYS Workbench 2023® FEA software (R23, Canonsburg, PA,
USA). This model was mainly discretized with tetrahedral elements (SOLID 187). In order
to find the best trade-off between the accuracy of the results and the computational cost
of FEA, a mesh convergence analysis was conducted by selecting the maximum principal
stress as the target quantity. The element size was progressively reduced until the last three
values of principal stress differed by less than 1%.
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Figure 4. Overall model of the tooth inserted into the bone.

Figure 5 shows that the maximum principal stress tends to reach an asymptotic value
over a plateau starting at the red point denoted by about 140,000 elements. An element size
of 0.8 mm was, therefore, chosen in this study for the finite element analyses. The details of
the final meshes of the different parts of the FE model of the premolar tooth are presented
in Figure 6.

Figure 5. Results of the mesh sensitivity analysis.

Figure 6. Mesh view display: (a) tooth and crown; (b) complete FE model of the tooth with the
trabecular bone in yellow and the cortical bone in gray (element size = 0.8 mm).

120



Materials 2024, 17, 673

2.3. Material Properties

The shaped tooth can be divided into three regions: crown, cement layer, and dentin.
Three materials were selected in this study for the crown: enamel (natural tooth), ceramic,
and zirconia (restored tooth). As for the bone, it can be divided into cortical bone and cancel-
lous bone. Their difference is mainly due to their mechanical characteristics. In particular,
the cortical bone is denser and has a better mechanical behavior than the trabecular bone.
The presence of internal trabeculae leads to a reduced density and, hence, lower mechanical
characteristics in the case of the trabecular bone [29,30]. To obtain information on the bone
mechanical properties (i.e., Young’s modulus and Poisson’s ratio) and consequently on
the deformation behavior, one can rely on mathematical relationships correlating the mass
density of CT-scanned elements characterized by values expressed in Hounsfield units.
These values can be related to the density of the element using Equation (1) [31].

ρ = 0.007764HU − 0.05614 (1)

Wirtz et al. [32] proposed a mathematical relationship between the modulus of elastic-
ity and density ofthe cortical and trabecular bones. That is:

Ecort = 2.065 × ρ3.09 (2)

Etrab = 1.904 × ρ1.64 (3)

The method described in [32] assumes that the bone material has an isotropic be-
havior with the same thermo-mechanical characteristics in all directions. However, other
studies [33–35] proved that the bone response to external loads is best described by an
anisotropic behavior (i.e., the thermo-mechanical characteristics are different in all direc-
tions) due to the non-homogeneity of the material because of the presence of trabeculae and
the different responses to tensile and compressive loads. In view of this, the bone tissues
were also modeled as anisotropic materials in this study using the mechanical properties
listed in Table 1 [36].

Table 1. Anisotropic mechanical properties of the bone tissues input into the FEA of the restored teeth.

Material Ez (GPa) Ey (GPa) Ex (GPa) νxy νyx νxz Gxy(GPa) Gyz(GPa) Gxz(GPa)

Cortical bone 17.9 12.5 26.6 0.28 0.18 0.31 7.1 4.5 5.3

Cancellous bone 0.21 1.148 1.148 0.055 0.322 0.055 0.068 0.434 0.068

As mentioned in the Introduction, dentin has an anisotropic behavior due to the
microscopic nature of the tissue, which is formed by a set of tubules that confer anisotropy
along the longitudinal directions of the tubules themselves. Table 2 lists the anisotropic
properties of dentin input into the finite element model [37].

Table 2. Anisotropic mechanical properties of dentin input into the FEA of the restored teeth.

Material Ez (GPa) Ey (GPa) Ex (GPa) νxy νyx νxz Gxy(GPa) Gyz (GPa) Gxz(GPa)

Dentin 17.07 5.61 5.61 0.30 0.33 0.30 1.7 6 1.7

Munari et al. [38] compared the isotropic and anisotropic mechanical behaviors of
natural enamel, finding marginal differences between the results obtained for these two
hypotheses. Table 3 lists the modulus of elasticity E and the Poisson’s ratio values (the
same values in all directions) used in this study [39].
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Ceramic and zirconia restorative materials were also modeled as isotropic materials
in this study on the basis of the data reported in the technical literature [40,41]. The
corresponding mechanical properties used for the FEA are listed in Table 4.

Table 3. Isotropic mechanical properties of natural enamel input into the FEA of the restored teeth.

Material E (GPa) ν

Enamel 72.7 0.30

Table 4. Crown materials properties.

Material E (GPa) ν

Zirconia 205 0.22

Porcelain 68.9 0.28

Table 5 shows the strength limits of the materials studied in this paper. The listed
values were extracted from [42–45].

Table 5. Tensile strength and compressive strength of the analyzed materials.

Material Tensile Strength (MPa) Compressive Strength (MPa)

Enamel 11.5 384.0

Dentin 105.5 297.0

Zirconia 745.0 2000.0

Ceramic 330

Cortical bone 135 205

Trabecular bone 10.44

2.4. Loads and Constraints

Three loading directions were considered to simulate mastication forces: a vertical (ax-
ial) load, an angled (45◦) load, and a horizontal load. The loads were applied at five points
on the occlusal surface of the dentin. These points simulated the possible points of contact
during chewing. The intensity of the resultant load applied to the tooth was 280 N [40].
Figure 7 summarizes the applied forces and where they act on the tooth structure.
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(a) 

(b) 

Figure 7. Load application points and the corresponding loading directions of the mastication forces
simulating the maximum bite force: (a) three points are located on the inclined external sides of each
buccal cusp and two points are located on the inclined internal sides of each lingual cusp; (b) there
are three different load directions: vertical (axial), oblique (45◦), and horizontal.

2.5. Kinematic Constraint Conditions

The lateral surfaces and the lower surface of the cylinder simulating the presence
of the bone regions were fixed in all directions. To simulate a perfect osseointegration
between tooth and bone, a fixed contact condition was selected (see Figure 8a). In addition,
a fixed frictionless contact condition was also selected for the crown/dentin interface (see
Figure 8b).
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(a) 

 
(b) 

Figure 8. Boundary and contact conditions selected in the FEA of the restored premolar tooth:
(a) fixed surfaces to simulate the rigid support provided by the bone region to the tooth; (b) type of
contact between dentin and crown.

3. Results

The distributions of Von Mises equivalent stress and the corresponding stress peaks
were the main output quantity obtained from FEA. The Von Mises stress supplies a single
measure of the equivalent stress that, if exceeded, may yield the initiation of plastic defor-
mation in the material. Stress distributions were plotted using ANSYS in the fashion of
3D maps with colors ranging from blue (low stress) to red (high stress).This allowed high
stress regions to be promptly identified and, hence, to understand the mechanical behavior
of the restored teeth under the occlusal loads shown in Figure 6 (i.e., 280 N resultant force
acting in the apical direction, lingual, and 45◦ inclined direction applied to the occlusal
surface of the crown).

Figure 9 shows the Von Mises stress distribution computed using FEA for the natural
tooth subject to a 280 N occlusal load acting in the vertical direction. Figures 10 and 11,
respectively, show the Von Mises stress distributions obtained using ANSYS for the 45◦
inclined load and the horizontal load acting on the premolar tooth.
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It can be seen that applying the load to the tooth in the apical direction (Figure 9) leads
to a maximum Von Mises stress of 62.32 MPa in the cervical part of the tooth. Stresses in the
occlusal surface range from 3 to 15 MPa with localized peaks in the grooves. Furthermore,
looking at Figure 9, it can be seen that the occlusal load is equally distributed between two
roots, which are stressed in the same way by a stress of about 3 MPa, with a concentration
of stress in the area corresponding to the cervical part of the crown.

Figure 10 shows how the 45◦ inclined load generates load components in the direction
perpendicular to the apical direction as well. This causes Von Mises stress to increase up to
about 138 MPa in the cervical area. However, the stress distribution becomes asymmetric
at the tooth roots. The right root that is in the direction of the inclined occlusal force is more
stressed, reaching a maximum stress of about 4 MPa vs. only about 3.2 MPa localized in
the left root. Figure 11 demonstrates that the application of a load parallel to the occlusal
surface generates a maximum equivalent stress of about 91.465 MPa. However, unlike the
other two load configurations previously analyzed, in this case, the occlusal surface of the
crown is more stressed: a 58.32 MPa stress peak vs. only 12 MPa (vertical load) and 15 MPa
(45◦ inclined load).

Figure 9. Von Mises stress distribution computed using FEA for a natural tooth (enamel crown)
subject to an axial occlusal force.

Figure 10. Von Mises stress distribution computed using FEA for a natural tooth (enamel crown)
subject to occlusal forces inclined by 45◦.
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Figure 11. Von Mises stress distribution computed using FEA for a natural tooth (enamel crown)
subject to a horizontal occlusal force.

As expected, the cortical bone region had a higher stress than the spongy bone region
in all load configurations because of its higher stiffness. This generated a phenomenon of
stress shielding in the trabecular bone. The highest stress at the tooth–bone interface was
observed for the inclined loading configuration: about 76 MPa vs. only 46 MPa computed
for the axial load configuration and only 53 MPa computed for the horizontal load.

Figure 12 presents the Von Mises stress distribution computed using ANSYS for the
restored tooth including ceramic as a replacement material for the crown. In the case of
axial load (see Figure 12a), the maximum stress developed in the model is lower than
that determined for the natural tooth (i.e., only 39.381 MPa vs. 62.32 MPa) and tends to
be homogeneously distributed over the entire occlusal surface. At the roots, the stress is
similar to its counterpart determined for the natural tooth (about 18 MPa). By inclining the
force to 45◦ (see Figure 12b), the equivalent stress increased over the whole tooth structure
in an analogous way to the case of the natural tooth with an enamel crown, yet it remained
considerably lower: only about 55.691 MPa vs. about 138 MPa, respectively. Finally, the
horizontal load (see Figure 12c) resulted in only a slight increase in the stress with respect
to the case of the 45◦ inclined load, only 56.114 MPa vs. 55.691 MPa, respectively, while in
the case of the natural tooth, the maximum stress varied toa large extent, dropping from
about 138 MPa to about 91.465 MPa.

Figure 13 presents the FEA results obtained for the restored premolar with a zirconia
crown. In the case of axial and horizontal loadings, the computed stresses in the tooth
structure were significantly higher than those computed for both the restored premolar
tooth with a ceramic crown and the natural tooth with an enamel crown. The stress
values computed for the occlusal load inclined at 45◦ were similar for both restored teeth.
Figure 14 summarizes the main results obtained in terms of the maximum stress whose
values are reported in the graph for the different combinations of tooth structure (i.e.,
natural, restored with a ceramic crown, and restored with a zirconia crown) and loading
conditions (axial, 45◦ inclined, and horizontal forces). All stress values computed using
ANSYS were lower than the strength limits indicated in Table 5. Figure 14 shows that using
the ceramic crown restoration allows us to obtain a similar mechanical behavior under all
loading conditions experienced by the tooth structure (i.e., axial, inclined, and horizontal
forces). Conversely, the zirconia-crown-restored tooth shows significant stress peaks for
perfectly axial and horizontal loads. In terms of the stress level and the consequent risk
of fracture, the ceramic crown restoration may require more attention to avoid physical
damage, while the zirconia crown restoration may be more tolerant to mechanical stresses.
This is confirmed in Figure 12: in the case of the ceramic restoration, the maximum stresses
are localized at certain critical points and such a non-uniform distribution may increase the
probability of initiating fracture phenomena.
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Figure 12. Von Mises stress distributions computed using FEA for the restored tooth with a ceramic
crown: (a) vertical load, (b) 45◦ inclined load, and (c) horizontal load.
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Figure 13. Von Mises stress distributions computed using FEA for the restored tooth with a zirconia
crown: (a) vertical load; (b) 45◦ inclined load; and (c) horizontal load.
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Figure 14. Maximum Von Mises stress values computed using FEA for the different dental structures
under various loading conditions.

4. Discussion

The present study investigated the effect of the dental crown material (enamel for
the natural tooth and ceramic and zirconia crowns for the restored teeth) on the 3D stress
distribution of a mandibular premolar tooth. Three-dimensional finite element models,
including the tooth structure and a cylindrical block consisting of the cortical bone and
trabecular bone to support the tooth, were developed for this study. The zirconia restoration
was selected because its mechanical properties provide excellent mechanical strength in
dental applications. These characteristics can be greatly improved by firing at a high
temperature, which triggers transformation hardening that is opposed to the propagation
of cracks [46]. Therefore, the zirconia restoration has significantly higher mechanical
properties than other restorative materials, like ceramics [47,48]. In [49], it was shown that
zirconia is stable at 1170 ◦C, but it has a cubic structure at 2370 ◦C [50]. Most zirconia-based
prosthetic structures are made of yttrium-stabilized zirconium polycrystals (3Y-TZP) [48].
The most important advantage of this stabilizer is its high fracture toughness and flexural
strength [51]. Despite the popularity of zirconia, various complications have been reported
in the technical literature for this restorative material [52–54]. For example, there can be
residual thermal stresses due to mismatches between the coefficient of thermal expansion
and differences in the modulus of elasticity between zirconia and the coating material,
which may facilitate a chipping fracture [55,56].

Other clinical trial data [57–59] focused on the fact that the type of fixation agent
between the crown and abutment can affect the retention of zirconium-based crowns and
the durability of the implant. Furthermore, the thickness of the cement layer significantly
influences crown retention. If the cement layer is thin, the gap between the prosthetic
crown and abutment may become very small, thus increasing the forces needed to extract
the prosthetic crown from the abutment and compromising the durability of the prosthetic
application [58]. Ceramics are brittle materials and, hence, very susceptible to a risk of
fractures [53]. To reduce this risk, the ceramic is melted with metal alloys that provide a
certain toughness to the structure. Aceramic crown, compared to the zirconia one, provides
a very natural and translucent appearance, similar to that of the natural tooth. Even though
it is esthetically better, ceramic is less resistant to fracture than zirconia [60]. In addition,
even when fitting with a natural tooth, the ceramic crown does not require a removal of the
tooth structure that is as considerable as that with zirconia, as the ceramic is to be thinner.
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One approach to investigating the integrity of dental structures is to use destructive
tests that apply load cycles on the tooth element through a ball or bar [61]. This in vitro
method has limitations because the testing machine setup may not directly simulate the
actual oral conditions resulting from variations in masticatory load as well as the direc-
tionality of the load. Sorrentino et al. [62] evaluated in vitro the mechanical strength of
a monolithic zirconia crown obtaining about 1655 N vs. only about 1400 N for ceramics.
This confirmed the higher mechanical strength of zirconia in the case of masticatory loads.
FEA was used to mimic the intraoral conditions to evaluate the fracture strength of various
materials used in dental restorations [63–66]. Alsadon et al. [51] obtained similar results
for zirconium-coated crowns and zirconium–porcelain-composite-coated crowns: the peak
stresses were, respectively, equal to63.6 MPa and 50.9 MPa. Fathy et al. [67] studied the
finite element stress distribution in fully milled or layered zirconia crowns. They found that
the single-material zirconia-restored crown was stiffer than the layered crown restoration.
Other FEA studies [67–69] also investigated stress distribution in bone based on the selected
material for the crown: the porcelain coating led to a reduction in stresses in the bone due
to the lower elastic modulus compared to zirconia.

The results obtained in present paper are consistent with those reviewed above. In
fact, stiffness variations in the restorative material used for replacing enamel may result in
a significant stress reduction in the tooth elements. Such an effect is more pronounced if
the horizontal components of the occlusal loads predominate, thus stressing the occlusal
surface. Angular and horizontal loads cause the stress distribution to become wider than
in the case of the vertical load. These loads are generated more in the cervical region than
in the apical region of the tooth.

Some studies [70] evaluating cement spaces demonstrated how the presence of a
larger cement layer localizes peak stresses in marginal areas of the concrete, making it
more susceptible to failure. In this study, the cement layer was omitted to study precisely
the critical condition in which there is a higher contact stress between the crown and the
prosthetic system. In addition, it was seen that, compared to natural enamel, the ceramic
crown generated less stress in the bone than the zirconia crown. A prosthetic restoration
with an osseointegrated implant in the bone is currently being developed also considering
that stresses in the bone that are very low may cause bone resorption. Therefore, zirconia
turns out to be the best replacement material of natural enamel in terms of optimizing
osteointegration at the tooth–bone interface.

A limitation of the present study is in the modeling of the contact at the tooth–bone
interface. In this paper, the modeling of periodontal ligament (PDL) was omitted because
several studies [71–73], focusing on the influence that the periodontal ligament can have
on the stress transfer from teeth to the bone, indicated such influence to become significant
only if the study focuses exclusively on the tooth–bone contact. Conversely, if the research
scope is to investigate the overall mechanical behavior of the tooth structure, the presence
of the periodontal ligament can be omitted. Moreover, since the mechanical behavior of the
periodontal ligament is not yet fully understood, it is very difficult to reliably model it in
the context of FEA. Controversial studies [74,75] indicated a hyperplastic behavior is more
suited than a viscoelastic behavior for the periodontal ligament. Other studies [76,77] stated
that varying the PDL’s constitutive behavior may change the position of the tension peaks,
which can be translated from the cervical area in the case of the PDL’s hyperelastic behavior
to the distal area if a viscoelastic or elastoplastic behavior is assumed for the periodontal
ligament. The relative limitations of this study mainly involve the simplification of the
model, as it was not possible to model all components, such as the periodontal ligament,
due to the limited availability of studies allowing the PDL’s mechanical characterization.
Additionally, the dependence on input data, such as loads and constraints, may have led
to less accurate results. The mechanical properties of the materials used in the simulation
significantly influence the outcomes. There are studies considering isotropic or anisotropic
bone, and different behaviors may lead to the creation of anomalous stress fields at the
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bone–tooth interface. Therefore, FEA studies should be compared with in vitro tests to
ensure result accuracy.

5. Conclusions

In this study, FEA confirmed itself as an extremely useful tool for evaluating stresses
in a complex biomechanical structure comprising different materials, such as a restored
mandibular premolar tooth. Using 3D modeling and numerical analyses, it was possible to
understand how the selection of the crown restorative material affects the stress distribution
with respect to the natural tooth. Despite having excellent esthetic characteristics, ceramic
has a lower resistance to occlusal loads than zirconia. It was seen that varying the stiffness
of the selected crown replacement materials (i.e., zirconia and ceramics) significantly
affected the stress distribution in the restored tooth. Occlusal load direction also affected
the intensity and distribution of the transmitted stress. In particular, the application of
a horizontal load significantly increased the stress on the occlusal surface of the zirconia
crown with respect to the ceramic crown restoration, which appeared to be rather insensitive
to the direction of applied force. The effect of the cement layer between the crown and
dentin was not considered because the focus was more on the analysis of the occlusal
surface of the tooth. The stress at the tooth–bone interface was also influenced by the
presence of the periodontal ligament, which, due to the general analysis of transmitted
stress, was not considered in this study. Future investigations should include the correct
implementation of these elements in order to more accurately assess the transmitted stresses
through the tooth structure interfaces.
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Abstract: Two cases of calcified bone and dental tissue integration with titanium implants are
presented, along with a review of the literature on their experimental and clinical implications. First,
histological analyses of a titanium implant extracted from a patient with iimplant disease revealed the
integration of both dental and bone tissue on the implant’s surface. Secondly, a biocompatibility study
in an animal model documented two implants in contact with tooth roots. Samples from both animal
and human models demonstrated simultaneous osseointegration and dental tissue neoformation,
with the latter attributed to the activity of cementoblasts. The literature review confirms the formation
of cementum around dental implants in contact with teeth. Certain clinical reports have proposed the
insertion of implants into bone sites containing impacted teeth as a conservative treatment alternative,
avoiding the need for tooth extraction surgery and demonstrating the successful integration of teeth,
bone, and dental implants. Furthermore, the documented natural formation of periodontal tissues
around dental implants provided a foundation for tissue engineering studies aimed at realizing
implant–bone relationships similar to those of natural bone–tooth structures. The primary challenges
remain the long-term preservation of periodontal-like tissue formed on implants and the imparting
of functional proprioceptive properties.

Keywords: titanium implant; osseointegration; cementoconduction; cementointegration; dental
tissue engineering; biomaterial

1. Introduction

The processes of osseointegration, osseoinduction, and osteoconduction have been
extensively studied [1,2]. However, knowledge regarding the behavior of dental and peri-
odontal tissues in contact with dental implants remains limited. Currently, at least three
major points of discussion are associated with this phenomenon. The first is the incorpora-
tion of dental tissue within the mandibular or maxillary bone as part of the implant bed.
The second is the application of tissue engineering to realize implant integration with bone
tissue through periodontal-like tissue. The third is the preservation of a layer of dental
tissue for alveolar ridge maintenance during implant bed preparation; this special layer is
subsequently maintained in contact with the dental implant. These topics are of significant
interest from histological, functional, and dental tissue engineering perspectives. The aim
of this study is to report two cases of dental implant integration via dental, periodontal,
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and bone tissues in both a human and an animal model and to review the literature on the
clinical and experimental implications of this phenomenon in the discussion.

2. Case Descriptions

2.1. Findings in Human Sample

A total of twelve implants diagnosed with peri-implantitis were extracted as part of
a descriptive study on peri-implant diseases conducted at the Implant Clinic, Faculty of
Dentistry, Universidad de La Frontera (UFRO), Temuco, Chile, and the Peri-implant Clinic,
Faculty of Dentistry, Universidad de Concepción (UdeC), Concepción, Chile. The clinical
protocol was approved by the Ethics Committee of Universidad de La Frontera (024-2018).
The implants were extracted using a trephine of sufficient diameter to ensure a margin
of at least 0.5 mm between the implant surface and the internal surface of the trephine.
The samples were fixed in 4% buffered formalin for 72 h. For histological analysis, each
complete specimen (implant plus surrounding tissue) was processed for plastic embedding.
Subsequently, the samples were sectioned along the midline of the implant, dividing them
into two segments. One segment was abraded, polished, and prepared for backscattered
electron microscopy (BS-SEM) analysis. The other segment was used for histological
analysis with trichrome staining, as described in the literature [3]. During analysis, one
sample revealed that the implant made contact with the intraosseous remnant of a tooth
root. (Figure 1). BS-SEM analysis revealed that bone tissue utilized the implant surface and
dentin as scaffolds for regeneration (Figure 1A). Cementum was observed on the surfaces
of the dentin and bone tissue (Figure 1C,D indicated by arrows). On the underside of the
implant, an amorphous hard tissue resembling both bone and cementum occupied the
space between the implant and dental tissue (Figure 1E,F).

2.2. Findings in the Animal Model

The biocompatibility study of dental implants with new surface treatments, conducted
using two male pigs, was evaluated and approved by the Animal Experimentation Ethics
Committee of the International University of Catalonia (06-2011). The animal protocols
followed the principles of the 3Rs concerning the use of animal models in experimental
research: Replacement, Reduction, and Refinement [4,5]. Furthermore, all procedures
were carried out by specialized surgeons under veterinary supervision, and the care and
management of the animals complied with the ethical standards outlined in the Guide
for the Care and Use of Laboratory Animals [6]. A total of 24 implants (12 per animal) were
placed in the maxillary and mandibular bones immediately following bilateral premolar
extraction (Figure 2A). Postoperative lateral cephalic radiographs were taken to assess
implant distribution (Figure 2B). Ninety days post-surgery, the animals were sacrificed,
and the implants, along with surrounding tissues, were conditioned for embedding in light-
curing resin for further analysis. The samples were then prepared for BS-SEM analysis and
stained with toluidine blue for histological examination via light microscopy, as previously
described [3].

Postoperative radiographs revealed that the implants placed anteriorly were situated
near the canine teeth (implants 1.1, 2.1, 3.1, and 4.1 in Figure 2), which have long roots ex-
tending antero-posteriorly within both the maxillary and mandibular bones. Subsequently,
during the sectioning process of samples embedded in plastic, implants 1.1 and 4.1 from
specimen 1 were found to be in contact with dental tissues. Despite this, the animals ex-
hibited normal behavior and feeding patterns, without any signs of discomfort during the
observation period. Histological analysis revealed that implant 4.1 had penetrated the sur-
face of the mandibular canine, while the right maxillary canine was superficially contacted
by implant 1.1. In histological images obtained via BS-SEM (Figure 3A,B), tooth tissue
formation was evident between the implant threads. Examinations of implant 4.1 and the
surrounding tissue showed that bone, periodontal ligament, and tooth tissue (cementum)
had adapted to the implant’s surface (Figure 3C). In both implants, new cementum and
bone were observed on their surfaces, originating from the adjacent tissue, indicating the
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simultaneous integration of the implant by both bone and tooth tissue. Furthermore, histo-
logical analyses of the mandibular canine revealed pulp tissue exhibiting characteristics of
vitality (Figure 3D).

 

Figure 1. Dental tissue in contact with a dental implant in a human sample obtained after implant
extraction due to peri-implant disease. The two images on the left display the complete sample, with
dental tissue and bone in contact with the implant surface (Ti). Bone tissue (bt) is highlighted in
yellow, dentin (De) in green, and cementum (Ce) in light blue. The periodontal space (ps) is visible
near the dental tissue (cementum). The lower portion of the image shows an amorphous hard tissue
(aht) containing bone tissue fragments, apparently integrated with newly formed cementum between
the dentin and implant surface. Images (A–F) present histological details from the sample. In (A),
bone tissue is observed between the implant threads and dental tissue (dentin and cementum). In (B),
perforations on the surface indicate dentinal tubules (enhanced in the white circle with increased
contrast); additionally, the boundary between dentin and cementum is marked (white arrows). In (C),
trichrome staining reveals non-calcified periodontal tissue (pdt) compatible with the periodontal
ligament, along with other hard tissues (cementum, dentin, and bone). In (C,D), cementum is
observed over dentin and bone tissue (white arrows).

The BS-SEM images revealed differences in implant surface integration via osseous
tissue (Figure 4A) and cementum (Figure 4B). The cementointegration process involved
the use of dentin and cementum as a scaffold (Figure 3C) and direct integration with the
implant’s surface. The morphology of the cementum predominantly corresponded to that
of acellular cementum. Furthermore, cementum demonstrated a greater capacity than bone
for filling the spaces between the implant threads (Figures 3 and 4).
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Figure 2. (A): Schematic illustration of implant distribution. Black circles indicate implant positions.
RMx: Right maxilla; LMx: left maxilla; RMd: right mandible; LMd: left mandible. (B): Postoperative
lateral radiograph showing implant distribution. White arrows indicate the position of the canines.

 

Figure 3. (A): SEM image of a titanium implant (Ti) 4.1 penetrating the canine tooth, surrounded
by dental tissue (dt) and bone tissue (bt). (B): BS-SEM image showing dental tissue superficially
eroded by implant 1.1, with its surface covered by cementum (Ce). (C): Histological image of
implant 4.1 showing bone tissue and cementum formation on the surface of the implant threads
(cementointegration), along with dentin (De). (D): Histological image of pulpal tissues (pt) in the
periapical area of implant 4.1, stained with toluidine blue. The black arrow indicates a blood vessel.
ps: Periodontal space; pdt: periodontal tissue; pts: pulpal tissue space.
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Figure 4. (A): BS-SEM image of threads from the osseointegrated dental implant 4.3 (specimen 1).
(B): BS-SEM image illustrating dental tissue (dt) in contact with the implant’s surface (implant 4.1),
consistent with acellular cementum, demonstrating the cementointegration of the implant. Dentin is
identified via the presence of dentinal tubules (white arrows). Cementum (Ce) is observed forming
between the dentin and the implant surface. bt: Bone tissue; ms: marrow space; Ti: titanium
dental implants.

3. Discussion

3.1. Experimental Implications on Dental and Periodontal Tissues Contacted by Dental Implants

In the animal findings described here, dental implants were integrated into periodontal
tissues through the reparative activity of both soft tissue and cementoblasts following dental
damage (Figures 2–4). This phenomenon demonstrates a pattern of cementum behavior
similar to that of bone tissue on the implant surface, which allows it to be described as
“cementointegration”, a concept rarely addressed in the literature. Several studies have
reported similar findings. Buser et al. [7,8] demonstrated the formation of periodontal
tissue around dental implants, with cementum formation on cylindrical titanium implants
in contact with retained dental roots, using a monkey model. Warrer et al. [9] obtained
comparable results using a similar experimental design and animal model, but with a self-
tapping screw-type implant system. In contrast, Gray and Vernino [10], in an analogous
experiment with baboons, did not observe periodontal ligament formation, but did find
cementum on the implant’s surface. New cementum formation was also reported by
Hürzeler et al. [11], who, using an animal model, inserted an implant into a dental socket
with a retained root fragment in a procedure known as the “socket-shield technique”,
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designed to prevent alveolar bone resorption. The formation of new cementum on both
dental tissue (dentin) and implant surfaces is a consistent observation in experimental and
incidental findings in the studies mentioned above.

Understanding how cementum initially contacts and continues to cover the implant
surface and identifying which implant surface treatments or microenvironments best
promote this phenomenon remain critical challenges. Urabe et al. [12] demonstrated that
while the bioactivity of the implant material did not affect the migration of periodontium-
derived cells, it significantly influenced cell differentiation. Hürzeler et al. [11] proposed
a potential relationship between the use of enamel matrix derivatives and cementum
formation on the implant surface.

The quantity of cementum may also be a critical factor. As illustrated in Figures 3 and 4,
cementum demonstrated a greater capacity than bone to fill the space between the implant
threads. These results are comparable to those observed in a study carried out by Hürzeler
et al. [11].

The findings described here, along with the studies mentioned previously, demonstrate
the response of vital cementum (characterized by the presence of active cementoblasts)
in contact with dental implants. However, the effect of implants on non-vital cementum
has not been as widely documented. In this context, the closest evidence was presented
by Davarpanah et al. [13], who placed an implant in contact with an ankylosed dental
root, achieving stability and realizing the integration of the implant with both dental and
bone tissues. Similarly to the use of dentin as a biomaterial for the osteoconduction of new
bone [14,15], the acellular cementum present in the implant bed may serve as a natural
scaffold for bone regeneration

Although the characteristics of the implant’s surface (such as material, porosity, and
treatment) can influence both osseoconductivity and cementoconductivity, these phenom-
ena also depend on specific molecular and cellular interactions. In a study by Parlar
et al. [16], which investigated the formation of periodontal tissue on titanium surfaces, it
was observed that the presence of periodontal tissue inhibited osseointegration. In this
context, it is known that cementoblasts from the periodontal ligament express cementin
1 protein (CEMP1), which reduces the expression of Runx2 and osteocalcin genes [17],
both of which are essential for osteoblast differentiation. Our findings in the animal model
demonstrated that bone, periodontal ligament, and cementum healed and covered the
implant surface, maintaining their respective positions even when the implant traversed
the periodontal and dental structures (Figure 3C). In the human case, bone formation was
observed utilizing both the implant surface and dentin as scaffolds, with cementum form-
ing on dentin and bone tissue, although no direct contact was observed between cementum
and the implant (Figure 4). Despite this, the amorphous hard tissue observed adjacent to the
implant surface (aht, Figure 1) may represent tissue formation resulting from the complex
interaction between bone and cementum. As a precedent, Rinaldi and Arana-Chavez [18]
and Hürzeler et al. [11] described a dense amorphous material containing collagen fibrils,
which formed a cementum-like layer over an implant in contact with the dental root. Fur-
ther studies on this amorphous tissue are likely necessary to clarify the bone–cementum
interaction during the integration of dental implants with bone and periodontal tissue.
On the other hand, in experimental implant insertions that caused superficial damage to
healthy tooth roots (as shown in Figure 3B), bone and periodontal tissue regeneration was
observed, with a cementum layer formed on the implant surface but without significant
alterations in tissue positions; both the tooth and implant remained healthy throughout
the experimental period [18,19]. Similar results were obtained in experiments without
traumatic contact between periodontal tissues and implant surfaces. Jahangiri et al. [20]
demonstrated that implant–tooth contact was achieved by applying controlled orthodontic
force to move the tooth toward the implant-induced cementum growth on the implant’s
surface, apparently through the transfer of cellular elements from the periodontal ligament.

Another experimental implication of the observations regarding implant–tooth contact
relates to the formation of periodontal tissues on dental implants through a combination of
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in vitro and in vivo experimentation. For example, Choi [21] demonstrated that cultured
periodontal ligament cells could induce the formation of cementum and ligament when
placed on the implant surface and subsequently inserted into the mandibular bone of dogs.
In another example, Marei et al. [22] placed implants combined with polymer scaffolds
enriched with undifferentiated mesenchymal stem cells into the mandibular bone of goats,
demonstrating that these cells were able to differentiate and promote the formation of
cementum, bone, and periodontal ligament.

3.2. Clinical Implications of Contact Between Dental Tissues and Implants

There has been a growing interest in clinical approaches involving implant–tooth
contact for various objectives (Table 1). Hürzeler et al. [11], followed by Bäumer et al. [23],
implemented the socket-shield technique, which involves retaining a portion of the root
in areas where the alveolar bone is thin during implant bed preparation, with the goal of
preventing bone resorption. This method was initially evaluated in animal models, where
it was reported that cementum-like tissue formed on the implant surface and that the
gingival architecture surrounding the implant remained well preserved after six months.
Additionally, there is evidence supporting an innovative approach for implant placement in
bone sites with impacted (unerupted) teeth, where extraction is avoided to reduce the risk
of bone loss (Table 1). However, a series of six cases (a total of eight implants) presented by
Langer et al. [24] documented the failure of three implants inserted in anatomical regions
with retained root remnants. Similarly, Guarnieri et al. [25] described the failure of a dental
implant placed in contact with a dental root due to the development of peri-implant disease
one year after insertion. Furthermore, evidence suggests that the devitalization of teeth
caused by an implant passing through the root of erupted healthy teeth ultimately led to
implant extraction [26–29]. Consequently, clinicians must consider varying tissue responses
when an implant contacts dental tissue from impacted or unerupted teeth, erupted teeth,
or retained root remnants.

Managing trauma and inflammation may optimize cementum growth on the implant
surface in contact with dental tissue. The literature suggests that a proinflammatory stim-
ulus (such as cytokines combined with compressive forces) can reduce the expression
of bone sialoprotein and CEMP1 [30], both of which are essential for cementum forma-
tion [17,31]. Bone sialoprotein is a component of the extracellular matrix in mineralized
tissues, and it plays a critical role in hydroxyapatite precipitation [32]. This protein is
found in both cellular and acellular cementum structures [33], and its absence can result
in significant defects in acellular cementum formation and periodontal attachment [31].
Moreover, Wang et al. [34] demonstrated through in vitro and in vivo studies that proin-
flammatory cytokines can impair cementum regeneration. Optimizing the conditions for
cementum formation may even encourage more favorable coverage of the implant surface
by cementum compared to bone. Studies on graft materials used for periodontal apparatus
regeneration have shown that cementum covers the tooth surface faster and earlier than
bone tissue [35,36]. This finding aligns with the observations in Figure 3, where cementum
is seen to cover the implant surface more extensively than bone.

The manner in which the implant contacts the tooth and the status of the tooth in
the oral cavity (unerupted, erupted, root remnant, etc.) appear to be important factors
to consider in analyzing this subject. Table 1 schematically presents findings from the
literature regarding the outcomes of titanium implants in contact with dental tissue in both
animal and human models, taking into account the previously described variables.
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Table 1. Literature evidence from experimental and clinical reports on titanium implants in contact
with dental tissue (including our findings).

Dental Implant Contacting
Dental or Periodontal

Tissues

Evidence in the Literature
Author (Year)

Human/Animal
Evidence

Clinical Observations, Tissues
Reactions, and Histological Evidence

Implant passing through the
dental or periodontal tissue

from root of erupted,
functional teeth.

Sussman (1998 a y b) [26,27] Human

One case: Implant passing through the
root of an erupted mature tooth,
causing a periapical lesion. Endodontic
treatment and implant extraction were
indicated. No histological evidence is
available.

Margelos and Verdelis
(1995) [29] Human

Three cases: Implant apparently
passing through the periodontal tissue
in the apical area caused irreversible
pulpal damage. Endodontic treatment
and implant extraction were indicated.
No histological evidence is available.

Our findings,
Figures 2A,C,D and 4B Animal

One implant passing through the root
of an erupted tooth was integrated with
both dental (cementum) and bone
tissue.

Implant placed in bone sites
with impacted teeth or

supernumerary (passing
through unerupted teeth)

Ouni and Mansour (2023)
[37] Human

One case: Two implants were placed
through retained teeth in the
mandibular bone of a patient with
amelogenesis imperfecta. One implant
evolved successfully (clinically stable
after 36 months), while the other
required replacement due to failure. No
histological evidence is available.

Brinkmann et al. (2020) [38] Human

One case: Two implants were
successfully placed through unerupted
teeth in a patient with multiple
impacted teeth. The implants remained
clinically stable after 24 months. No
histological evidence is available.

Davarpanah et al. (2012,
2015) [13,39] Human

Ten cases: A total of 15 implants were
successfully placed through unerupted
teeth. All implants remained clinically
stable, with follow-up periods ranging
from 1 to 8 years. No histological
evidence is available (some cases were
previously reported)

Szmukler-Moncler et al.
(2014) [40] Human

One case: An implant was successfully
placed through an unerupted tooth.
The implant remained clinically stable
after 18 months. No histological
evidence is available.

Kaplansky and Kurtzman
(2024) [41] Human

One case: An implant was placed in the
maxillary anterior region, passing
through supernumerary teeth. The
implant remained clinically stable after
3 years and 8 months. No histological
evidence is available.
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Table 1. Cont.

Dental Implant Contacting
Dental or Periodontal

Tissues

Evidence in the Literature
Author (Year)

Human/Animal
Evidence

Clinical Observations, Tissues
Reactions, and Histological Evidence

Implant passing through a
dental root remnant (or

retained root)

Our finding, Figure 1 Human

One case: Implant passing through a
retained root. Implant was extracted
due to peri-implant disease.
Histological analysis showed new bone
tissue and amorphous hard tissue
(likely a mixture of cementum and bone
tissue) in contact with the implant
surface.

Langer et al. (2015) [24] Human

Six cases: Eight implants in contact
with undetected root fragments.
Osseointegration issues were observed
in all implants, but only three were
extracted. The remaining implants were
surgically treated to remove the root
remnant. Histological analysis of one
sample showed acellular cementum on
root fragments, with no histological
evidence regarding the implant.

Szmukler-Moncler et al.
(2015) [42] Human

Six cases: A total of seven implants
were successfully placed through root
remnants. All implants remained
clinically stable, with follow-up
ranging from 20 months to 9 years. No
histological evidence is available.

Baümer et al. (2013) [23] Human

One case: Implant successfully placed
using the socket-shield technique.
Implant remained clinically stable after
6 months. No histological evidence is
available.

Davarpanah et al. (2012) [13] Human

Two cases: Implants successfully
placed through dental roots. One case
involved an ankylosed root, and the
other an endodontically treated root.
Both implants remained clinically
stable (after 32 and 20 months,
respectively). No histological evidence
is available.

Hürzeler et al. (2010) [11] Human

One case: Implant placed successfully
using the socket-shield technique.
Implant remained clinically stable after
6 months. No histological evidence is
available.

Davarpanah et al. (2009) [43] Human

Five cases: Implants successfully
placed through ankylosed dental roots.
All implants remained clinically stable
(follow-up ranged from 12 to
42 months). No histological evidence is
available.

Guarnieri et al. (2002) [25] Human

One case: Implant was removed after
one year due to peri-implant disease.
Histological analysis showed formation
of cellular cementum on the implant
surface.
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Table 1. Cont.

Dental Implant Contacting
Dental or Periodontal

Tissues

Evidence in the Literature
Author (Year)

Human/Animal
Evidence

Clinical Observations, Tissues
Reactions, and Histological Evidence

Implant passing through a
dental root remnant (or

retained root)

Baümer et al. (2013) [23] Animal

Twelve implants placed successfully
using the socket-shield technique.
Healthy periodontal tissues and new
bone observed between implant and
dentin. Cementum was not observed.

Hürzeler et al. (2010) [11] Animal

One implant successfully placed with
the socket-shield technique, showing
integration in dental and bone tissue.
Areas between implant threads near the
root fragment were partially filled with
cellular cementum, amorphous
mineralized tissue, and connective
tissue.

Gray and Vernino (2004) [10] Animal

Ten implants successfully placed
through remnant root tips. Implant
integration in dental and bone tissue
with cementoconduction on the
implant surface was observed.

Warrer et al. (1993) [9] Animal

Eight implants successfully placed
through remnant roots. Implant
integration in dental and bone tissue
with cementoconduction on the
implant surface was observed. Also,
formation of periodontal ligament was
described.

Buser et al. (1990a) [7] Animal

Six implants successfully placed
through remnant roots. Implant
integration in dental and bone tissue
with cementoconduction on the
implant surface was observed. Also,
formation of periodontal ligament was
described.

Implant traumatically contacts
the root surface of the tooth.

Our finding, Figure 3B Animal
One implant contacting the root surface
from erupted teeth was integrated by
dental (cementum) and bone tissue.

Urabe (2000) [12] Animal

Twelve implants placed in contact with
dental and periodontal tissue
experimentally. Cementum-like tissue
and periodontal ligament were
observed mainly on the implant surface
covered with hydroxyapatite.

Asscherickx K et al. (2005)
[19] Animal

Three roots contacted by mini-implants
for orthodontics, then removed.
Histological examination of these roots
demonstrated almost complete repair
of the periodontal structure

Rinaldi and Arana-Chávez
(2010) [18] Animal

Twenty-four mini-implants placed in
contact with dental and periodontal
tissue experimentally. The alveolar
bone and periodontal ligament
reorganized around the implant,
forming a thin cementum-like layer
over time at contact points with the
periodontal ligament.
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3.3. Applications and Challenges Arising from Evidence of Tooth–Implant Contact

Titanium dental implants achieve direct integration with bone but lack certain essen-
tial functional structures found in natural teeth, such as cementum and the periodontal
ligament. These structures collectively function to absorb and buffer masticatory forces,
which could provide the implant with properties that manage chewing stress, similarly
to that endured by a natural tooth. The literature has introduced concepts such as the
“functional periodontal ligament tissue formation on titanium implants” [44], the “bio-
hybrid implant” [45,46] and the “functional implant” [47], developed through dental tissue
engineering, which describe an implant that interacts with the bone through newly formed
periodontal-like tissue. Washio et al. [45] demonstrated the creation of periodontal-like
tissue around titanium implants under certain conditions using the “Cell Sheet Engineer-
ing Technology”, transforming in tissue engineering what had been observed in different
findings and clinical experiences (Table 1). Another concept associated with the creation
of a peri-implant biological apparatus similar to dental periodontal tissue is that of “Liga-
plant” [48,49]. Bio-hybrid implants and ligaplants, developed through tissue engineering,
enable the construction of an implant-to-bone adhesion system similar to the natural
tooth–bone union, incorporating cellular elements relevant for maintaining its physiology.
However, achieving a more extensive coverage of the implant surface with cementum,
similarly to that observed across the entire natural dental root, remains a considerable chal-
lenge. To date, it has been demonstrated that cementum has a greater capacity than bone to
fill the space between the implant threads; nevertheless, it is mainly an acellular tissue and
lacks the natural remodeling properties found in osseous tissue, for example. Therefore, at
present, the coverage of implant surfaces with cementum is only relevant if it forms part of
a more complex periodontal structure, including the periodontal ligament with cellular
elements capable of participating in the remodeling and repair of the cementum formed on
the implant surface [50]. Another significant challenge is realizing a sufficient functional
proprioceptive response from the neo-structure to provide the implant with protection
similar to that of a tooth with natural periodontal tissue.

Regarding advances in the science of biomaterials applied to new generations of dental
implants, various options have been described that could contribute to the development
of periodontal-like tissue around implants, such as the use of implant surface treatments
via electrospinning, which enables the implant’s surface to be loaded with biopolymers
enriched with biomolecules [51] that could stimulate and protect tissue formation, or
the use of nanoenzymes that promote tissue regeneration [52]. These surface treatments
are independent of the material used to create the implant; however, it is important to
consider that there is limited information on the behavior of periodontal tissue, particularly
cementum, with respect to implants made from materials other than titanium.

3.4. Limitations

Although there is some clinical evidence regarding the viable placement of dental
implants in contact with retained teeth or root remnants, establishing parameters for
success or failure in this type of intervention is complex. The successful cases presented
in the literature exhibit significant variations in terms of implant characteristics, type of
rehabilitation applied to the implant, health status of the bone and dental structure where
the implant was inserted, and patient history (age, general health, facial biotype, etc.).
Consequently, the level of evidence is low, and the procedure cannot be standardized for
consistent replication. Nevertheless, successful cases suggest that this treatment option
could be considered a viable alternative subject to the patient’s informed consent.

Regarding the experimental protocols analyzed, they generally converge on the con-
cept of producing periodontal-like tissue around titanium implants. However, there is
insufficient evidence to predict the long-term subsistence of the newly formed tissue under
masticatory forces or its functional proprioceptive capacity. Moreover, it has been reported
that these therapeutic alternatives have high costs and low predictability [48]. Finally, the
use of titanium dental implants within this novel framework of interaction with human
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tissue raises new questions regarding biosafety, given the concerns expressed by some
authors about the potential toxicity of the metal [50].

4. Conclusions

The findings described here, along with the literature review, indicate that titanium
dental implants possess cementoconductive capacity. This property can be modified by
altering the morphological or bioactive characteristics of the surface. Furthermore, it has
been demonstrated that dental implants can integrate with both bone and dental tissue
simultaneously when placed in contact with both structures under controlled conditions. In
this context, clinical applications represent an intriguing treatment alternative that includes
preparing an implant bed that traverses both the bone and dental tissue of impacted teeth
or retained roots. Clinicians must consider that long-term evidence regarding the durability
of this treatment alternative is limited. Additionally, the potential for periodontal tissue
formation around dental implants has served as a foundation for tissue engineering studies
aimed at achieving implant insertion in bone via periodontal-like tissue. The experimental
success of tissue engineering in forming periodontal-like tissue for dental implant insertions
requires controlled studies to assess its long-term utility under physiological conditions.
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